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Abstract 

 
Plasmodium falciparum invades, replicates within and egresses from red blood cells. 

This asexual red blood cell stage is crucial for the propagation of the parasite and also 

accounts for all clinical manifestations of the disease. There is currently no effective 

vaccine available, and drug resistance is increasingly being seen across all classes of 

antimalarials. As a member of the Apicomplexa phylum, Plasmodium parasites contain 

a characteristic apical complex of organelles that includes the micronemes, rhoptries 

and dense granules. Proteins are resident within each of these organelles but there is 

only limited information about their roles within the parasite. Very few of the tens of 

proteins thought to localise to the paired and club-shaped rhoptries have been 

functionally categorised. Conventional gene disruption attempts indicated two rhoptry-

resident proteins, RhopH3 and RAMA, to be essential, but their precise function 

remains undescribed. A third rhoptry protein, RON3, was annotated based on weak 

orthology to proteins of other apicomplexan parasites. The essentiality and the function 

of RON3 within P. falciparum remains to be determined. 

 

In this thesis, conditional disruption of the P. falciparum RhopH3, RAMA and RON3 

genes confirms all three are essential for the blood stage cycle. Distinct, but universally 

lethal, phenotypic consequences result. Parasites expressing an internally truncated 

RhopH3 protein show two distinct phenotypes: a significant reduction in invasion and, 

for those parasites still able to invade, a complete block in nutrient uptake across the red 

blood cell membrane. Contrastingly, RAMA-null parasites show a complete block in 

invasion, which in turn is thought to be reflective of aberrant rhoptry morphology. 

Finally, RON3-null parasites are capable of invading but incapable of exporting 

parasite-derived proteins into the host red blood cell. These studies conclude that 

RhopH3, RAMA and RON3 play essential, yet distinct, roles across multiple stages of 

the asexual blood stage cycle. 
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PCR  polymerase chain reaction   

PDB  protein databank  

PESAC Plasmodial erythrocyte surface anion channel 

PEXEL Plasmodium export element 

PI3P  phosphatidylinositol-3-phosphate 

PNEP  PEXEL-negative exported protein 

PPIX  protoporphyrin IX 

PPM  parasite plasma membrane 

PRI  P[E]SAC residual transport inhibitor  

PTEX  Plasmodium translocon of exported proteins 

PV  parasitophorous vacuole 

PVDF  polyvinylidene difluoride  

PVM  parasitophorous vacuole membrane 

RBC  red blood cell 

RPFA  relative plaque forming ability  

RPMI  Roswell Park Memorial Institute  

RNAi  RNA interference  

RTB  research technologies branch  

SA  sialic acid 

SCO  single crossover  
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SDS  sodium dodecyl sulfate 

SEM  standard error of the mean 

SERCaP Single Encounter Radical Cure and Prophylaxis 

sgRNA single guide RNA 

SIT  sterile insect technique  

SLO  streptolysin-O 

SMA  severe malarial anaemia  

SP  sulfadoxine-pyrimethamine  

SPR  surface plasmon resonance 

SSC  saline sodium citrate buffer 

TaT  tetracycline-sensitive transactivator 

TBV  transmission blocking vaccine  

TCP  target candidate profiles 

TEM  transmission electron microscopy 

TetO  tetracycline-sensitive operator sequences 

TetR  tetracycline repressor 

TFA  trifluoroacetic acid 

TJ  tight junction 

TNF-⍺  Tumour necrosis factor alpha 

TPP  target product profiles 

tTA  tetracycline-controlled transactivator 

TVN  tubovesicular network  

UTR  untranslated region 

VSA  variant surface antigen 

WHO  World Health Organisation  

WR  WR99210 

 

 



Protein names used in this work 

 
AMA-1 apical membrane antigen 1 

AnAPN Anopheles alanyl aminopeptidase 

AQP9  aquaporin 9 

ARO  Armadillo repeats only protein  

BiP  immunoglobulin-binding protein 

BSA  bovine serum albumin 

Cas9  CRISPR-associated protein-9 nuclease 

CD36  cluster of differentiation 36 

CDPK  calcium dependent protein kinase 

CLAG  cytoadherence linked asexual gene 

CR1  complement receptor 1 

Cre  Cre recombinase enzyme 

CSP  circumsporozoite surface protein   

CyRPA cysteine-rich protective antigen 

DHFR  dihydrofolate reductase 

DHPS  dihydropteroate synthase 

diCre  dimerisable Cre recombinase  

EAAT3 excitatory amino acid transporter 3 

EBA-175 erythrocyte binding antigen 175 

EBL  erythrocyte binding-like 

EPA  exoprotein A 

EPCR  endothelial protein C receptor 

EXP2  exported protein 2 

FKBP12 FK506-binding protein 12 

FLP  flip recombinase 

FRB  FKBP-rapamycin binding domain 

G6PD  glucose-6-phosphate dehydrogenase 

GFP  green fluorescent protein 

GLUT1 glucose transporter 1 

GRA  dense granule protein   
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HMW  high molecular weight rhoptry complex  

HRP  horseradish peroxidase 

HRP2  histidine rich protein 2 

HSP  heat shock protein 

ICAM-1 intercellular adhesion molecule 1 

KAHRP knob-associated histidine-rich protein 

LMW  low molecular weight rhoptry complex 

MAHRP membrane associated histidine-rich protein 

MRP  multidrug resistance protein   

MSP  merozoite surface protein 

PfAK2  P. falciparum adenylate kinase protein 2  

PfEMP1 P. falciparum erythrocyte membrane protein 1 

PfGEXP P. falciparum Gametocyte Exported Protein 

PfPTP  P. falciparum protein involved in trafficking of PfEMP1 

Pgh1   P-glycoprotein homolog 1 

PV1  parasitophorous vacuole protein 1 

RAMA rhoptry apical membrane antigen  

RAP  rhoptry associated protein  

RESA  ring-infected erythrocyte surface antigen 

REX  ring exported protein  

RhopH high molecular weight rhoptry protein  

RIFIN  repetitive interspersed family protein  

RIPR  Rh5-interacting protein 

RON  rhoptry neck protein 

Rh  reticulocyte binding-like homolog 

SBP1  skeleton binding protein 1 

SERA  serine rich antigen protein  

SM1  salivary gland and midgut peptide 1 

STEVOR subtelomeric variant open reading frame protein 

SUB  subtilisin-like protease  

TRAP  thrombospondin-related anonymous protein 

TRX2  thioredoxin 2 
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VAR2CSA variant surface antigen 2-chondroitin sulfate A 

VDAC  voltage dependent anion channel  

ZFN  zinc finger nuclease 
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Chapter 1. Introduction 

1.1 Malaria is the most important parasitic disease afflicting 

humanity  

Malaria, a devastating disease of tropical and subtropical regions, continues to plague 

humankind. Despite successful elimination efforts in North America and Europe, 

malaria is still present in over 90 countries, spread over 5 continents (WHO, 2017) and 

continues to rank as the third leading killer due to a single infectious agent, surpassed 

only by HIV/AIDS and tuberculosis (WHO, 2009). Whilst difficulties in data collection 

and surveillance make the precise quantification of the global burden of malaria 

challenging (Hay et al., 2010a; Murray et al., 2012), the World Health Organization’s 

(WHO) annual World Malaria Report conservatively (and likely under-) estimates that 

the number of clinical malaria cases in 2016 exceeded 216 million, with 446 000 of 

these being fatal (WHO, 2017).  In endemic regions, the burden of malaria is 

unquantifiably intensified by indirect, malaria-associated, mortality (Snow et al., 2004; 

Molineaux, 1997). 

 

Several writings suggest malaria is intimately entwined with human evolution (Nerlich 

et al., 2008; Lee et al., 2011b; Loy et al., 2017; Liu et al., 2010). It is undeniable that 

malaria has, as it continues to do today (Elguero et al., 2015), left indelible marks on 

population structure, settlement patterns and the human genome itself (Carter and 

Mendis, 2002; Sallares et al., 2004). Indeed, the selective pressures exerted by malaria 

infection upon the human genome appear unparalleled in recent history (Kwiatkowski, 

2005). The imprint of malaria on the human genome was first stated by JBS Haldane in 

his ‘malaria hypothesis’ (Haldane, 1949): through their ability to confer protection 

against severe malaria, several genetic polymorphisms were selected for, often to high 

frequencies. A canonical example of the extreme evolutionary pressure malaria exerts is 

that of sickle cell anaemia. Caused by a single nucleotide mutation (AàG) at codon 6 

in the β-globin gene, leading to a glutamic acid to valine amino acid change (Ingram, 

1959), this variant results in deformed, sickle-shaped, red blood cells (RBCs) in low 

oxygen conditions (Pauling et al., 1949). In ‘SS’ individuals that are homozygous for 
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the mutation, sickle cell anaemia results. This disease can be assumed to be lethal (i.e. a 

fitness close to zero) without modern medical interventions. Despite this homozygous 

lethality, frequencies of the S mutation have reached ~10% in malaria-endemic regions 

(Flint et al., 1998). This massive selective drive is attributed to malaria alone, with 

individuals with one mutant allele i.e. AS heterozygotes benefitting from a 10-fold 

decrease in severe malaria risk (Ackerman et al., 2005). 

 

Several other genetic polymorphisms have been attributed to malaria-driven selection 

(Table 1.1). Distinct geographic populations have independently evolved genetic 

responses to this disease (Flint et al., 1998). In addition to the often-striking phenotypic 

consequences of polymorphisms affecting RBCs, malaria is now known to have more 

subtly but unquestionably also affected the evolution of the human immune system and 

our inflammatory response (Kwiatkowski, 2005).  
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Gene in which 

mutation 

occurs 

Red blood cell 

protein affected 

Associated disease or 

phenotypic consequence 

Interaction with malaria 

HBA ⍺-globin ⍺-thalassemia  Protects against severe 

malaria (Flint et al., 1986), 

(but may enhance mild 

malaria (Wambua et al., 

2006)) 

HBB β-globin   β-thalassemia; HbS (sickle cell 

disease); HbC; HbE  

 

Protects against severe 

malaria (Ayi et al., 2004; 

Williams et al., 2005; 

Mockenhaupt et al., 2004; 

Hutagalung et al., 1999)  

G6PD Glucose-6-

phosphate 

dehydrogenase 

(G6PD) 

G6PD deficiency Protects against severe 

malaria (Tishkoff et al., 

2001) 

SLC4A1 Band 3 protein  Ovalocytosis  Protects against cerebral 

malaria (Genton et al., 

1995) 

GYPA, GYPB, 

GYPC 

Glycophorin A, B 

and C 

MNS blood group status; 

deletion of GYPC exon 3 is a 

major cause of ovalocytosis 

(Patel et al., 2001) 

Prevents parasite invasion 

(Maier et al., 2003; Facer, 

1983) 

FY Duffy antigen  None known, chemokine 

receptor function of the Duffy 

antigen is thought to be 

functionally redundant (Luo et 

al., 2000) 

Duffy null status prevents 

Plasmodium vivax infection 

(Miller et al., 1975) (but 

see e.g. (Ménard et al., 

2010)) 

Table 1.1 Genetic polymorphisms are associated with protection against malaria. 

As per Haldane’s malaria hypothesis, several genetic polymorphisms in RBC proteins 
that contribute to innate anti-malarial immunity can be attributed to the selective 
pressure malaria exerts on human populations. 
 

The burden of malaria weighs heaviest upon those countries that can least afford it – 

90% of all cases and 91% of all deaths occur in Sub Saharan Africa (WHO, 2017). 

Indeed, in some high transmission areas in Africa, entire communities may be 

chronically infected (Trape et al., 1994). The reciprocal contribution of malaria to 
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poverty, and of poverty to malaria, is well recognised (Gallup and Sachs, 2001; Sachs 

and Malaney, 2002; Malaney et al., 2004); loss of productivity and earnings impedes 

socioeconomic development whilst the increased strain on healthcare infrastructure 

feeds back to fewer resources to prevent and treat malaria. This is further exacerbated 

by the disproportionately devastating effects malaria has on children under five years 

old. Over two-thirds of all malaria deaths are in children under five (WHO, 2017). 

Disrupted education of afflicted children, combined with the loss of productivity of 

their parents (who commonly stop work to care for them) can result in the wide-ranging 

and long-lasting disruption of a society’s economic progress.  

 

Malaria eradication and elimination efforts formed a key part of the United Nations’ 

Millennium Development Goals. A multi-faceted approach has led to vast reductions in 

transmission and mortality (Bhatt et al., 2015). There are now 44 countries approaching 

elimination and Sri Lanka and Kyrgyzstan were certified as ‘malaria free’ in 2016 

(WHO, 2017). However, such successes appear to be matched by tales of malaria re-

asserting its hold. For example in 2016, despite 16 countries reporting malaria cases at 

less than 80% of 2015 levels, 25 countries reported increases in excess of 20% over the 

same period (WHO, 2017).  Globally, malaria cases have increased by five million 

between 2015 and 2016 (WHO, 2017). There are many interconnected challenges – 

political, economic, geographical, climatic and societal – that threaten to stall, and in 

some cases reverse, progress in malaria control. For example, the political crisis in 

Venezuela led to a 76% increase in reported malaria cases in just 12 months probably 

linked to the 80% decrease in government spending on malaria (WHO, 2017). 

Moreover, climate change and increased human mobility are likely to increase both the 

severity and the geographic range of malaria transmission (Askling et al., 2012; 

Caminade et al., 2014). In addition, increases in insecticide resistance, levels of hrp2 

and hrp3 deletions (which encode parasite antigens detected by rapid diagnostic tests) 

and drug resistance continue to represent severe threats to our ability to prevent, 

diagnose and treat malaria. The WHO’s Global Technical Strategy (GTS) for Malaria 

has a target of a 40% reduction in malaria mortality by 2030 (WHO, 2015). However, 

without novel drugs, vaccines and other interventions that will derive from continuing 
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exploration of the basic biology of the causative agent of malaria, achieving this goal 

will remain a pipe dream.  

1.2 Malaria is caused by Plasmodium spp 

Malaria is caused by an obligate intracellular apicomplexan parasite, spread by the bite 

of female Anopheles mosquitoes. With the exception of Nephromyces (a marine 

endosymbiont of limited significance (Saffo et al., 2010)), all Apicomplexa (unicellular 

eukaryotic organisms defined by a unique and complex apical structure) are parasitic. In 

addition to malaria, apicomplexan organisms are responsible for numerous other 

conditions of medical and veterinary importance, ranging from Toxoplasma gondii 

causing toxoplasmosis in humans to Babesia spp causing babesiosis in livestock.   

 

Over one hundred Plasmodium species have been identified and are known to infect 

reptiles, birds and mammals (Manwell, 1962; Martinsen et al., 2008). In humans, 

malaria is caused by five species of the genus Plasmodium: Plasmodium falciparum, 

Plasmodium vivax, Plasmodium knowlesi, Plasmodium malaria and Plasmodium ovale 

(which is now known to consist of two distinct subspecies: Plasmodium ovale curtisi 

and Plasmodium ovale wallikeri (Sutherland et al., 2010)). Together, P. falciparum and 

P. vivax account for the overwhelming majority of malaria cases, although their 

geographic distribution varies. P. falciparum was responsible for 99% of cases in 2016 

in Sub Saharan Africa (WHO, 2017). Interestingly, P vivax accounts for two-thirds of 

cases in the Americas, nearly half of all cases in the ‘Eastern Mediterranean’ region and 

over 30% of cases in South East Asia (WHO, 2017). However, P. vivax malaria remains 

a ‘neglected tropical disease’, a fact probably due to its less severe clinical 

manifestations (Mendis et al., 2001) (but see (Kumari and Ghildiyal, 2014)).  

 

Until a few years ago, P. falciparum was thought to have evolved alongside humans in 

Africa, being derived from Plasmodium reichenowi, a chimpanzee-infecting species 

(Escalante et al., 1995). Similarly, it was believed P. vivax derived from macaque-

infecting species of Plasmodium in South East Asia (Escalante et al., 2005). However, 

deep sequencing of blood and faecal samples from non-human primates has refuted 

these hypotheses. It is now believed that both P. falciparum and P. vivax evolved in 
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Africa, from ape-infecting parasites (Liu et al., 2010; Liu et al., 2014). Moreover, P. 

knowlesi, a parasite of South East Asian macaque species, has been shown to have 

undergone a host-switch event and be zoonotically transmitted to humans (Singh et al., 

2004; Cox-Singh et al., 2008). As well as enabling a deeper understanding of 

Plasmodium biology and malarial pathogenesis through comparative and functional 

genomics, these discoveries are also highly significant in terms of malaria elimination 

and eradication. For example, there remain many outstanding questions as to whether 

apes can act as reservoirs of human-infecting species, and as to the zoonotic potential of 

other ape-infecting Plasmodium species.  

 

Although the scourge of P. falciparum on humankind is undeniable, it is now 

appreciated that the contribution of non-falciparum species of Plasmodium to human 

mortality and morbidity has been underestimated (Cox-Singh et al., 2010; Price et al., 

2007; Carlton et al., 2011; Strydom et al., 2014). This is partially due to difficulties in 

diagnosing non-falciparum malaria, especially in areas where species exist 

sympatrically with P. falciparum. Using microscopy alone, it is difficult to distinguish 

between Plasmodium species (Doderer-Lang et al., 2014; Kilian et al., 2000). 

Therefore, malarial disease is often attributed to P. falciparum, leading to a masking of 

the true medical and epidemiologic impact of other Plasmodium species (Bousema et 

al., 2014; Mayxay et al., 2004). Indeed, roll-outs of molecular screening (Oddoux et al., 

2011) (Calderaro et al., 2012) seem to confirm this underestimation in the prevalence of 

P. ovale and P. malariae, with one study reporting these species account for up to 6% 

of cases (Ruas et al., 2017). That said, other studies have shown the prevalence of P. 

malariae has been overestimated in some regions, with over half P. malariae cases in 

Kapit, Borneo actually attributable to P. knowlesi (Singh et al., 2004). The fact that only 

P. falciparum (Trager and Jensen, 1976) and P. knowlesi (Moon et al., 2013) can be 

continuously cultured in vitro means relatively little is known about the biology of P. 

vivax, P. ovale and P. malariae. As well as being of academic interest, this may be of 

vast consequence for malaria eradication and elimination efforts. For example, 

interactions between different Plasmodium species in mixed infections may mean that 

successful elimination of P. falciparum or P. vivax from a region results in increases in 

morbidity and/or mortality through increasing the incidence of e.g. P. ovale, P. 
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malariae or P. knowlesi infections, or vice versa (Mueller et al., 2007; William et al., 

2013).  

1.3 The Plasmodium life cycle requires two hosts and multiple 

developmental stages 

Malaria infection can be divided into three phases, divided between the vertebrate 

(human, for the five species mentioned above) host and mosquito vector ( 

Figure 1.1): 

• The asymptomatic pre-erythrocytic phase 

• The symptomatic intra-erythrocytic phase 

• The transmission phase 

1.3.1 The pre-erythrocytic phase commences with mosquito-borne parasite 

inoculation and ends with the release of parasites into the bloodstream.  

Infection of the human host commences when an infected female Anopheles spp. 

mosquito takes a blood meal. Motile sporozoites reside in her salivary glands; the 

mosquito salivates as she probes the dermis and the sporozoites exit in the saliva 

(Frischknecht et al., 2004). It was initially thought that the mosquito inoculated 

parasites directly into the bloodstream. However, salivation ceases upon 

commencement of blood feeding so it is now accepted that sporozoites are mostly 

deposited in the dermis rather than being injected into the circulation (Ponnudurai et al., 

1991). The mosquito injects, on average, around one hundred haploid sporozoites 

(Rosenberg et al., 1990; Medica and Sinnis, 2005), which migrate, actively but 

seemingly at random, within the dermis until endothelial cells of the circulatory or 

lymphatic systems are reached (Amino et al., 2006). Up to 20% of injected sporozoites 

end up in the draining lymph node and these probably play no further role in 

disseminating the infection (Amino et al., 2006). This is interesting in the context that 

Plasmodium parasites, as intracellular pathogens, have evolved to minimise the time 

spent extracellularly thereby reducing exposure to the host immune system. However, 

these sporozoites in the lymphatic system have been shown to be involved in priming 

the host immune response (Chakravarty et al., 2007) which may hint at the parasite’s 

inability to distinguish between capillary and lymphatic endothelial cells i.e. sporozoites 
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‘accidentally’ end up in the lymph system. Those sporozoites which do enter the 

bloodstream also remain extracellular for a short while, until they reach the liver via the 

sinusoid vessels. It is here parasites invoke a highly unusual process, whereby they 

breach, and then rapidly repair, the host cell plasma membrane to traverse Küppfer cells 

and reach the Space of Disse (Mota et al., 2001). Eventually, binding of the parasite’s 

circumsporozoite surface protein (CSP) to highly sulfated heparin sulfate proteoglycans 

on a hepatocyte occurs (Frevert et al., 1993), triggering attachment (Pinzon-Ortiz et al., 

2001). This crucial step in the pre-erythrocytic phase induces parasites to switch from 

migratory and non-invasive forms, to invasion competent forms (Coppi et al., 2007). 

The invading sporozoite forms an intrahepatic parasitophorous vacuole (PV) in which it 

will reside and replicate.  Repeated non-synchronous asexual replication, known as 

schizogony, occurs over the next few days, with the exact time taken dependent on the 

Plasmodium species. This nuclear division and replication, without cytokinesis, results 

in the formation of a multinuclear syncytium known as a schizont. Budding of the 

parasite plasma membrane (PPM) around each nucleus then occurs within the schizont, 

giving rise to thousands of hepatic merozoites (Prudêncio et al., 2006). Egress from the 

hepatocyte (and consequent death and detachment of the liver cell) occurs via rupture of 

the parasitophorous vacuole membrane (PVM). The resulting merozoites are released 

initially within hepatocyte membrane-derived vesicles known as merosomes (Tarun et 

al., 2006; Vaughan et al., 2012) which act to protect parasites from phagocytosis by the 

host immune system (Sturm et al., 2006).  The merosomes reach the circulation via 

hepatic blood vessels and flow to the pulmonary capillaries where they are thought to 

rupture through, providing the infectious merozoites with access to circulating RBCs 

(Baer et al., 2007).  

 

For P. falciparum, P. knowlesi and P. malariae parasites, this marks the end of the liver 

stage. However, a proportion of sporozoites in both P. vivax and P. ovale do not 

immediately commence schizogony in liver cells, instead remaining within hepatocytes 

as quiescent, uninucleate, poorly characterised forms known as hypnozoites. 

Hypnozoites may remain dormant for up to two years, before being activated, by 

unknown mechanisms, to re-enter intra-hepatic development and form schizonts 
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(White, 2011). This is of consequence for malaria control (see section 1.5), as it 

facilitates recurring blood-stage infections for years after the primary infection.  

1.3.2 The intra-erythrocytic phase is one of repeated cycles of invasion, 

intracellular development, asexual replication and egress.  

The asexual intra-erythrocytic stage commences with invasion of RBCs. This involves a 

complex yet orchestrated process, comprising merozoite attachment, RBC membrane 

deformation, merozoite reorientation, active entry, RBC resealing and PVM formation 

steps (see Chapter 5). As in the hepatic stage (see section 1.3.1), it is within a PV that 

the parasite undergoes obligate intracellular development prior to asexual replication. 

For about one-third of the duration of the intraerythrocytic cycle (e.g. ~14 out of 48 h in 

P. falciparum), the parasite is referred to as the ‘ring’ form of the trophozoite stage, so 

called because, in Giemsa-stained thin smears, the thickened rim of cytoplasm 

combined with its nuclear position has a strong resemblance to an engagement ring. As 

the parasite continues to grow and develop intracellularly, the surface area of the PVM 

also increases, eventually forming a more rounded trophozoite stage. RBC-derived 

haemoglobin continues to be catabolised by the parasite with the production of the 

waste product ferriprotophorphyrin IX, which is then polymerised and deposited 

internally as inert crystalline haemozoin inside a single, large, digestive vacuole in P. 

falciparum (Egan et al., 2002). It is generally agreed that haemoglobin digestion acts as 

a major nutrient source for the parasite (Goldberg et al., 1990). However, given that we 

know that the parasite also takes up nutrients external to its host cell (see Error! R

eference source not found.), it is interesting to hypothesise whether 75% of the RBC’s 

haemoglobin is degraded (Loria et al., 1999) to make physical space for the rapidly 

expanding parasite. Another plausible explanation for this activity is that digestion of 

host cell haemoglobin is crucial for osmotic regulation of the infected RBC, preventing 

osmotic lysis before asexual reproduction is completed (Lew et al., 2003). However, it 

is also interesting to note that mutant parasites of the rodent-infecting species 

Plasmodium berghei that lack the capacity for haemoglobin digestion are still viable 

(Lin et al., 2015). 
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Eventually, the parasite enters schizogony, where multiple rounds of nuclear division 

alternated with DNA synthesis (White and Kilbey, 1996) produces a schizont composed 

of six to 32 nuclei (dependent on the Plasmodium species) in a syncytium. This is 

followed by generation of multiple foci which act as assembly points for merozoite 

formation. The first structures to be assembled are the rhoptries of the apical organelles 

(Bannister et al., 2000b) (see section 1.6.1). Finally, a cleavage furrow surrounds each 

merozoite, organelles are apportioned and a constriction ring separates individual 

daughter merozoites from the haemozoin-containing residual body of the schizont, a 

process often referred to as segmentation. Ultimately, the PVM, and then the RBC 

membranes rupture (Wickham et al., 2003) and the merozoites egress, ready to find 

new, uninfected, RBCs and initiate a new cycle of invasion, replication and egress 

leading to exponential expansion of the parasite population.  

 

It is important to note, that although useful in broadly describing stages of parasite 

development, it is better to view the ‘ring, ‘trophozoite’ and ‘schizont’ stages as a 

continuum of development rather than distinct and independent stages. For example, 

DNA synthesis required for the nuclear division is the hallmark of schizogony but 

actually commences in the trophozoite stage (White and Kilbey, 1996). Similarly, 

haemozoin formation is taken as the stamp of a trophozoite, but this process commences 

in the ring stage and persists until late in the schizont stage (Coronado et al., 2014).  

1.3.3 The transmission phase requires sexual development of the parasite, a 

process which starts in the vertebrate host and is completed in the mosquito 

vector 

In Plasmodium species, not all invading merozoites complete the asexual 

intraerythrocytic cycle. This is because transmission to the mosquito vector depends 

upon formation of sexual gametocytes. This process, known as gametocytogenesis, 

occurs within the RBC. A small proportion of intra-erythrocytic parasites, triggered in 

the previous RBC cycle by epigenetic mechanisms regulated by AP2-G transcription 

factors (Kafsack et al., 2014), form male and female gametocytes which take either two 

or ten days, dependent on species, to mature (Bousema and Drakeley, 2011). When 

mature sexual forms are ingested by a feeding mosquito, various environmental stimuli 



Chapter 1 Introduction 

 32 

within the mosquito midgut, including temperature changes, pH increases and the 

presence of the mosquito-derived metabolite xanthurenic acid trigger gamete formation 

(Billker et al., 1997; Billker et al., 1998; Kawamoto et al., 1991; Garcia et al., 1998). 

This process happens very rapidly, with gametocyte to microgamete formation taking 

less than 15 minutes (Sinden et al., 1978; Sinden, 1991).  As with the liver and asexual 

RBC stages, gametes also egress, in this case from the RBC to form flagellated male 

microgametes and larger female macrogametes. Gamete fusion then occurs in the 

mosquito midgut to form a diploid (2n) zygote. The zygote develops into a motile 4n 

ookinete capable of actively invading the mosquito gut wall where it embeds in the 

basal lamina and matures to an oocyst. Multiple rounds of rapid DNA synthesis and 

mitosis then occur to create a syncytial sporoblast cell containing thousands of nuclei 

(Rosenberg and Rungsiwongse, 1991). Massive cytokinesis then occurs to generate 

thousands of haploid daughter sporozoites (Rosenberg and Rungsiwongse, 1991). It is 

then that the fourth, and final, egress process of the Plasmodium life cycle then occurs, 

releasing the sporozoites into the haemocoel. These migrate via the haemolymph, to the 

salivary glands of the mosquito. After a further maturation period (Lasonder et al., 

2008), mature invasion-competent sporozoites are ready to be inoculated into a new 

vertebrate host upon subsequent blood meals.  
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Figure 1.1 The life cycle of Plasmodium species is divided between a vertebrate host and an 

insect vector. 

Infection of a human begins when a blood-feeding mosquito injects sporozoites into the 
skin. These sporozoites then migrate to the liver, where they invade hepatocytes within 
which they asexually replicate by schizogony. The resulting daughter merozoites are 
released, as merosomes, into the blood stream. Merozoites invade RBCs, establishing 
the asexual blood stage cycle. During this phase of the life cycle, exponential parasite 
population growth occurs by virtue of repeated rounds of invasion, asexual replication 
and egress. This repeated lytic cycle also gives rise to all clinical sequelae of the 
disease. A small proportion of merozoites will break from the asexual cycle, instead 
developing into sexual-stage parasites. These male and female gametocytes mediate 
transmission to the mosquito host. They are taken up by a blood feeding mosquito 
whereupon they undergo gametogenesis in the mosquito midgut, forming female 
macrogametes and exflagellated male microgametes. Fertilisation between a male and 
female gamete generates a zygote, which in turns develops into an ookinete. After 
embedding in the basal laminal of the mosquito midgut, ookinetes develop into oocysts, 
within which thousands of sporozoites form. Upon their release from the oocyst, 
sporozoites actively migrate to the mosquito salivary glands, ready to perpetuate the life 
cycle.  

1.4 Malaria infections can cause multiple pathologies  

Although malaria infection of a vertebrate begins in the skin then liver cells, these 

stages can be considered as asymptomatic. Indeed, it is the establishment of, and 

progression through, the asexual blood stage which results in all the clinical symptoms 

of malaria. That said, not all Plasmodium spp infections of humans result in the 
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presentation of symptoms or something that could be defined as a clinical case of 

disease. There are multiple interacting parasite, host and environmental factors which 

influence the outcome of an infection and thereby determine the severity of disease 

(Miller et al., 2002a).  

1.4.1 Uncomplicated malaria is a mild form of the disease 

In mild or uncomplicated malaria cases, clinical sequelae include fever accompanied by 

generalised malaise, chills, headache, nausea, diarrhoea and vomiting. These symptoms 

typically occur within a week or two of infection and, although transiently debilitating, 

patients usually make a full recovery within a matter of weeks. 

1.4.2 The majority of severe malaria cases are caused by P. falciparum infections  

Unfortunately, the disease can progress to severe malaria in a proportion of cases. 

Although most commonly seen with P. falciparum infections, P. vivax and P. knowlesi 

infections can also result in severe malaria (Price et al., 2007; Cox-Singh et al., 2010). 

Severe ‘complicated’ malaria is a disease which results from the effects of the malaria 

parasite upon multiple tissues and systems – the haematopoietic system, the brain, the 

lungs, the kidneys, and the placenta – resulting in metabolic acidosis, severe malarial 

anaemia (SMA), hypoglycaemia, coma, pulmonary oedema, acute kidney injury, pre-

term delivery and low birth weight. Whilst the fatality rate of severe malaria in children 

is around half that of adults (10% compared to 20%), it is far more likely to occur in 

children than adults (Gonçalves et al., 2014). Although our understanding of why the 

disease progresses to severe malaria in some individuals but remains as the relatively 

benign uncomplicated form in other individuals is incomplete (Wassmer et al., 2015), it 

is agreed that the status of an individual’s immune system plays a key role. For 

example, children ranging from six months to five years of age are most at risk of 

developing severe malaria. This may be because these ages represent the window 

between the ceasing of pre- and post-natal transfer of protective maternal antibodies and 

the development of a fully functional mature immune system. This may also explain 

why severe malaria has an increased incidence in low transmission settings – these 

individuals do not benefit from persistent exposure to the disease, meaning their 

immune protection is reduced. Both these observations can also be explained by the fact 
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that protection against severe disease may require exposure to multiple parasite 

‘strains’. Another factor increasing the risk of an individual developing severe malaria 

is co-infection with other pathogens including the causative agents of HIV/AIDS and 

helminth infections (Nacher et al., 2002; Cohen et al., 2005). 

1.4.3 There are several mechanisms of pathophysiology in malaria 

1.4.3.1 The host immune system can be protective but can also be the cause of 

disease symptoms 

Both the innate and adaptive immune responses provide protection against a malaria 

infection. However, most of the symptoms of uncomplicated malaria can be attributed 

to the innate immune system and the inflammatory response which is triggered by the 

presence of parasite-derived endotoxins such as haemozoin and Plasmodium DNA 

(Sharma et al., 2011; Pichyangkul et al., 1994). The innate immune response is also 

thought to contribute to severe malaria due to generation of imbalances between pro- 

and anti-inflammatory cytokines. For example, increases in tumour necrosis factor-⍺ 

(TNF-⍺) are thought to increase intercellular adhesion molecule 1 (ICAM-1) expression 

on cerebral cells (Turner et al., 1994), thereby increasing sequestration  of parasitized 

RBCs (see section 1.4.3.2). This likely explains the association between high TNF-⍺ 

levels and severe disease (Kwiatkowski, 1990).  

1.4.3.2  Several symptoms of severe malaria are due to adhesion of infected RBCs 

to various host cells 

One of the major sources of the pathophysiology of severe malaria derives from 

sequestration of Plasmodium-infected RBCs to vascular endothelium. This phenomenon 

appears to be restricted to P. falciparum in vivo. Although there is some in vitro 

evidence for cytoadhesion by P. vivax (Carvalho et al., 2010), this has not been shown 

in vivo and no link has yet been made between this phenomenon and cases of severe 

malaria caused by P. vivax.  

 

Sequestration is a highly evolved adherence mechanism used by the parasite to avoid 

the splenic clearance of infected cells. This cytoadhesion depends upon parasite-
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encoded proteins that are exported to the RBC surface. These proteins are only exported 

to the RBC surface in trophozoite and schizont-stage parasites which means only RBCs 

infected by ring-stage parasites can generally be detected in peripheral blood samples of 

infected individuals. Various variant surface antigens (VSAs), such as the multimeric 

erythrocyte membrane protein 1 of P. falciparum (PfEMP1), play a crucial role in 

sequestration. PfEMP1 proteins bind to endothelial surface proteins (Baruch et al., 

1996) including ICAM-1 (Berendt et al., 1989), cluster of differentiation (CD) 36 

(Barnwell et al., 1989; Oquendo et al., 1989) and endothelial protein C receptor (EPCR) 

(Turner et al., 2013). PfEMP1 proteins are encoded by var genes of which the parasite 

has a repertoire of over 60 (Su et al., 1995); each infected RBC expresses a single 

PfEMP1 variant, but switching of var gene expression can occur upon the next asexual 

blood stage cycle, resulting in the expression of a novel PfEMP1 variant. This 

capability for antigenic variation clearly has consequences in terms of immune evasion, 

but may also be of importance in regards to cytoadhesion i.e. whether infected RBCs 

sequester in the brain or not (Roberts et al., 1992; Rowe et al., 2009). Note that other 

exported parasite proteins families, such as subtelomeric variant open reading frame 

proteins (STEVORs) and repetitive interspersed family proteins (RIFINs) may also play 

a role in cytoadhesion (Kyes et al., 1999; Lavazec et al., 2006). Furthermore, RIFINs 

have also been proposed to play a role in immune evasion through binding to inhibitory 

surface receptors on B cells, preventing activation of these immune cells (Saito et al., 

2017).   

 

The sequestration and build-up of adherent infected RBCs to vascular endothelial cells 

within narrow capillaries acts to disrupt blood flow, impairing perfusion and causing 

tissue hypoxia and acidosis. It is also thought to mean the release of parasite toxins and 

stimulation of the host immune system is more localised to vascular organs and tissues. 

Endothelial cell damage also occurs, by both sequestration and the reactive oxygen 

species produced by free radical reactions involving free haemoglobin released by lysis 

of infected and uninfected RBCs (Schaer and Buehler, 2013). Moreover, in vitro studies 

have shown that interactions with infected RBCs act as a trigger for endothelial cell 

apoptosis (Pino et al., 2003). 
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As well as adherence of infected RBCs to vascular endothelium, a phenomenon called 

rosetting occurs. This, which involves adherence of infected RBCs to uninfected RBCs, 

results in an additional contribution to capillary obstruction (Kaul et al., 1991). 

Rosetting is mediated by PfEMP1 proteins on infected red blood cells (Chen et al., 

1998) binding to heparan sulfate (Vogt et al., 2003), complement receptor (CR) 1 

(Rowe et al., 1997) and carbohydrates of ABO blood group antigens (Carlson and 

Wahlgren, 1992). This latter fact is thought to explain why ABO blood group status 

represents a significant risk factor for severe malaria: A, B and AB individuals have 

enhanced rosette formation compared with group O individuals (Rowe et al., 2007). 

Rosetting may enhance parasite replication by bringing infected cells in closer contact 

with uninfected RBCs i.e. new potential host cells. 

 

A third type of adhesion carried out by infected RBCs in vitro is to platelets, in a 

process known as platelet-mediated clumping (Pain et al., 2001). Clearly, formation of 

such clumps in vivo would play a part in capillary obstruction. Platelet-mediated 

clumping may also exacerbate sequestration by acting as a bridge between infected 

RBCs and endothelial cells which would otherwise not have receptors permissible for 

cytoadhesion (Wassmer et al., 2004). However, the precise in vivo contribution of 

platelet-mediated clumping to malaria pathology is yet to be determined; indeed, some 

studies suggest binding of platelets to infected RBCs leads to their destruction and is 

hence anti-parasitic (McMorran et al., 2009).  

 

Infected RBCs may also bind to white blood cells. This is because certain leucocyte 

populations express receptors required for rosetting and sequestration such as CD36 on 

the surface of macrophages (McGilvray et al., 2000) and ICAM-1 on natural killer 

(NK) cells (Baratin et al., 2007). However, it remains to be determined whether this 

form of cytoadhesion is of benefit to the parasite (through immunomodulation) or host 

(through immune-activation) (Rowe et al., 2009). 

1.4.4 Severe malaria has both organ- and system-specific syndromes  

Clinical malaria can involve many different organs and tissues. 
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1.4.4.1 Severe malarial anaemia  

SMA, defined as a haemoglobin concentration of less than 5 g/dL, is a classic feature of 

complicated malaria (WHO, 2014). The fact anaemia occurs is unsurprising, given that 

the asexual blood stage comprises of repeated cycles of invasion into and lytic egress 

from RBCs. Interestingly, complement-mediated lysis, splenic clearance and/or 

phagocytosis of uninfected but nearby RBCs is also known to occur. It is the destruction 

of these bystander cells, rather than infected cells, which acts as the primary driver of 

anaemia (Jakeman et al., 1999). In addition to anaemia due to rupturing infected and 

uninfected RBCs, dyserythropoiesis (impaired RBC production), likely mediated by 

inflammatory cytokines or the presence of haemozoin (Haldar and Mohandas, 2009), is 

also commonplace in malaria infections, contributing to and exacerbating anaemia 

(Abdalla et al., 1980). Another cause of SMA is thought to be excessive removal of 

RBCs (both infected and uninfected) by the spleen; although protective against cerebral 

malaria by reducing cerebral sequestration, this acts to further lower RBC levels (Buffet 

et al., 2009). 

1.4.4.2 Cerebral malaria  

Cerebral malaria, defined as coma with respiratory distress, seizures and metabolic 

acidosis, accounts for up to 20% of malaria-associated deaths (Miller et al., 2013). 

Moreover, up to a quarter of those who do survive are affected by long-term 

neurological sequelae (John et al., 2008). As well as coma due to impaired tissue 

perfusion resulting from sequestration of infected cells in cerebral microvasculature, 

disruption of the integrity of the brain endothelia and blood brain barrier (Mohanty et 

al., 2017) is thought to lead to swelling of the brain, which in turn can lead to death or 

severe impairment.  

1.4.4.3 Acute respiratory distress syndrome  

Acute respiratory distress syndrome (ARDS), a condition with symptoms including 

dyspnoea, respiratory failure and pulmonary oedema, is a rare but often-fatal 

complication of severe malaria (Taylor et al., 2006). Both the immune system and 

cytoadherence are known to be key contributors to ARDS. For example, sequestration 
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in the pulmonary microvasculature leads to respiratory distress (Taylor et al., 2012). 

Inflammatory mediators are thought to be responsible for pulmonary oedema: for 

example, it has been shown that increased levels of TNF-⍺ downregulate epithelial 

sodium channels, altering endothelial permeability (Hee et al., 2011).  

1.4.4.4 Placental malaria  

The symptoms of placental malaria are due to disrupted blood, oxygen and nutrient 

exchange between mother and foetus. Sequestration of infected RBCs leads to blocking 

of intervillous spaces in the placenta (Beeson et al., 2002), an effect which may be 

compounded by excessive leukocyte infiltration (Rogerson et al., 2003). Moreover, 

haemozoin deposition can also affect placental structure (Bulmer et al., 1993). 

Complement cascades, mediated by factors such as complement component 5a (C5a), 

may also play a role in dysregulated placental angiogenesis (Conroy et al., 2009). 

Sequestration of infected RBCs in the placenta is mediated by parasites exporting 

variant surface antigen 2-chondroitin sulfate A (VAR2CSA) molecules (a member of 

the PfEMP1 family) to the RBC surface. These bind to chondroitin sulfate A molecules 

on syncytiotrophoblasts of the placenta, leading to adherence (Bray and Sinden, 1979; 

Fried and Duffy, 1996). It is important to note that some studies suggest that other, non-

VAR2CSA, molecules can also mediate placental cytoadhesion (Boeuf et al., 2011). 

The consequences of placental sequestration can be asymptomatic or mild (usually in 

individuals who possess anti-VAR2CSA antibodies, such as multigravid women from 

high transmission areas) but can also lead to poor outcomes for both mother and foetus 

including miscarriage, stillbirth, premature delivery and death, especially for 

primigravid women.  

1.4.4.5 Renal and hepatic sequelae 

Dysfunction of both the kidneys and liver has also been reported in severe malaria 

infections (Shoukier et al., 2006; Barsoum, 2000) and are more likely occur in adults 

than children (Dondorp et al., 2008).  
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1.5 Malaria intervention strategies are best described as ‘hitting a 

moving target’ 

In 2015, the WHO laid out their GTS which had the key aim of a 90% reduction in 

global malaria incidence and mortality by 2030 (WHO, 2015). This lofty goal is a key 

checkpoint on the road to malaria eradication (the permanent elimination of malaria 

parasites from all regions of the world). Although ambitious, it is based upon recent 

successful malaria control efforts. For example, malaria case incidence fell by 18% 

globally between 2010 and 2016 (WHO, 2017). Moreover, the three WHO regions most 

affected by malaria - South East Asia, Africa and the Americas – each reported more 

than a 25% decline in mortality rates over the same period (WHO, 2017). Such 

successes are largely attributable to 3 key interventions: the use of insecticide treated 

bed nets (ITNs), artemisinin combination therapies (ACTs) and indoor residual 

insecticide spraying (IRS) (Bhatt et al., 2015).  

 

In essence, the goal of all malaria control measures is to interrupt the life cycle (see 

section 1.3) of Plasmodium parasites. If the parasite is unable to complete its life cycle, 

the disease would be unable to be transmitted, leading to local elimination and 

eventually global eradication. There are various points of the life cycle where disruption 

is possible. However, there are a vast number of interacting biological, epidemiological, 

geographical, behavioural and socioeconomic factors which hamper this goal. The 

primary encumbrance is the vast adaptability of both Plasmodium parasites and 

Anopheles mosquito vectors under selective pressure. This means that once-effective 

‘wonder’ drugs or insecticides inevitably tend to ineffectualness and require 

replacement.  

 

Another key aspect of malaria control is ensuring intervention strategies are sustained. 

Indeed, for many localities, maintaining malaria elimination proves to be as challenging 

as achieving that elimination in the first place (Cohen et al., 2012). There are several 

localities, including Greece and Sri Lanka, where it was once thought that malaria was 

eliminated or close to eliminated. This led to the cessation of control programmes, 

which in turn led, relatively swiftly, to a resurgence in malaria incidence and mortality 
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(Danis et al., 2013; Abeyasinghe et al., 2012). It is also important to consider an 

interesting phenomenon which is that the closer we progress towards the goal of malaria 

eradication, the harder achieving that goal is likely to become. As fewer areas become 

disease endemic, there will be fewer people with immune protection and also a more 

limited number of candidates for clinical trials, making the final part of the eradication 

curve the steepest. 

 

Below is a brief summary of the key intervention strategies that have been, and continue 

to be, used in the fight against malaria. It is important not to view these tactics in 

isolation. Our best hope of permanently reducing the worldwide burden of malaria is 

through combining simple and direct solutions with cutting-edge research and 

development, leveraging a sustained, interdisciplinary and multifaceted attack against 

the parasite and its vector. Strategies must also be flexible and capable of evolving 

alongside human, parasite and mosquito populations which are themselves constantly 

changing and adapting. Finally, as well as developing tools to ‘outsmart’ the parasite 

and vector, it is also important to be able to monitor, measure and respond to the 

successes of control programmes. This will partially arise from improvements in public 

health infrastructures, whilst rapid and sensitive diagnostic tests capable of detecting all 

infected individuals – whether symptomatic or not – will be crucial in indicating how 

close we are to winning our fight against malaria.  

1.5.1 Vector control 

Vector control strategies aim to prevent transmission of Plasmodium parasites from the 

mosquito vector to the human host. Such strategies have had undeniable success – for 

example, malaria elimination from the USA was almost solely due to vector control 

(Williams, 1963). Similarly, 80% of the reduction in malaria incidence and mortality 

since 2010 can be attributed to strategies that target the mosquito vector (Bhatt et al., 

2015).  

 

The basic tenet of vector control is reducing the number of bites human populations 

receive from Plasmodium-infected mosquitoes. This can be achieved either by an 

absolute reduction in mosquito populations or by preventing the mosquito from biting 
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humans. Environmental modification i.e. the removal of sources of standing water to 

destroy mosquito breeding sites has, historically, resulted in wide-scale reduction of 

mosquito populations and a concomitant decrease in malaria cases. However, with ever-

increasing urbanisation and other topographical and climate changes, it is not realistic to 

attempt to permanently remove all potential mosquito breeding sites. It is also difficult 

to implement strategies which will be uniformly disruptive to the ~40 Anopheles species 

that are of major importance for malaria transmission (Hay et al., 2010b). This is why 

the development and application of insecticides has proved to be the key tool in 

controlling mosquito populations.  

1.5.1.1 Insecticide-based measures: successes and failures 

The first documented use of IRS of insecticides was that of pyrethrum in South Africa 

in the 1930s (De Meillon, 1936). Although adept at killing mosquitoes, the compound 

needed to be re-applied weekly, something that was logistically impractical and 

financially prohibitive. This restriction was soon overcome by the discovery of the 

residual insecticidal activity of dichlorodiphenyltrichloroethane (DDT), an 

organochlorine. Probably the most (in)famous pesticide of all time, DDT is credited 

with malaria elimination across vast swathes of the South Pacific, North America and 

northern Australia (Russell et al., 2013). Indeed, the development and application of 

DDT made malaria elimination seem like an achievable goal in many regions. However, 

this success was relatively short-lived due to a number of factors. Firstly, physiological 

resistance of mosquito species to DTT was initially detected in Greece in Anopheles 

sacharovi but was soon seen in multiple vectors (Brown, 1958). This vastly reduced the 

mosquitocidal abilities of DDT, which was exacerbated by the development of 

behavioural resistance to DDT. Behavioural resistance is shown by many species 

including Anopheles albimanus, a major malaria vector in the Americas (Trapido, 

1952). DDT was acting as a selective pressure, selecting for exophagic and exophilic 

mosquitoes i.e. those who had changed their behaviour to avoid DDT by feeding and 

resting outdoors. This further decreased the utility of IRS of DDT. Finally, several 

controversial concerns over DTT’s toxicity towards non-insect systems, including 

humans (Eskenazi et al., 2009), and its wider impact on the environment led to wide-
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scale bans. Although now re-permitted for malaria control (WHO, 2011), it was clear 

other insecticides were needed.  

 

There are currently four main classes of insecticides used in malaria control initiatives – 

carbamates, organochlorines, organophosphates and pyrethroids. However, in a case of 

history repeating itself, physiologically resistant mosquitoes have now been identified 

for each (WHO, 2017). Moreover, whilst all four are used in IRS, only one class – 

pyrethroids – are approved for use in long lasting insecticide treated nets (LLINs). 

LLINs are insecticide impregnated, acting as both a physical and chemical barrier to 

prevent blood feeding by mosquitoes. Pyrethroid-resistant Anopheles vectors have been 

reported in nearly 30 Sub Saharan African countries (Ranson et al., 2011). This is 

especially worrying as there are currently no approved effective alternatives for use 

with LLINs, meaning this important method of vector control may shortly become 

ineffective. If this happens, it is predicted to lead to 100,000 more deaths annually 

(Programme, 2012). 

 

Although novel insecticide formulations such as Actellic® 300CS are being developed 

and may provide short-term respite (Oxborough et al., 2014), the exclusive and 

intensive use of an insecticide is almost certain to lead to its failure. Moreover, both IRS 

and LLINs target endophagic and endophilic mosquitoes; by acting as a selective 

pressure, it may mean that outdoor transmission by exophillic and exophagic species 

becomes significant. Therefore, other, non-insecticide based methods of vector control 

are necessary. 

1.5.1.2 Other vector control strategies 

Other methods of vector control circumvent the dilemma posed by the selective 

pressure of insecticides. There are also ethical dilemmas and potential unknown 

repercussions associated with the complete removal of any species from its ecosystem. 

An alternative strategy is to use genetic approaches to alter the vector’s ability to 

transmit Plasmodium parasites without reducing the absolute size of the mosquito 

population. One strategy is that of inserting a gene, whose product precludes parasite 

development in some way, into the mosquito genome. For example, mosquitoes were 
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engineered to express the peptide salivary gland and midgut peptide 1 (SM1) in their 

midgut, which interferes with ookinete invasion (Ghosh et al., 2001), thereby reducing 

vectorial competence (Ito et al., 2002). Alternatively, it may be possible to identify an 

Anopheles gene required for parasite transmission and genetically alter mosquitoes to 

knock out this gene. However, for either of these strategies to have any discernible 

impact upon malaria transmission, the alteration would need to spread to fixation in 

natural populations. This is unlikely to happen by Mendelian inheritance; however, a 

gene drive system (Burt, 2003) such as a homing endonuclease gene (Windbichler et 

al., 2011) could be used to ensure preferential inheritance of an ‘anti-Plasmodium’ 

allele, meaning it rapidly spreads within the population. This is a marked improvement 

upon earlier techniques, such as sterile insect technique (SIT), which, despite having the 

potential to locally reduce vector populations (Alphey et al., 2010), required the 

unsurmountable task of the large scale generation and repeated release of genetically 

modified mosquitoes. 

 

Another recently suggested approach is that of autodissemination (Devine et al., 2009). 

This is the exposure of adult mosquitoes to the juvenile hormone analogue 

pyriproxyfen, which is done at artificial contamination sites where adult mosquitoes 

congregate and, inadvertently, become contaminated. The hope is that the adults will 

then disseminate this larvicidal chemical to larval habitats, preventing emergence of 

adult mosquitoes. Whilst this strategy has the benefit of being able to target potentially 

all mosquito habitats, it again suffers from aspects of impracticality; it would require the 

set-up of a vast number of dissemination stations to ensure region-wide coverage. 

Similarly, another proposed strategy is the use of endectocides such as ivermectin (Foy 

et al., 2011), which have been shown to have mosquitocidal activity when in the human 

blood stream (Sylla et al., 2010). Although this certainly has potential as a strategy to 

reduce mosquito populations, it also has its disadvantages. Firstly, as for insecticides, 

evolution of ivermectin resistance is likely. Moreover, success of this strategy depends 

upon mass ivermectin administration across human populations, which has its own 

financial and operational challenges. 
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1.5.2 Antimalarial chemotherapy 

Antimalarial chemotherapeutic agents primarily treat malaria by targeting and killing 

blood stage parasites. The aim of this is twofold: reducing blood stage parasite burden 

will prevent the clinical pathology of malaria (see section 1.4) whilst also preventing 

completion of the Plasmodium life cycle (see section 1.3) which will reduce 

transmission of the disease. However, most blood stage drugs target only asexual stage 

parasites; as they are inactive against late-stage gametocytes, transmission still has the 

potential to occur unless there is 100% killing efficiency of asexual stage parasites 

before gametocytogenesis would commence.  

 

Throughout the history of modern medicine, various anti-malarial drugs have been 

developed and used in the treatment of malaria. Despite each drug having its own 

intricacies, there are several features of commonality shared between many and they are 

best categorised according to their chemical class (see sections 1.5.2.1 to 1.5.2.4; 

Figure 1.2). One interesting aspect is that parasite resistance to quinine, chloroquine 

(CQ) (Eyles et al., 1963), mefloquine (MF) and sulfadoxine-pyrimethamine (SP) 

(Hurwitz et al., 1981), along with delayed clearance to artemisinin (Noedl et al., 2009; 

Dondorp et al., 2009), all appeared to originate in the same geographical area: the 

Greater Mekong Subregion. There are several hypotheses as to why this region 

seemingly acts as an epicentre of antimalarial drug resistance. Factors specific and 

intrinsic to the parasites (Rathod et al., 1997), hosts (White et al., 2009) or vectors 

(Wernsdorfer, 1994) of this region have all been suggested. Alternative explanations 

include unparalleled drug pressures meaning higher selection pressures for acquiring 

resistance, or the fact that this is a low transmission area which facilitates establishment 

of resistant clones within parasite populations (Pongtavornpinyo et al., 2008).  

 

The following sections provide a brief summary of some key antimalarials that have 

been used, in addition to providing perspectives for the future. 
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Figure 1.2 There are four main classes of antimalarials. 

The main classes of antimalarials can be categorised by structure and/or by function. 
For example, both the liver-stage targeting 8-aminoquinolines (A) and blood stage-
targeting quinine derivative compounds (B) are based on a heterocyclic aromatic 
quinine scaffold (indicated in yellow). Sulfadoxine and pyrimethamine are grouped 
together and known as antifolate antimalarials (C) based on their mechanism of action. 
Artemisinin and its derivatives (D) all contain a common endoperoxide bridge 
(indicated in green), which is thought to be crucial for the mode of action of these 
drugs.  
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1.5.2.1 8-aminoquinolines target P. vivax hypnozoites 

Most antimalarials target the blood stage, preventing both clinical disease and parasite 

transmission. However, the hypnozoite-forming capability of non-falciparum species 

including P. vivax means that multiple disease episodes can derive from a single 

infection. This latent disease represents a severe challenge for malaria elimination and 

eradication. Fortunately, primaquine is able to specifically target hypnozoites, providing 

a radical cure. Moreover, the recently developed tafenoquine has the potential to 

provide radical cure with a single dose (Llanos-Cuentas et al., 2014). However, both 

these drugs are contraindicated in G6PD-deficient individuals as they can lead to acute 

haemolytic anaemia. This vastly reduces the utility of these 8-aminoquinolines because 

G6PD deficiency has been selected for in many malaria-endemic populations, by the 

presence of P. falciparum (see section 1.1; Table 1.1), meaning this issue cannot be 

ignored.  

1.5.2.2 Quinine, chloroquine and mefloquine are quinoline-containing 

antimalarials 

The first record of the chemotherapeutic treatment of malaria was over four centuries 

ago, when the bark of the Cinchona tree was used to assuage fevers. It is now thought 

that several alkaloids contained within the bark have anti-febrile properties, but it was 

quinine which was extracted and became the primary treatment for malaria from the 

early 19th century. Quinine is an arylamino alcohol and contains a quinoline group 

(Figure 1.2). Another quinoline-containing molecule is CQ. This synthetic 4-

aminoquinoline, developed in 1934, improved upon the safety profile, cost-

effectiveness and efficacy of quinine, quickly becoming the gold standard treatment for 

malaria post-World War II. In response to emerging CQ resistance (see below), MF was 

developed and also became a recommended treatment despite concerns about 

neurological and psychiatric side-effects (Weinke et al., 1991).  

For many years it was assumed that the broad mechanisms of action of quinine, CQ and 

MF were the same (Sullivan et al., 1998). This has held true for quinine and CQ: they 

interfere with the catabolism and detoxification of haemoglobin by the parasite. In the 

absence of the drugs, ring and trophozoite-stage parasites sequester toxic haem into 



Chapter 1 Introduction 

 48 

chemically inert haemozoin crystals. This occurs in the digestive vacuole, an acidic 

structure within intraerythrocytic parasites. CQ is a weak base which means it 

selectively accumulates and concentrates in the digestive vacuole (Homewood et al., 

1972). Whilst the endocytosis and trafficking of haemoglobin to the digestive vacuole is 

unaffected by CQ, CQ binds to haem within the digestive vacuole, forming a highly 

toxic complex. CQ may also inhibit the parasite’s haem polymerase (Slater and Cerami, 

1992), preventing formation of inert haemozoin. This toxic complex, together with the 

un-polymerised haem which itself is reactive and toxic, results in destruction of 

membranes and hence parasite lysis (Fitch et al., 1982). Quinine is thought to act by a 

similar mechanism although there are key differences, such as the fact that quinine 

interacts more weakly with haem but shows stronger in vitro inhibition of haem 

polymerisation (Slater, 1993). It is now known that MF interferes with a completely 

different pathway to quinine and CQ. Early competition-based assays initially indicated 

a different mechanism of action was likely (Geary et al., 1986) but it is only within the 

past decade that the molecular target of MF has been elucidated. Large-scale drug 

screens (Gamo et al., 2010) and structural studies (Wong et al., 2017) converged on the 

parasite cytoplasmic ribosome as the target of MF. It is thus now concluded that MF 

kills Plasmodium parasites by preventing protein synthesis (Wong et al., 2017).  

 

In what is to become a familiar tale, CQ’s effectiveness as an antimalarial meant it was 

rapidly rolled out as a first line treatment. Such widespread use – estimated at over 175 

million doses in 1978 (WHO, 1984) – acted as a massive selection pressure, driving the 

evolution of resistance within 15 years (Eyles et al., 1963). Such resistance eventually 

spread to over 40 countries (Payne, 1987), evolving independently at least four times 

(Wootton et al., 2002). This was catastrophic, especially in Africa where it is estimated 

to have led to a six-fold increase in child malaria deaths (Trape, 2001). It is now known 

that CQ resistance is conferred by multiple mutations in the Pfcrt gene, a parasite-

encoded transporter expressed on the digestive vacuole membrane (Fidock et al., 2000). 

Amongst a background of other additional mutations, a Lys76Thr mutation in Pfcrt 

enables efflux of CQ from the digestive vacuole, thereby negating the toxic effects of 

this drug.  
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CQ resistance can also be attributed to mutations in other genes such as the Pfmdr1 

gene (Foote et al., 1990). Pfmdr1 encodes the P-glycoprotein homolog 1 (Pgh1), a 

transporter protein which also localises to the digestive vacuole (Cowman et al., 1991).  

It is hypothesised that Pfmdr1 mutations act to increase the concentration of CQ 

required for parasite killing. Interestingly, Pfmdr1 also appears to play a role in MF 

resistance (Peel et al., 1994). Whilst mutations in the coding sequence may play a role, 

the major cause of MF resistance is thought to be the amplification of the wild type 

sequence, leading to overexpression of Pgh1 (Cowman et al., 1994). The evolution of 

MF resistance is thought to be driven by its long half-life in plasma, causing long 

periods of sub-therapeutic levels in the blood.  

 

Understandably, widespread CQ resistance led to the cessation of it as a front-line 

therapy in many locales, including Malawi. A decade after removal of the selective 

pressure, it was shown that parasite isolates were again CQ sensitive. At a molecular 

level, the prevalence of the Lys76Thr mutation had declined (Kublin et al., 2003). This 

indicates that the mutation confers a slight fitness disadvantage so was selected against 

upon removal of the selective pressure of CQ. However, as CQ resistance is present all 

across Sub Saharan Africa, reintroduction of CQ in Malawi is not a sustainable long-

term strategy, with resistance likely to be rapidly reimported.  

 

Interestingly, despite over four hundred years of use, quinine resistance is a relatively 

rare occurrence (Achan et al., 2011). In contrast to CQ, quinine resistance tends to be 

low grade and manifests as a requirement to extend the treatment period rather than an 

absolute treatment failure. This means that quinine is still used to treat severe malaria 

(Miller et al., 1989), although toxicity limits its usefulness. 

1.5.2.3 Sulfadoxine and pyrimethamine are antifolate antimalarials 

Plasmodium parasites require endogenous de novo folate biogenesis for pyrimidine 

synthesis. This is part of the pathway for synthesising DNA and other macromolecules 

and is thus essential for survival. One key step is the formation of dihydropteroate from 

hydroxymethyldihydropterin, which is catalysed by dihydropteroate synthase (DHPS). 

Sulfodoxine is able to compete with hydroxymethyldihydropterin for the active site of 
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DHPS, thereby acting as a folate antagonist. Similarly, dihydrofolate needs to be 

reduced to tetrahydrofolate in a NADPH-dependent reaction catalysed by dihydrofolate 

reductase (DHFR). By inhibiting DHFR, pyrimethamine also prevents folate 

metabolism. As folate biosynthetic pathways are needed throughout the asexual cycle, 

both sulfodoxine and pyrimethamine are effective against ring, trophozoite and schizont 

stages, as well as against early gametocytes. Although initially used separately, 

synergism between the two drugs led to the development of SP combination therapy 

(Richards, 1966).  

 

In the late 20th century, SP became the front-line therapy in many countries that were 

blighted by CQ resistance. However, as for the quinolines, resistance soon emerged, 

with the useful therapeutic life of SP being reduced to only a few years in many locales 

(Sibley et al., 2001). Non-synonymous point mutations in the genes encoding both 

DHFR and DHPS (Peterson et al., 1988; Triglia et al., 1997) led to SP-resistance in P. 

falciparum. Interestingly, treatment failure seems to be more closely associated with 

mutations in the PfDHFR gene than in the PfDHPS gene (Basco et al., 1998). As for 

CQ, in addition to resistance being conferred by point mutations, copy number 

polymorphism can also result in SP resistance. Amplification of the gene encoding 

GTP-cyclohydrolase 1, the first enzyme in Plasmodium folate biosynthesis, is strongly 

associated with SP resistance (Nair et al., 2008). As for MF, the long half-life of SP 

means resistant strains are easily selected for, explaining the rapid development of 

resistance. In spite of this resistance however, its superior safety profile means SP 

continues to be recommended for use in intermittent prophylactic treatment of pregnant 

women. 

1.5.2.4 Successes and failures of artemisinin derivatives and artemisinin 

combination therapies 

Mirroring the story of quinine, extracts of the Artemesia annua sweet wormwood plant 

were used in Chinese traditional medicine treatment of fevers for thousands of years. 

The active compound was eventually isolated and identified as artemisinin. Minor 

adjustments resulted in three semi-synthetic derivatives with improved bioavailability: 

dihydroartemisinin, artemether and artesunate. In the face of increasing, high level and 
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widespread resistance to quinoline-containing and antifolate antimalarials, artemisinin 

derivatives became a crucial anti-malarial weapon as we entered a new millennium.  

 

Artemisinin and its derivatives are structurally very different to other antimalarials 

(Figure 1.2), indicating a unique mechanism of action. Artemisinin and its derivatives 

all contain an endoperoxide bridge crucial for activity. This bond undergoes haem-

mediated cleavage (Meshnick et al., 1991), leading to the generation of carbon-centred 

free radicals (Posner et al., 1994). Once formed, the free radicals cause intracellular 

damage via selective alkylation of parasite targets which likely include haem, proteins 

(Wang et al., 2015) and lipids. The result is parasite killing.  

 

Artemisinin derivatives showed efficacy several folds higher than that of other 

antimalarials such as quinine (Dondorp et al., 2005) and had parasite reduction rates an 

order of magnitude greater than other treatments (White, 1997). However, their success 

was initially limited by their relatively short therapeutic half-lives. This led to the 

development of ACTs, combining an artemisinin-derivative with a partner drug which 

has a longer elimination time. The rationale for this is the same as for many other 

diseases where combination therapy is used, including tuberculosis and HIV. A single 

drug will have a certain per-parasite probability of selecting for resistance and a 

different monotherapy with a differing mechanism of action will also have a per-

parasite probability of selecting for resistance. When these two drugs are used together, 

the probability of resistance to both occurring in a given cell division is the product of 

the individual probabilities, i.e. a much more improbable event. This translates into an 

expected longer time period before resistance evolves. This is especially true for the 

artemisinin-derivative, which has a short elimination time. Furthermore, the rapid 

parasite killing activity of artemisinin-derivatives reduces overall parasite numbers 

meaning that resistance to an anti-partner drug becomes less likely; equally, if a 

spontaneous mutation conferring artemisinin-derivative resistance were to occur, the 

longer-lasting partner drug would have time to eliminate this parasite. This mutual 

prevention of resistance, combined with the efficacy of artemisinin-derivatives, meant 

that ACTs rapidly became the global gold standard first-line treatment for 

uncomplicated malaria.  
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Unfortunately, resistance to ACTs was soon detected, initially to partner drugs such as 

lumefantrine and MF; this in itself is not entirely unexpected as their long-lasting nature 

means that even as a component of an ACT, there is still selection for resistance 

mutations. However, the great cause for concern came with the discovery of a 100-fold 

decrease in parasite clearance rates by artemisinin (Dondorp et al., 2009). Originating in 

Cambodia, this resistance was soon detected in several other South East Asian countries 

and is strongly associated with mutations in the propeller domain of the K13 kelch 

protein (Ariey et al., 2014). As parasites are still cleared by the ACT, albeit less rapidly, 

this is referred to as partial, rather than complete, resistance. Although delayed parasite 

clearance is not an automatic segue into failure of ACTs, slower parasite removal will 

mean more parasites survive artemisinin-derivative exposure at a given point in time, 

meaning a higher probability of partner resistance mutations occurring. At present, 

partial resistance to ACTs is restricted to one geographical region, where it is subject to 

intensive management. However, the threat of ACT resistance spreading to Africa, 

where K13 polymorphisms associated with resistance have already been observed 

(Tacoli et al., 2016), means that novel antimalarials are needed now more than ever.   

1.5.2.5 In the short term, we must work with what already exists  

Although there are currently several novel drug candidates in phase II and phase III 

trials, none of these will be available until 2020 at the earliest. Therefore, in the short 

term it is necessary to optimise the deployment of pre-existing drugs, maintaining high 

cure rates whilst preventing the further spread of ACT resistance.   

 

One strategy is to adjust treatment regimens. This could be done by consecutively 

prescribing two different three-day ACTs, which would act both to increase the effect of 

artemisinin whilst reducing the chance of partner-drug resistance. However, there is also 

a disadvantage to this – compliance with antimalarials is likely to be reduced by 

extending treatment durations, a risk which in itself can lead to the emergence of 

resistance. Another strategy is one which is informed by the treatment of other 

infectious diseases such as HIV infection and tuberculosis – triple therapy. In triple 

ACTs, the artemisinin-derivative is paired with two slowly eliminated partners that have 
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opposite resistance profiles. For example, lumefantrine and amodiaquine may be 

combined as partner drugs because resistance to lumefantrine leads to amodiaquine 

sensitivity and vice versa. A different tactic would be mass drug administration 

campaigns that administered several different antimalarials at once. This would mean 

that, at a population-wide level, parasites resistant to one antimalarial will soon be 

transmitted to a human receiving a different antimalarial, leading to elimination of this 

mutant and the potential for resistance.   

1.5.2.6 The future of antimalarial chemotherapy relies upon new candidates and 

products 

Previous successes in malaria control have resulted in a shift in emphasis away from 

elimination and towards eradication. This can be mirrored in the shift of focus of 

antimalarials: from curing individuals to completely preventing disease transmission on 

a population level. Achievement of this aim, combined with the likelihood that acquired 

resistance will be an ever-present concern, will require development of novel 

antimalarials.  

 

In 2014, the non-profit organisation Medicines for Malaria Venture (MMV) laid out 

two high-level goals – target product profiles (TPP) – for new antimalarials (Burrows et 

al., 2013). These were (1) the treatment of disease with prevention of transmission; and 

(2) the chemoprotection of uninfected individuals. These TPPs will be achieved by one 

or more molecules, each with a defined target candidate profile (TCP). The MMV TCPs 

that will be combined and reformulated to meet the TPPs may act on the asexual, 

gametocyte, hypnozoite, hepatic or mosquito stages of the parasite. Whilst these TCPs 

all act on different stages, they are required to share several characteristics. The primary 

requirement for any new antimalarial drug is that it is well tolerated and safe in a wide 

range of recipients, including pregnant, malnourished and immunocompromised 

individuals, as well as asymptomatic individuals with very low parasitaemias. As well 

as having activity against current resistant isolates, the gold standard would be ‘future-

proof’ to the best possible extent against impending resistance. An additional goal is a 

product capable of ‘Single Encounter Radical Cure and Prophylaxis’ (SERCaP) i.e. 

with the ability to kill all parasites with a single dose. Despite having significant 
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operational and compliance benefits, SERCaP may require high doses leading to 

concerns over tolerability. Whilst rapid effectiveness is a secondary goal, it is agreed 

that this priority should not lead to the detrimental exclusion of otherwise promising 

candidates.  

 

Due to invigorated research and development efforts over the past decade, there are now 

several new antimalarials in the development pipeline (Table 1.2). These have resulted 

from a combination of strategies including improvement of existing molecules, 

phenotypic screening and rational design. Medicinal chemistry can be used to modify 

existing successful compounds to generate an improved drug. For example, based on 

the knowledge that the endoperoxide bond of artemisinin-derivatives is critical for their 

activity, the synthetic antimalarial OZ439 was developed based on this scaffold, but has 

been engineered so as to be effective against current artemisinin-resistant isolates (Phyo 

et al., 2016). There has also been success with high and medium throughput phenotypic 

screens, giving rise to compounds with novel mechanisms of action against malaria 

parasites. For example, whole-cell screens indicated 2-aminopyridines as compounds 

with antimalarial potential, which became the starting point for development of 

MMV390048 (Paquet et al., 2017). MMV390048 was shown to be effective against 

current drug-resistant isolates and is currently in phase II trials. As well as generating 

new antimalarials, such phenotypic screens are also important in furthering our 

knowledge of Plasmodium biology, through subsequent target validation. For example, 

the target of MMV390048 has been revealed as the Plasmodium phosphatidylinositol-4-

kinase (Paquet et al., 2017), elucidating a novel potential mechanism of action for 

antimalarials. An extension of this is the millions of compounds that have been screened 

for activity against malaria parasites over the past two decades (Gamo et al., 2010; 

Guiguemde et al., 2010). Compounds that were confirmed active against P. falciparum 

blood stages and which have drug-like properties now form part of the publically 

available MMV ‘Malaria Box’ (Spangenberg et al., 2013), acting as a starting point for 

further antimalarial discovery.   

 

High-throughput phenotypic screens will continue to play an important role in 

discovering new antimalarials. However, the recent development of tools and 
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techniques which hugely facilitate interrogation of Plasmodium cell and molecular 

biology (see section 1.7) means rational drug design may see a resurgence. Rational, or 

classical, drug discovery depends upon the identification and validation of essential 

molecules and pathways, followed by target-based screens to identify potential 

inhibitors of such targets. One such success story is DSM265 (Phillips et al., 2015). 

DSM265 selectively targets the Plasmodial dihydroorotate dehydrogenase (DHODH), 

an enzyme essential for pyrimidine biosynthesis, and is currently in phase II trials.  

 

Other approaches to antimalarial drug discovery include the de-peptidification of 

invasion inhibitory peptides (Lee et al., 2011a) and the use of DNA-binding aptamers 

(Niles et al., 2009). However, the ultimate risk with antimalarial chemotherapeutics is 

that the parasite will eventually evolve resistance to each and every drug discovered. 

Therefore, such drug discovery must always be in the context of other malaria 

intervention strategies.   
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Table 1.2  Novel antimalarial drugs continue to be discovered. 

New antimalarials can be based on existing successes, discovered from phenotypic 
screens or elucidated through rational design. These three strategies have all generated 
potential new compounds within the past few years.   
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1.5.3 Fighting malaria with vaccines 

It is broadly agreed that effective vaccines are the most cost-effective way to combat an 

infectious disease, having successfully led to the eradication or extensive control of 

viral diseases such as smallpox and polio. Many other vaccines are successful in 

preventing a range of viral and bacterial diseases. However, a fully effective vaccine is 

yet to be developed against a parasitic disease. The rationale for the feasibility of a 

malaria vaccine is the fact that, in malaria endemic countries, repeated exposures result 

in acquisition of clinically protective immunity against malaria. However, such 

immunity is only partial rather than sterilising, and diminishes over time without 

continued exposure (best reviewed in (Doolan et al., 2009)). The challenge of poorly 

immunogenic antigens is compounded by the immunomodulatory capacity of the 

malaria parasite (Portugal et al., 2015), together with its broad antigenic diversity. 

These reasons help to explain why, despite nearly 50 years of research, we remain 

without a fully efficacious, sterilising malaria vaccine.  

 

Nevertheless, intensive research and development efforts over recent years have meant 

that several vaccine candidates are currently in clinical trials. Whilst all current efforts 

can be neatly classified into the three independent approaches discussed below – pre-

erythrocytic, blood stage and transmission blocking vaccines – it is increasingly being 

thought that the greatest chance of success may derive from a combinatorial vaccine 

against multiple antigens, strains and stages. Whether this proves to be true or not, 

continued research into Plasmodium cell and molecular biology, together with an 

improved understanding of host-parasite interactions will be crucial in developing 

further antimalarial vaccines.   

1.5.3.1 Pre-erythrocytic vaccines 

Pre-erythrocytic vaccines aim to prevent blood stage infection by targeting the clinically 

silent sporozoite and hepatic stage parasites. Stalling parasites within hepatocytes 

means no clinical disease and also no transmission because there is no possibility of 

development to sexual forms. In the early 20th century, infection with malaria was used 

to treat neurosyphilis (Nicol and Hutton, 1937). From this, it was seen that sterile 
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immunity to malaria could be achieved through immunisation with live parasites. 

However, this is obviously not a viable solution because live parasites have the ability 

to cause disease. Another option was radiation-attenuated parasites; when infected 

mosquitoes are irradiated, the resulting sporozoites are still able to invade hepatocytes 

but are unable to fully mature within the liver. Early rodent studies showed that 

immunisation with these irradiated sporozoites provided protection against challenge by 

fully infectious parasites (Nussenzweig et al., 1967). Shortly after, the same conclusion 

was drawn in human subjects, where immunisation with radiation-attenuated P. 

falciparum or P. vivax sporozoites provided sustained and high-level protection from 

infection by non-attenuated sporozoites (Clyde, 1975; Clyde et al., 1973; Hoffman et 

al., 2002). This indicated that the gold standard – a vaccine conferring sterilising 

immunity – was achievable. However, such protection was derived through 

immunisation by the bites of ~ 1000 irradiated but infected mosquitoes. This 

represented a huge logistical limitation, prohibiting successful vaccination at a 

population level. As a result, progress with this idea stalled until studies showed that 

similar protection could be achieved via intravenous injection of cryopreserved, 

metabolically active, irradiated parasites: this was known as the PfSPZ vaccine (Epstein 

et al., 2011; Seder et al., 2013). Field trials confirmed PfSPZ to be effective against 

naturally, as well as experimentally, acquired infections in African adults (Sissoko et 

al., 2017). Despite this proposed efficacy, there are large questions surrounding the 

scalability of PfSPZ vaccines, as the thousands of sporozoites required for each 

vaccination must be dissected from individual infected mosquitoes. One alternative 

requires 95% fewer sporozoites for the same protection, and also circumvents potential 

issues with incomplete or variant irradiation. This combined ‘C-Vac’ strategy comprises 

the inoculation of un-attenuated sporozoites, either live by mosquito (Roestenberg et al., 

2009) or cryopreserved by intravenous injection (Mordmüller et al., 2017), together 

with concomitant treatment with the antimalarial drug CQ. The rationale is that 

parasites are able to complete the hepatic cycle but are prevented from asexual blood 

stage replication. Although efficacious, this strategy may not be effective in light of the 

speed at which CQ resistance evolves and spreads.  
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Vaccination with genetically attenuated sporozoites avoids the need to irradiate 

sporozoites and the reliance on CQ. This is achieved by using triple knockout parasites 

which have a deletion in three liver-stage genes – p36, p53 and s22 – meaning such 

parasites stall early in the hepatic cycle (Mikolajczak et al., 2014). Although sterilising 

immunity results from a single immunisation in both rodents and humans (Kublin et al., 

2017), it is again dependent upon inoculation with thousands of sporozoites, a 

requirement which is unlikely to be feasible on a large scale.  

 

The major advantage of whole-organism immunisation strategies is that they lead to 

sterilising immunity, but there are major logistical disadvantages connected to using 

whole parasites. Therefore, an alternative tack has been to try and develop subunit 

vaccines i.e. parasite antigens that can also effect the necessary protection. The 

RTS,S/AS01 vaccine, the first licenced vaccine against any kind of parasitic disease, is 

a subunit vaccine containing a repeat region of the sporozoite CSP fused to the Hepatitis 

B virus surface antigen in a liposomal adjuvant system (Casares et al., 2010). Phase II 

studies showed that efficacy of the vaccine in controlled human malaria infections only 

approximated 40 – 50% in both naïve (Kester et al., 2009) and African adults 

(Polhemus et al., 2009). Moreover, this partial protection was short-lived. A multicentre 

phase III efficacy trial comprising more than 15,000 African children in eleven centres 

showed that, in babies of six to twelve weeks of age, vaccine efficacy had waned to just 

27% by 20 months following vaccination and only 18% at the four-year follow-up. A 

similar short-lived efficacy was seen in children aged five to 17 months, although here 

the efficacy values were higher (45% and 28%) (Rts, 2015). Despite RTS,S/AS01 being 

far from the WHO’s target of 75% efficacy (WHO, 2015), phase IV implementation 

studies have begun. These studies, involving a randomised controlled trial of 750,000 

children in Ghana, Kenya and Malawi, will determine the feasibility of using this 

vaccine to immunise large populations.  

 

The lack of long-lived protection from RTS,S/AS01 is likely related to the fact that the 

antibody response is not long-lived. Indeed, anti-CSP antibody levels fall below their 

minimum effective concentration within only a few months of vaccination (White et al., 

2015). The limited effectiveness of this vaccine can also be attributed to antigenic 
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diversity; maximal efficacy of the vaccine is against the CSP of a parasite strain which 

accounts for less than 10% of wild parasite populations (Neafsey et al., 2015). 

However, this same study also showed that the short-term protective efficacy of the 

vaccine, over a few months, exceeds 75% for all parasite strains (Neafsey et al., 2015). 

This has led to the suggestion that, rather than being a vaccine for mass administration, 

RTS,S/AS01 could be rolled out in low-endemicity areas as a vaccine to interrupt 

transmission (Gosling and von Seidlein, 2016). 

1.5.3.2 Blood stage vaccines 

The main aim of blood stage vaccines is to inhibit parasite replication in the blood, 

thereby preventing clinical disease. Blood stage vaccines typically aim to target 

antigens either on the merozoite surface, interfering with RBC invasion, or on the 

surface of the infected RBC, thus interfering with parasite sequestration. However, there 

are three inherent aspects of parasite biology which make this an extremely challenging 

task: first, the fact that the parasite seems to have many redundant pathways for RBC 

invasion (see section 4.1), second, the fact that many merozoite and RBC surface 

proteins show extreme antigenic diversity and third, the fact that it is difficult to express 

recombinant P. falciparum proteins that are conformationally correct.  

 

Antigenic diversity is thought to explain the failures of several blood stage candidates 

including those targeting merozoite surface protein (MSP) 1 and apical membrane 

antigen 1 (AMA-1) (Ogutu et al., 2009; Payne et al., 2016). As for liver-stage vaccines, 

it may have been that the antigens used for preparation of the vaccine are those of minor 

parasite populations. This is especially likely for AMA-1, in which over two hundred 

polymorphisms were detected at just a single field site (Takala and Plowe, 2009). 

Improved immunogenicity in monkeys was seen in a vaccine which combined AMA-1 

with its binding ligand rhoptry neck protein (RON) 2 (Srinivasan et al., 2017), but this 

is still likely to fall foul to antigenic polymorphisms. One way to obtain cross-strain 

protection would be to include each and every possible polymorphism of a target in the 

vaccine. An alternative is to develop a vaccine against a highly conserved antigen. This 

seems to be the case for the PfRh5 protein (see section 4.1.2) where antibodies showing 
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pan-strain inhibition (Douglas et al., 2011) led to effective protection in monkeys 

(Douglas et al., 2015).  

 

Mirroring the strategy for pre-erythrocytic vaccines, it is also possible to consider whole 

blood stage parasite vaccination. Treatment of ring-stage parasites with agents, such as 

centanamycin that irreversibly alkylate DNA, leads to chemically attenuated parasites 

within intact RBCs. These chemically attenuated whole parasites are capable of 

inducing protective immunity (Good et al., 2013). However, immunological and ethical 

concerns mean that semi-synthetic attenuated whole blood stage parasites may represent 

the most likely progression route for this candidate (Giddam et al., 2016).  

 

One final blood stage vaccine of interest is that which targets the Duffy binding protein 

of P. vivax (Ntumngia et al., 2017). This is currently the only vaccine candidate which 

targets P. vivax; all other candidates only target P. falciparum. Given the increasingly 

recognised importance of P. vivax in disease (Price et al., 2007), it can be argued that 

there is much benefit into investigating multi-species vaccines.   

1.5.3.3 Transmission-blocking vaccines 

Transmission-blocking vaccines (TBVs) aim to interrupt malaria transmission by 

targeting the sexual stage of the parasite to prevent infection of the mosquito vector. 

Such vaccines are designed to induce antibodies that, when taken up by a blood meal, 

act within the mosquito vector, against sexual stages of the parasite (Carter and Chen, 

1976). Antigens used in TBVs can include components expressed by the unfertilised 

parasite, such as Pfs230 (Quakyi et al., 1987), or alternatively post-fertilisation antigens 

such as Pfs25 (Kaslow et al., 1988). However, both these antigens induced only low 

antibody titres in humans.  One way that this poor immunogenicity was successfully 

improved was through conjugation to a carrier protein such as exoprotein A (EPA). 

However, although immunisation with Pf25-EPA led to increased titres of transmission-

blocking antibodies (Shimp et al., 2013), their activity rapidly waned. This could 

potentially be circumvented by optimising the administering adjuvant.  
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An alternative target for TBV is the parasite-mosquito interaction. Examples of such an 

approach include targeting antigens such as Pfs47, a parasite molecule which facilitates 

evasion of the mosquito immune system (Molina-Cruz et al., 2013), or by targeting 

Anopheles-encoded proteins. For example, the Anopheles alanyl aminopeptidase 

(AnAPN) is used by the mosquito for blood digestion but exploited by the parasite for 

ookinete invasion (Dinglasan et al., 2007). Vaccinating humans with anti-AnAPN 

antigens could lead to an induced response that prevents transmission of the malaria 

parasite to the mosquito vector.  

 

The major limitation of TBVs is that they are ‘altruistic vaccines’ where immunisation 

results in protection at the community level rather than direct protection of the recipient. 

Lack of uptake may represent the biggest unique obstacle to this class of vaccines.  

1.6 The apical organelles of Plasmodium parasites 

Merozoites are tasked with initiating and therefore maintaining the RBC stage cycle. To 

do so, they must egress from the current host cell, locate and invade a new, uninfected, 

host cell, and then modify the host cell to enable development. As the host cell is a 

terminally differentiated mammalian RBC which lacks the capacity to synthesise 

proteins, few of the above processes can be aided by host cell mechanisms (although 

see (Koch and Baum, 2016)). Whilst Plasmodium parasite do undergo same-cycle de 

novo synthesis of some required components, merozoites also have the remarkable 

capacity to carry much of the necessary molecular machinery with them, depositing it 

upon invasion. This is possible because of the sequential secretion of the apical 

organelles of Plasmodium parasites during invasion. These organelles are seen in other 

invasive forms of the parasite including sporozoites, and, for micronemes, ookinetes, 

but the below discussion will focus on their characteristics and roles within the asexual 

blood stage.  

 

Positioned at the apex of the merozoite are at least three morphologically distinct sets of 

specialised membrane-bound vesicle-like regulated secretory organelles known as the 

rhoptries, the micronemes and the dense granules. It is also important to note that, as we 

continue to molecularly define the contents of apical organelles, there may be more than 
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three discrete sets i.e. there is also evidence for the existence of exonemes (Yeoh et al., 

2007) which appear slightly morphologically distinct from micronemes. A fifth type of 

apical organelle – the mononeme (Singh et al., 2007) – has also been proposed, 

although these have never been observed by electron microscopy (EM). A commonality 

of all these organelles is that, despite being essential, they are ephemeral: they are 

resynthesized in each RBC cycle with no remnants visible in ring and trophozoite 

stages. These apical organelles are not observed across all eukaryotes; rather, they are 

unique to apicomplexan parasites. This means that these organelles and their contents 

represent ideal novel drug targets.  

 

The works in this thesis focus on the functions of several rhoptry-resident proteins. 

Therefore, the below will focus on these particular organelles. However, many shared 

features exist between rhoptries and all other secretory organelles and these will be 

highlighted below. 

1.6.1 P. falciparum rhoptries 

Rhoptries derive their name from the Greek ρόπαλο, which refers to their club-shaped 

appearance. The shape of these paired organelles, reminiscent of a pear, arises from the 

fact that they have a wide bulb region which tapers to a narrow neck (also known as the 

duct) at the apical prominence (Figure 1.3).The rhoptries are the largest of the apical 

organelles, with their width (300 nm at the widest part) being around ten times that of 

the micronemes (Bannister et al., 2000a). Although the largest, rhoptries are 

outnumbered by both micronemes and dense granules in in P. falciparum. There are 

multiple micronemes per merozoite, located close to the rhoptry neck region. Dense 

granules are the smallest of the apical organelles, being circular structures less than 0.1 

µm in diameter, but, like the rhoptries, are full of granular electron-dense contents.  
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Figure 1.3 P. falciparum rhoptries are twinned, club-shaped organelles.  

(A) Rhoptries localise to the apical region of Plasmodium merozoites, where they are 
close to other apical organelles including the micronemes, exonemes and dense 
granules. (B) The rhoptry can be subcompartmentalised into a neck and bulb region, 
each containing their own complement of proteins. The neck and bulb region are not 
separated by any sort of membranous boundary but the differences in composition of 
these regions can be seen by EM. EM image modified, with permission, from 
(Bannister et al., 2000b). Asterisk indicates RON proteins with the exception of RON3. 
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The origin of all the secretory organelles is coated secretory vesicles derived from the 

single cup-like cisterna of the Golgi apparatus. All form at the anterior poles of nascent 

merozoites. Rhoptries are the first apical organelles to be synthesised, at about 36 hours 

post invasion (hpi) in P. falciparum, when maturating schizonts possess ~four nuclei 

(Margos et al., 2004). Micronemes do not form until much later, when nuclear division 

has completed and merozoites are beginning to bud (Bannister et al., 2003). Dense 

granules form later still, in the final stage of schizont development (Margos et al., 

2004). The first indication of rhoptry formation is the appearance of small, circular, pre-

rhoptry vesicles which form close to the nuclear envelope and are closely apposed to the 

Golgi apparatus (Jaikaria et al., 1993). Continual fusion of multiple small Golgi-derived 

vesicles leads to the growth of the base region of early rhoptries. The requirement for 

coalescence of multiple vesicles is in contrast to synthesis of the micronemes and dense 

granules where there is a 1-to-1 vesicle-to-organelle stoichiometry (Bannister et al., 

2000b). Whilst it is known that microneme-destined Golgi vesicles interact with the 

microtubule network to reach the micronemes (Bannister et al., 2003), the mechanism 

of translocation of rhoptry- and dense granule-destined vesicles to their final subcellular 

location in the merozoite remains unknown, although a cytoskeletal rootlet fibre was 

associated with trafficking rhoptry-bound vesicles in P. berghei sporozoites (Schrevel et 

al., 2008). Interestingly, although rhoptries are paired structures in P. falciparum, their 

formation and maturation does not occur in synchrony, with one of the pair always 

reaching maturity first. Furthermore, it may be that biogenesis of several rhoptries 

occurs, but only two rhoptries complete maturity. This is evidenced by the fact that a 

third immature and spheroidal rhoptry bulb-like structure can occasionally be seen to 

associate with the mature pair of rhoptries, perhaps indicating that the biogenesis of this 

third rhoptry occurred, but stalled at an early stage (Bannister et al., 2000b). It has 

recently been shown in T. gondii that the armadillo repeats only protein (ARO) is 

crucial for maintaining the apical positioning of rhoptries (Mueller et al., 2013), and the 

P. falciparum ortholog of ARO is likely to play a similar role (Cabrera et al., 2012). 

 

When the rhoptry base has reached its maximum diameter, the neck region begins to 

form from the face of the rhoptry closest to the parasite plasma membrane. The rhoptry 

neck elongates, and often shows temporary bends or bulges, until it contacts the apical 
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tip of the merozoite. There are also intra-organellar changes which occur during rhoptry 

development, and these are starker in the neck than the bulb region. Although the 

contents of the rhoptry base do show an increase in density and a decrease in particle 

size during development, the changes occurring in the neck region are more highly 

visible. The contents of the neck region start as a loose heterogeneous vesicular matrix, 

before condensing to produce a denser, more granular appearance by transmission 

electron microscopy (TEM). This initial difference in appearance is the first indication 

that the rhoptry, despite being a single membrane-bound organelle, is 

subcompartmentalised (Bannister et al., 2000b).  

1.6.1.1 Rhoptry secretion 

A defining feature of all apical organelles in Apicomplexa is the regulated, rapid 

secretion of their contents, a process that largely occurs contemporaneously with egress 

and invasion (see section 4.1). This is illustrated by the fact that the intra-organellar 

volume of a rhoptry mid-invasion is less than one quarter of that prior to invasion 

(Hanssen et al., 2013). Discharge of the contents of each apical compartment is 

coordinated and sequential, facilitating the release of specific proteins at functionally 

appropriate times (Kats et al., 2006). Separating proteins in space and time is a repeated 

regulatory strategy in Plasmodium parasites, enabling delineation of molecular events. 

One example of this is in the reticulocyte binding-like protein homolog (Rh) 5 complex: 

P113 is in the merozoite surface, whilst Rh5 is in the rhoptries and cysteine-rich 

protective antigen (CyRPA) and Rh5-interacting protein (RIPR) are in the micronemes. 

Moreover, regulated, rather than constitutive, secretion of apical organelle contents is a 

clever strategy to minimise exposure of these antigens to the host immune system, 

thereby promoting survival. 

 

Historically, the order of apical organelle secretion was thought to mimic the function 

of the organellar constituents. For example, as exonemes and micronemes are secreted 

first, they were thought to function in egress and other pre-invasion steps as well as 

tight junction (TJ) formation. Rhoptries are next to be discharged so have been ascribed 

functions in PV establishment. As the last apical organelle to be secreted, dense 

granules have generally assigned a function in modifying the RBC post-invasion. 
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However, this general model hypothesis is now under challenge, especially with 

relation to the rhoptries. This is because, whilst some micronemal proteins (such as 

AMA-1 and erythrocyte binding antigen-175 (EBA-175)) are clearly involved in the 

early phases of invasion, several rhoptry proteins (including Rh4, Rh5 and RON2, 4 and 

5) are also involved in the attachment and TJ stages of invasion (see Chapter 4). 

Rhoptry proteins are now also thought to function after the completion of invasion, with 

rhoptry-resident high molecular weight rhoptry protein (RhopH) 1/cytoadherence linked 

asexual gene (CLAG) 3 proteins posited to have a role in nutrient acquisition by the 

parasite throughout the asexual cycle (Nguitragool et al., 2011)(see section 6.1.1.3.2). 

Relatedly, it is now thought that, due to intra-organellar subcompartmentalisation, 

rhoptry proteins are not discharged in one go in the period between microneme and 

dense granule secretion. Instead, it is likely that different subcompartments of the 

rhoptries are released at different points in time  

 

The exact mechanism triggering this multistep rhoptry release is unknown, although 

both the Rh5-basigin interaction (Weiss et al., 2015) and possibly host cholesterol are 

thought to play a role (Coppens and Joiner, 2003). Whilst the molecular trigger for 

dense granule discharge also remains unknown, the process is somewhat better 

elucidated for exonemes and micronemes. It is thought that exonemes and microneme 

discharge is dependent upon calcium ion (Singh et al., 2010), cyclic guanosine 

monophosphate (cGMP) (Collins et al., 2013b) and phosphatidic acid signalling (Bullen 

et al., 2016).  

1.6.1.2 Rhoptry contents 

The electron-dense appearance of rhoptries by TEM is thought to reflect the high 

concentration of lipids and proteins that reside within these organelles. As discussed 

below, various functions have been proposed for rhoptry-resident proteins and lipids. 

The work of this thesis aims to elucidate the role that rhoptry proteins play in several 

processes that are key for the asexual blood stage cycle.  
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1.6.1.2.1 Rhoptry lipids play a role in the three stages of RBC invasion 

EM analysis of tannic acid fixed P. knowlesi and P. falciparum merozoites both show 

lamellar lipid-like whorls within the rhoptries (Bannister et al., 1986a; Stewart et al., 

1986). This was the first indication of the substantial amounts of lipid material 

contained within the rhoptry. This observation was further corroborated by experiments 

using cytochalasin, a mycotoxin which inhibits the formation and modification of actin 

filaments (Cooper, 1987)s so preventing complete invasion whilst still permitting 

rhoptry release. The resulting TEMs show the secretion of lipid-rich content beyond the 

RBC membrane into its cytosol (Riglar et al., 2011). Further evidence arises from the 

ability of fluorescent lipid probes to localise to the rhoptries (Mikkelsen et al., 1988). 

 

One suggestion for the function of rhoptry-derived lipids is in the localisation of rhoptry 

proteins. It is known that the trypsin-accessibility of several rhoptry proteins increases 

upon phospholipase treatment (Etzion et al., 1991), perhaps indicating that the lipids act 

to hold rhoptry-resident proteins in defined positions.  

 

It has also been shown that rhoptry lipids are involved in all three phases of invasion 

(see section 4.1). The incorporation of rhoptry-resident fluorescent lipids into the PV 

upon invasion was taken as strong evidence for the role of rhoptry lipids in formation of 

the PVM (Mikkelsen et al., 1988). This is a logical conclusion based on the knowledge 

that RBCs lack endocytosis and de novo lipid synthesis capabilities. Without the 

contribution of parasite lipids to the PVM, invasion would result in a drastic reduction 

in RBC surface area. This does not happen (Dluzewski et al., 1995), indicating there is 

likely to be some involvement of parasite-derived lipids in PVM formation. Although 

the parasite itself has de novo lipid synthesis ability, because PVM formation occurs so 

rapidly, the most likely source of lipids is those that are premade in the rhoptries. This is 

further supported by calculations indicating that the quantity of rhoptry lipids is more 

than sufficient to form the PVM (Bannister and Mitchell, 1989). The fact that rhoptries 

are present in the merozoite and sporozoite forms of Plasmodium parasites, which both 

require a PVM, but not in ookinetes, where no PV is required, may provide further 

support for the function of rhoptry lipids in PVM formation. Whilst it is generally 
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accepted that the PVM comprises of both parasite and host lipids, the relative 

contribution of each is still debated (Zuccala and Baum, 2011).  

 

As well as their role in the central phase of invasion, rhoptry lipids may be involved 

earlier in invasion, in facilitating RBC membrane deformation. This is because rhoptry 

lipids are thought to be unusually rich in cholesterol (Besteiro et al., 2008), a molecule 

which has been shown to influence membrane fragility. Rhoptry lipids may also play a 

role in the final stage of invasion, echinocytosis (see section 4.1.3). It is thought that 

released rhoptry lipids may initially contact the outer leaflet of the RBC membrane, 

causing outward bending and so temporary echinocytosis of the RBC, until flippases 

can correct any lipid asymmetry and return the RBC to its usual biconcave shape (Weiss 

et al., 2015).  

1.6.1.2.2 Rhoptry proteins: localisation and targeting 

Before the P. falciparum genome was sequenced (Gardner et al., 2002), characterisation 

of rhoptry proteins was achieved primarily by elucidating the targets of monoclonal 

antibodies (mAbs) reactive against rhoptry proteins. Initially, there were just 15 known 

rhoptry proteins (Perkins, 1992), although studies using purified rhoptries indicated that 

this was unlikely to be the full extent of the rhoptry proteome (Etzion et al., 1991). The 

genomics and proteomics era has led to the elucidation of a P. falciparum rhoptry 

proteome approaching 50 members, with half of these deemed to be of significant 

biological importance (Kats et al., 2006). There is thought to be a similar number of 

proteins contained within the rhoptries of other Plasmodium species such as 

Plasmodium yoelii (Sam-Yellowe et al., 2008) and also in T. gondii (Bradley et al., 

2005). However, it is important to continue a species-by-species elucidation of rhoptry 

proteins because rhoptry-residence in one species does not guarantee localisation to the 

rhoptries in all species.  

 

Immunoelectron microscopy (IEM) studies provided further support for the idea of 

intra-organellar compartmentalisation of the rhoptries. This is because whilst some 

rhoptry proteins, such as those of RON family, were seen to exclusively distribute to the 

rhoptry neck (Roger et al., 1988), others, such as the rhoptry-associated proteins (RAPs) 
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and RhopH proteins preferentially localise to the rhoptry bulb (Bushell et al., 1988; 

Holder et al., 1985). This intra-rhoptry organisation is thought to reflect functionality 

i.e. the Rh proteins and RON proteins function early in the life cycle (see section 4.1.1) 

and their position in the rhoptry neck allows them to be secreted prior to other rhoptry 

proteins (e.g. RhopH proteins) that may not function until later. Interestingly, whilst 

there are many homologs of rhoptry neck proteins across the Apicomplexa, Plasmodium 

rhoptry bulb proteins share little homology with their counterparts in other genera. This 

may indicate that rhoptry neck proteins play more general roles whilst rhoptry bulb 

proteins have evolved to carry out functions which are specific to a particular parasite-

host cell interaction.   

 

One common feature of most rhoptry proteins is the presence of a classical N-terminal 

secretory signal (Kats et al., 2006) (see section 5.1.2.1). This indicates that rhoptry 

proteins undergo vesicle-mediated trafficking, a fact that is unsurprising given it is 

known that rhoptries are assembled from Golgi-derived vesicles. Therefore, rhoptry 

proteins synthesised on ribosomes of the rough endoplasmic reticulum (ER) pass, via 

the nuclear envelope, to the Golgi apparatus, before being packaged into trafficking 

vesicles specifically destined for the rhoptries. There are some rhoptry proteins, such as 

Rhop148, where the N-terminal secretory sequence is replaced by an internal 

hydrophobic signal which performs the same function (Lobo et al., 2003). Further 

support for the existence of this secretory pathway is the fact that, upon treatment with 

brefeldin A (BFA) – a fungal metabolite which specifically disrupts the ER to Golgi 

transfer of secretory vesicles (Klausner et al., 1992) – proteins fail to reach the rhoptries 

in both P. falciparum and P. yoelii (Ogun and Holder, 1994; Howard and Schmidt, 

1995). It is thought that micronemal and dense granule proteins also traffic using this 

classical mechanism of eukaryotic secretion, although it remains to be confirmed how 

the cargo-containing vesicles are specifically directed to each apical organelle. There 

have been more insights, however, into how proteins may be targeted within the 

rhoptries, with two alternative models referred to as the displacement hypothesis and 

the differential vesicle delivery hypothesis. A commonality of both is that rhoptry 

biogenesis occurs in stages i.e. bulb then neck. In the displacement hypothesis, the neck 

proteins are the first rhoptry components to be delivered by vesicle fusion, before later 
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being pushed upwards by the subsequent of arrival bulb-protein containing vesicles. In 

the differential vesicle delivery hypothesis, rhoptry bulb proteins arrive at the rhoptries 

first, with neck proteins being added later by distinct vesicles which traffic specifically 

and directly to the rhoptry neck region. Support for this latter hypothesis derives from 

two main sources: firstly, some rhoptry bulb-resident proteins (e.g. rhoptry apical 

membrane antigen (RAMA) (see section 1.6.1.2.2.1)) are the first rhoptry proteins to be 

synthesised (Topolska et al., 2004b). Second, it is possible to identify, by TEM, vesicles 

that traffic directly from the Golgi to the rhoptry neck (Bannister et al., 2000b). 

However, this model does not reconcile well with the observation, by IEM, that RON4 

is initially distributed throughout the rhoptry before localising to the neck (Roger et al., 

1988). Therefore, it remains possible that multiple mechanisms of rhoptry protein 

sorting operate.  

 

As well as their mechanism of trafficking, other features common to many rhoptry 

proteins include the fact that they are expressed in the second half of the asexual blood 

stage cycle. This was the first indication that rhoptry proteins, rather than functioning in 

the cycle they are synthesised, may be carried in upon invasion and play a role in early 

stages of the subsequent RBC cycle. As discussed below, whilst this mostly holds true, 

some rhoptry proteins may function in the cycle they are synthesised. The full-length 

sequence of many rhoptry proteins, including RAP1 and RAMA, contains a N-terminal 

pro-domain which is proteolytically removed in the rhoptry to generate the mature form 

of the protein (Howard et al., 1998; Topolska et al., 2004b). One proposed explanation 

for this is that rhoptry proteins are zymogens, inactive until removal of the pro-domain. 

However, very few rhoptry proteins have any identifiable enzymatic activity (Kats et 

al., 2006), so this seems unlikely. A perhaps more likely option, is that the pro-domain 

assists in protein maturation and correct folding. A third option is that cleavage of the 

pro-domain acts to release rhoptry proteins from escorter complexes that are formed in 

protein transport. Discussion of this requires further consideration of a rather unique 

rhoptry protein, RAMA. 
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1.6.1.2.2.1 RAMA 

Whilst RAMA shares some features with other rhoptry proteins – such as Golgi 

apparatus association, sensitivity to BFA treatment, and protective effects of anti-

RAMA antibodies (Topolska et al., 2004c) – two more unusual features of RAMA are 

its glycosylphosphatidylinositol (GPI) anchor and the fact that it is expressed 

significantly earlier than the vast majority of rhoptry proteins (Topolska et al., 2004b). 

Although no orthologues outside the Plasmodium genus have been identified, RAMA is 

present in human, rodent and non-human primate Plasmodium species (Topolska et al., 

2004a), which, together with its refractoriness to disruption in P. falciparum (Sanders et 

al., 2006), indicates RAMA plays an essential role in blood stage parasites. One aim of 

this work is to elucidate the precise function of RAMA.  

 

Presently, there are three broad hypotheses for the role of RAMA in the RBC cycle. 

Firstly, it has been suggested that RAMA functions in the biogenesis of rhoptries 

(Topolska et al., 2004b), a notion supported by the fact that RAMA is expressed at 15 

hpi, 20 h before the first indication of rhoptries by TEM. Another hypothesis is that 

RAMA plays a role in invasion, evidenced by the facts that RAMA appears to bind to 

the RBC membrane (Topolska et al., 2004b) and that anti-RAMA antibodies are 

associated with anti-malarial immunity (Topolska et al., 2004c). Finally, RAMA has 

been proposed to act as an escorter protein, mediating the transport of other rhoptry-

resident proteins (Richard et al., 2009). This is based upon immunoprecipitation (IP) 

and fluorescence resonance energy transfer (FRET) experiments that indicate 

interaction of RAMA with proteins of the low and high molecular weight rhoptry 

complexes (see section 1.6.1.2.3) (Richard et al., 2009; Topolska et al., 2004b). RAMA 

has also been shown to interact with detergent resistant microdomains (DRMs), 

probably by virtue of its GPI anchor (Topolska et al., 2004b). This is of significance 

because other soluble rhoptry proteins which lack lipid anchors, such as RAP1 (see 

section 1.6.1.2.3.1), have also seen to be present in lipid rafts (Sanders et al., 2007). As 

RAP1 has been shown to interact with RAMA, there is a hypothesis that RAMA is 

involved in recruiting such proteins to lipid rafts. However, these RAMA-protein 

complexes are thought to be inside the Golgi lumen, so other escorter proteins will be 

needed to facilitate trafficking of vesicles through the cytoplasm from the Golgi to the 
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rhoptry. The P. falciparum homolog of sortilin-VPS10, PfSortilin (Krai et al., 2014), 

has recently been posited to play a role in this (Hallée et al., 2018), acting as the bridge 

between the RAMA-RAP complex in the Golgi and the cytosolic trafficking machinery. 

It has been suggested that PfSortilin, as well as interacting with RAMA which in turn 

interacts with RAP1, also interacts with the P. falciparum orthologues of adaptor 

protein complex 1 (Kaderi Kibria et al., 2015) and Rab11A (Agop-Nersesian et al., 

2009) and so functions as an intermediate cargo receptor. This series of interactions 

could result in the specific docking and fusion of rhoptry-destined vesicles to the 

rhoptries. This is one hypothesis this PhD project seeks to test.  

1.6.1.2.3 Rhoptry proteins: protein complexes 

Another interesting feature of rhoptries is the presence of several protein complexes. IP 

analysis of rhoptry extracts of P. falciparum parasites have shown the existence of two 

protein complexes which are both heterotrimeric and conserved across Plasmodium 

species. These are the low molecular weight (LMW) rhoptry complex, consisting of 

RAP1, RAP2 and RAP3, and the high molecular weight (HWM) rhoptry complex 

consisting of RhopH1, RhopH2 and RhopH3.  

1.6.1.2.3.1 The low molecular weight rhoptry complex 

The LMW, or RAP, complex has been posited to play a role in invasion, due to the fact 

that the complex is present in young rings post-invasion, and because anti-RAP 

antibodies partially inhibit invasion (Schofield et al., 1986). Unlike several other 

rhoptry proteins, RAP1 can be genetically disrupted (Baldi et al., 2000), indicating it is 

non-essential in the RBC stage. However, although RAP1 truncation does not result in 

an invasion phenotype, the resulting parasites mislocalise RAP2 to the ER lumen, rather 

than to the rhoptries where it can be secreted. As well as indicating that RAP1 is key for 

accurate targeting of RAP2, this also indicates that a functional RAP2 protein is non-

essential. Similarly, the third member of the complex, RAP3, has independently been 

shown to be non-essential in vitro (Baldi et al., 2002). However, a triple RAP1-2-3 

mutant is yet to be created, indicating that there is perhaps some functional 

compensation between RAP 2 and RAP3. Support for this idea is that fact that rodent 

malaria species have a single chimeric RAP2/3 gene which cannot be knocked out by 
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conventional means (Tufet-Bayona et al., 2009; Janse et al., 2011) (but see (Niikura et 

al., 2018)). Indeed, amino acid identity between RAP2 and RAP3 in P. falciparum 

exceeds 40%, indicating their genes are likely paralogs (Baldi et al., 2002). 

1.6.1.2.3.2 The high molecular weight rhoptry complex 

The HMW, RhopH, complex was identified via co-IP experiments using several 

different mAbs which all pulled down a complex consisting of three unrelated proteins 

(Cooper et al., 1988; Campbell et al., 1984; Holder et al., 1985). For example, as well 

as binding to its 140 kDa RhopH2 target, mAb 61.3 also co-precipitated two other 

proteins: the 150 kDa RhopH1 protein and the 110 kDa RhopH3 protein (Holder et al., 

1985). IEM and indirect immunofluorescence assays (IFAs) indicated these proteins to 

be rhoptry bulb proteins, while pulse-chase studies indicated schizont-stage expression 

of all three, commencing at around 30 hpi, with the complex forming soon after (Holder 

et al., 1985; Ling et al., 2003; Ling et al., 2004; Cooper et al., 1988; Lustigman et al., 

1988). The components of the RhopH complex are known to interact through non-

covalent associations, but precisely how the complex assembles is not known. It has 

been suggested that RhopH1 and RhopH3 interact together first, with RhopH2 

associating later, but the significance of this is not understood (Cooper et al., 1988).  

 

As RhopH3 is a primary focus of this project, the following section will draw particular 

attention to this protein, whilst bringing in relevant information about the other 

members of the complex.  

 

The first protein of the P. falciparum HMW complex to have its gene described was 

RhopH3, encoded by PfRhopH3 (Coppel et al., 1987), referred to hereon in as RhopH3.  

The 3’ segment of RhopH3 was initially identified, via a 494 base pair (bp) cDNA clone 

Ag44 (Coppel et al., 1987), and the complete primary structure of the gene was 

subsequently revealed (Brown and Coppel, 1991). The multi-exon structure of RhopH3 

is also reflected in the genes encoding the other components of the RhopH complex 

(Figure 1.4). RhopH2 was subsequently shown to also be encoded by a single gene on 

chromosome 9, PfRhopH2 (Ling et al., 2003). However, RhopH1 differs in this respect 

as it was shown that, in P. falciparum, there are five different RhopH1 protein variants, 
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each encoded by a different gene of the multigene clag family (Kaneko et al., 2001). 

clag9, also located on chromosome 9, was the first gene encoding a RhopH1 protein to 

be identified. RhopH1/CLAG9 was so named because parasites carrying subtelomeric 

deletions in chromosome 9 (the region containing clag9) lost the ability to bind in vitro 

to CD36 molecules i.e. the loss of this gene was associated with a reduction in 

cytoadherence (Day et al., 1993). Genes encoding the other four RhopH1/CLAG 

proteins were subsequently elucidated being shown to comprise two closely related 

copies of clag genes on chromosome 3 – denoted clag3.1 and clag3.2 – clag2 and 

clag8. All five clag genes show the same nine-exon structure (Figure 1.4A) and similar 

splicing patterns, and, with the exception of clag9, show a high degree of sequence 

similarity (Holt et al., 1999). Mimicking the situation in the LWM complex with RAP2 

and RAP3, it appears that there has been an expansion of this gene family in P. 

falciparum as there are only 2 RhopH1-encoding genes in rodent malaria species: these 

are PyRhopH1 and PyRhopH1A-P in P. yoelii (Kaneko et al., 2001) and PbClag9 and 

PbClag2/3/8 in P. berghei. With the exception of clag3.1 and clag3.2 which are 

mutually exclusively transcribed (Gupta et al., 2015), all clag genes can be 

concomitantly expressed in the same merozoite. The fact that the HMW complex has 

been shown to only consist of three proteins means that there are potentially five 

different HMW complexes that can form, varying only in the identity of the 

RhopH1/CLAG member (Kaneko et al., 2005). 
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Figure 1.4 All P. falciparum RhopH proteins are encoded by multi-exon genes.  

(A) RhopH1 is encoded by a multigene family, all of which contain nine exons and 
contain several mini exons. (B) RhopH2 also shows a multi-exon structure, with ten 
exons. (C) Two of the seven exons of RhopH3 are mini exons, each encoding fewer 
than 22 amino acids. 
 

The RhopH complex is stored in the rhoptry bulb until invasion. Upon invasion, the 

HMW complex is carried in and persists, intact, through to the trophozoite stage 

(Lustigman et al., 1988), initially localising to the PVM and subsequently to the RBC 

cytoplasm and membrane (Counihan et al., 2017). However, the lack of colocalisation 

between RhopH2 and skeleton binding protein 1 (SBP1) (Counihan et al., 2017), a 

marker for Maurer’s clefts (MCs), indicates that, in contrast to the previously suggested 

model (Vincensini et al., 2005), transport of the RhopH complex from the PVM to the 

RBC surface is not mediated by MCs. 

 

Although the genes encoding these proteins have been identified, there are still many 

outstanding questions over the role of the RhopH complex and of the individual 

proteins components. Based on the ability of RhopH proteins to bind mouse RBCs and 

liposomes (Sam-Yellowe and Perkins, 1991), it was initially suggested that the RhopH 
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complex functioned in RBC binding. All previous attempts to genetically disrupt 

PfRhopH2 and RhopH3 have been unsuccessful (Cowman et al., 2000; Janse et al., 

2011), indicating they are essential to asexual parasites. In contrast, clag9 and clag3 

null parasite lines can be generated, indicating that lack of these proteins is not lethal 

(Comeaux et al., 2011; Trenholme et al., 2000). Moreover, although named due to an 

apparent cytoadhesion deficit, RhopH1/CLAG9 may not directly function in 

cytoadhesion (Nacer et al., 2011) and may only appear to do so due to its close 

proximity to the gene encoding virulence-associated protein 1, a protein which has been 

shown to be essential for PfEMP1 mediated cytoadhesion (Nacer et al., 2015). 

Similarly, high throughput drug screening indicated that RhopH1/CLAG3 functioned in 

nutrient uptake by the parasite (see section 6.1.1.3.2) (Nguitragool et al., 2011), but the 

ability to generate CLAG3-null parasites (Comeaux et al., 2011) questioned the 

essentiality of RhopH1/CLAG3. Because of the potential for functional redundancy 

between the RhopH1 family, to obtain a true indication of the function of each RhopH1 

variant, it would be necessary to create a parasite line lacking all but a single clag gene, 

and then determine its essentiality by determining whether this remaining gene can be 

deleted. However, an indication of the importance of the RhopH1 member of the 

complex, especially in vivo, derives from the fact that, in P. berghei, both clag genes are 

refractory to genetic deletion (Pasini et al., 2013a). 

1.6.1.2.4 Rhoptry proteins and complexes: current assessment of function 

Rhoptry proteins and protein complexes have been implicated in several crucial 

processes. For example, it is generally agreed that proteins of the rhoptry neck are 

critical for invasion. However, there is much less certainty over the role of rhoptry bulb 

proteins, with them theorised to be involved in diverse processes including rhoptry 

biogenesis, RBC invasion, PV establishment and host cell modification (Counihan et 

al., 2013). Whilst comparative studies in other apicomplexans could help functionally 

characterise rhoptry proteins, such extrapolation is not always reliable or plausible. For 

example, although named ‘Rhoptry Neck Protein 3’ based on (weak) orthology to the T. 

gondii RON3 homolog, this 260 kDa protein actually localises to the rhoptry bulb in P. 

falciparum (Ito et al., 2011). This study aims to use novel genetic techniques to 

elucidate the function of three different rhoptry bulb proteins.  
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1.7 Tools to study malaria cell and molecular biology 

Studying the cell and molecular biology of Plasmodium parasites is of more than just 

academic and scientific interest: it is also crucial in developing drugs, vaccines and 

other tools vital for the fight against malaria.   

1.7.1 In vitro and in vivo culture of Plasmodium parasites  

In-depth studies of Plasmodium parasites necessitate continuous in vitro or in vivo 

culture. Indeed, in addition to being the cause of clinical disease, it is because the 

asexual blood stage of P. falciparum can be propagated in vitro (Trager and Jensen, 

1976) that it is the best studied Plasmodium species. The recent adaptation of P. 

knowlesi to in vitro propagation in human, rather than macaque, RBCs (Moon et al., 

2013), is a vitally useful tool (Grüring et al., 2014). This is because P. knowlesi 

merozoites are larger and more stable once extracellular than those of P. falciparum, 

simplifying studies of merozoite invasion and parasite ultrastructure. Additionally, 

transfection efficiencies of P. knowlesi greatly exceed that of P. falciparum (Grüring et 

al., 2014). Once the necessary genetic tools (see section 1.7.2) have been adapted for 

use in P. knowlesi, this is likely to be an invaluable system for studying parasite 

biology. Despite being increasingly recognised as having significant clinical importance 

(Mendis et al., 2001), P. vivax is unable to be cultured in vitro. However, to a large 

extent, P. knowlesi may also be able to act as a model for this species – they have 

several aspects in common, with a large degree of similarity in their genomes (Frech 

and Chen, 2011). Nonetheless, a critical difference remains: P. knowlesi does not form 

hypnozoites, limiting its utility in studying relapsing vivax malaria.  

 

Whilst in vitro studies of P. falciparum and P. knowlesi are indispensable in unravelling 

the mysteries of Plasmodium biochemistry, genetics and cell biology, a key limitation 

of such studies is that they are unable to provide any information on host-parasite 

interactions. For this, an in vivo system, conferred by animal models, is required. Many 

early in vivo studies were done using human malaria parasites in primates e.g. P. vivax 

in chimpanzees (Krotoski et al., 1982). Similarly, many P. knowlesi studies were 

performed using rhesus macaques as a model, as their infection led to high 
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parasitaemias and severe disease (Grüring et al., 2014). Similarly, Aotus monkeys were 

used for the study of another primate malaria, Plasmodium cynomolgi (Collins et al., 

1975), with conclusions extrapolated back to P. knowlesi and P. vivax. However, the 

use of primates for biomedical research is surrounded by financial, ethical and 

biological concerns. Therefore, most in vivo malaria studies involve rodents and the 

Plasmodium species that infect them.  

 

Until recently, no human malaria parasite could propagate in laboratory rodents, 

meaning mouse studies of malaria were based on four rodent-infecting species: P. 

berghei, Plasmodium chabaudi, Plasmodium vinckei and P. yoelii. Rodent models have 

been indispensable for malaria research, particularly in understanding host-parasite and 

vector-parasite interactions, as well for understanding general parasite biology. These 

models have also been useful in the in vivo pre-clinical evaluation of antimalarial drugs 

including MF (Peters et al., 1977) and artemisinin-derivatives (Posner et al., 2003). 

However, as with any model, there are questions over to what extent discoveries made 

using these rodent models can be applied to human infections. Some of these concerns 

have a genetic basis; for example, there are many hundreds of P. falciparum genes 

whose orthologues cannot be identified in rodent parasite genomes (Hall and Carlton, 

2005). Other concerns have a physiological basis. One major controversy surrounding 

the use of rodent models of malaria relates to the P. berghei ANKA model of cerebral 

malaria. Whilst the defining feature of cerebral malaria in humans is taken to be the 

cerebral sequestration of parasites, sequestration of infected cells is low in this rodent 

model (White et al., 2010). However, it is now broadly agreed that this represents a 

limitation to be considered rather than a fatal flaw of rodent models (Langhorne et al., 

2011). Therefore, rodent models will still continue to provide utility in biological, 

physiological and genetic studies of malaria. This is especially true in light of the recent 

generation of a humanised mouse model of P. falciparum malaria (Kaushansky et al., 

2014) and the engraftment of human hepatocytes in mice (Vaughan et al., 2012). Once 

the efficiency of generating mature gametocytes in this system is improved, researchers 

will have access to the invaluable tool of a complete P. falciparum life cycle in mice.  
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1.7.2 Genetic manipulation of malaria parasites 

Although research into the cell and molecular biology of Plasmodium parasites has a 

long and distinguished history, the pace of discovery has undergone a rapid acceleration 

in recent years. This can largely be attributed to various resources and techniques 

enabling genetic modification of Plasmodium parasites, which in turns allows 

assessment of gene function. Genome sequencing was one catalyst of this – we now 

have annotated whole genome sequences for all five human malaria species (Gardner et 

al., 2002; Carlton et al., 2008; Pain et al., 2008; Rutledge et al., 2017), in addition to 

published genomes of many rodent and non-human primate-infecting species e.g. 

(Carlton et al., 2002; Otto et al., 2014). This genomic data is being constantly improved 

and thousands of P. falciparum isolates have now been sequenced (Manske et al., 

2012). This provides the opportunity to examine the genetic variation that exists in 

natural infections. Such genomic data has been complemented by transcriptomics (Otto 

et al., 2010) and proteomics (Florens et al., 2002).  

 

Upon sequencing the 23 Mbp P. falciparum genome, over 5000 genes were identified 

(Gardner et al., 2002). However, more than 3000 of these were annotated as 

‘hypothetical proteins’, with no function assigned (Gardner et al., 2002). Although 

progress has been made in recent years, a large proportion of the P. falciparum genome 

remains functionally unannotated. As well as improving understanding of Plasmodium 

biology, functional characterisation of unannotated genes may reveal important novel 

targets for interventions.  

 

Genetic manipulation is key to providing functional insights into P. falciparum genes. 

Transfection – the ability to insert exogenous genetic material into Plasmodium cells - 

is an important tool for all experimental genetic approaches. An avian malarial species, 

Plasmodium gallinaceum, was the first Plasmodium species to be transfected 

(Goonewardene et al., 1993), followed by rodent (van Dijk et al., 1995) and human 

species (Wu et al., 1995). Whilst overexpression studies can be facilitated by the 

introduction of episomal DNA, tagging, gene expression and gene disruption studies are 

best served by the stable integration of exogenous DNA into the Plasmodium genome. 

With the exception of a recent rodent malaria study which transfected liver-stage 
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parasites (Kaiser et al., 2017), it is the asexual blood stages of Plasmodium parasites 

which are transfected because of the relative ease of access to enriched blood stage 

parasites (Trager and Jensen, 1976). Early P. falciparum transfections were done either 

by transfection of ring stages, or by pre-loading RBCs with the DNA of interest 

followed by allowing purified schizonts to egress and invade into them (Deitsch et al., 

2001). However, huge increases in P. falciparum transfection efficiency can be 

attributed to schizont-stage transfections, a technique initially pioneered in the 

Blackman laboratory. In this case, it is the mature parasite rather than the RBC which is 

electroporated in a DNA-containing solution.  

1.7.2.1 Conventional gene disruption in malaria parasites 

Reverse genetic studies of genes important for the asexual blood cycle of P. falciparum 

parasites form the basis of this thesis. Such analysis consists of disruption i.e. ‘knocking 

out’ of a gene of interest, followed by an examination of the phenotypic consequences. 

The asexual blood stages of Plasmodium parasites are haploid meaning that there is 

only one copy of each chromosome in the genome. Disrupting the expression of any 

single-copy gene, at the DNA, RNA or protein level, means that the parasite is without 

its protein product. The first targeted knockout in P. falciparum was the disruption of 

PfKAHRP, the gene encoding the knob-associated histidine-rich protein (KAHRP) 

(Crabb et al., 1997). This elegant study showed KAHRP to be essential for the 

formation of knobs on the RBC surface. Although KAHRP facilitates microvascular 

adhesion and so is important for pathogenesis, KAHRP-null parasites are able to 

complete the asexual blood stage cycle showing that the protein is non-essential for 

growth of asexual blood stage parasites, at least under conditions of in vitro culture. 

KAHRP-null parasites are able to complete the asexual blood stage cycle. Similar 

standard techniques have been used to knockout several other genes, providing some 

insight into biological function. For example, disruption of the gene encoding 

RhopH1/CLAG9 indicated this protein was involved in cytoadherence (Trenholme et 

al., 2000). Although initially thought to be involved in RBC invasion, successful 

disruption of RAP1 indicated it was not essential for this process (Baldi et al., 2000). 

Similarly, successful disruption of RAP3 indicated RAP3 to be non-essential for 

invasion (Baldi et al., 2002). Other successful disruptions, such as that of the gene 
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encoding EBA-175, indicated that EBA-175 was necessary for one invasion phenotype 

but the existence of multiple redundant pathways meant that, following switching to a 

distinct pathway, invasion could still proceed (Reed et al., 2000).  

 

Such conventional gene knockouts are often challenging to obtain. Whilst this difficulty 

indicates that the protein may play an important role, ultimate successes indicate that 

the null condition is not lethal to the parasite and therefore that the function is not 

absolutely essential. However, the inability to obtain a knockout using conventional 

technologies in Plasmodium is not necessarily conclusive. Whilst it may be that the 

gene and its product are essential, it may be that disruption of the gene is lethal i.e. due 

to errors in targeting constructs or removal of cryptic promoters for another, essential, 

gene. If the targeted gene is obligatory for the in vitro blood stage cycle, it will be 

recalcitrant to conventional methods of gene disruption. This is because, if a gene is 

compulsory for RBC invasion and/or intraerythrocytic growth processes, abrogation of 

the gene will also abrogate parasite viability. Such an approach was invoked with the 

PlasmoGEM project in P. berghei. This powerful high-throughput genetic screen used 

competitive growth assays of knockout mutants to indicate nearly 45% of all P. berghei 

genes are essential in the blood stage (Bushell et al., 2017). Whilst interesting from an 

evolutionary perspective, such disruption experiments provide no further insight into 

gene function as mutant parasites cannot be isolated. In contrast, genes non-essential in 

asexual blood stages but essential the liver, sexual or mosquito stages can be 

successfully disrupted via conventional means because the mutant parasites can be 

maintained in in vitro blood stage culture. However, to be able to probe the biological 

function of essential single-copy blood stage genes, alternative approaches are required.  

1.7.2.2 Conditional disruption  

Various systems have been developed that facilitate the rapid and inducible regulation 

of gene expression. Below is a brief summary of the different techniques that enable 

functional investigation of essential P. falciparum genes.  
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1.7.2.2.1 Protein level knockdown 

Post-translational knockdown decreases the levels of a protein of interest through 

mechanisms facilitating conditional protein degradation or mislocalisation. This has 

been achieved in P. falciparum by an N- or C-terminal fusion of a destabilisation 

domain (DD) to the protein of interest. There are two main types of DD: an Escherichia 

coli based DHFR destabilising ‘triple D’ domain (Iwamoto et al., 2010), or a FK506-

binding protein (FKBP) 12- based DD (Banaszynski et al., 2006). Both domains are 

unstable and mediate rapid proteasomal degradation of themselves and any protein they 

are fused to, unless bound by a stabilising small ‘shield’ molecule. When the shield 

molecule is present, the DD is stabilised, the fusion protein is no longer degraded and 

the protein of interest is expressed. Parasites are usually grown in the presence of the 

shield compound and it is only upon washing out of the stabilising shield that the 

protein is rapidly removed. Adding shielding compounds back raises protein levels 

again, giving a rapid, tuneable and reversible system. The FKBP12 system uses Shield-

1, a rapamycin analog, as its stabilising compound whilst the triple D system uses the 

folate analog trimethoprim. However, the inherent toxicity of shield molecules to 

Plasmodium parasites represents an inherent disadvantage of the DD system. For 

example, working concentrations of Shield-1 are known to be toxic to parasites, 

potentially confounding conclusions. This can be circumvented in the triple D system 

by performing experiments in parasite lines that have already been modified to 

constitutively express the trimethoprim resistance-conferring human dhfr gene. Despite 

these caveats, DD systems have been successfully used several times in Plasmodium 

falciparum e.g. in the elucidation of the functions of falcipain-2 (Armstrong and 

Goldberg, 2007), calcium dependent protein kinase (CDPK) 5 (Dvorin et al., 2010) and 

heat shock protein (HSP) 101 (Beck et al., 2014).   

 

However, there are three further limitations lowering the utility of the DD system for 

probing Plasmodium gene function. Firstly, this is a knockdown strategy rather than a 

complete knockout, with protein levels usually being reduced by 60 – 80% compared 

with wild type. In some cases, the residual protein remaining may be functionally 

sufficient and so no phenotype would be seen. The other two limitations are of 

particular concern to this study, as they preclude the use of this strategy for most 
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rhoptry proteins. Many rhoptry proteins cannot be tagged by conventional means i.e. 

adding a tag to the protein is not tolerated. Therefore, even in the presence of shield 

compounds, fusion of a DD tag may be lethal. Moreover, even if a DD fusion is 

tolerated, the proteasome is not accessible to proteins that are resident in secretory 

organelles such as the rhoptries, together with those that are membrane bound or 

secreted beyond the parasite cytoplasm, precluding the use of the DD system for rhoptry 

proteins. It was for this reason that a HSP101-triple D fusion did not lead to degradation 

of HSP101, a PVM protein, in the absence of trimethoprim (Beck et al., 2014). This 

particular limitation may be avoided by the ‘knock-sideways’ technique (Haruki et al., 

2008) which has recently been applied to P. falciparum (Oberli et al., 2016). This 

strategy has similarity to a DD strategy, requiring fusion of a FKBP module to the 

protein of interest. The other required component is a ‘mislocaliser’, which is a FKBP-

rapamycin binding domain (FRB) that contains trafficking signals to an incorrect 

cellular compartment. Upon addition of a rapamycin-like compound, FRB dimerises 

with the FKBP fusion protein, resulting in the mislocalisation of the protein of interest. 

Whilst this system may be applicable to rhoptry-resident proteins and is arguably more 

rapid than the DD system (Hughes and Waters, 2017), it is still no use for proteins 

where the addition of a tag is not tolerated.  

1.7.2.2.2 RNA-level knockdown 

Modulating gene expression by perturbing levels of RNA transcripts is another strategy 

which does not require tagging of protein products. RNA interference (RNAi) is a 

mechanism endogenous to many organisms which, in addition to controlling 

transposons and mediating antiviral immunity, functions in regulating gene expression. 

Exogenous double stranded RNA molecules can also be used to target the RNAi 

machinery to specifically and rapidly degrade a transcript of interest. Initially, this 

strategy looked promising in Plasmodium and was reportedly used to knockdown P. 

falciparum falcipain-1, indicating an essential role of this protein (Malhotra et al., 

2002). However, the utility of RNAi in Plasmodium was drawn into question when 

falcipain-1 was subsequently shown, by conventional knockout, to be non-essential 

(Sijwali and Rosenthal, 2004). Indeed, comparative genomic studies showed 
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Plasmodium to be devoid of orthologues of key RNAi genes (Baum et al., 2009b), and 

further experimental studies confirmed RNAi to be non-functional in Plasmodium spp.  

 

However, alternative strategies for finely tuning Plasmodium RNA levels do exist. The 

Tet-OFF and Tet-ON systems are examples of this. Both systems require the native 

promoter of the gene of interest to be replaced by a weak promoter containing 19 bp 

tetracycline-sensitive operator (Tet O) sequences. In the Tet-OFF approach, the C-

terminal domain of the VP16 protein of the Herpes Simplex Virus is used as a 

tetracycline-sensitive transactivator (TaT). The tetracycline-controlled transactivator 

(tTA) is generated by fusion of the TaT to a tetracycline repressor protein (TetR), which 

causes it to function as an activator, rather than a repressor, of gene transcription 

(Gossen and Bujard, 1992). Addition of tetracycline or its analogues prevents the tTA 

from binding to TetO regions, thus turning off transcription of the gene of interest. 

Conversely, the Tet-ON system uses a mutant TetR where addition of tetracycline is 

required for binding of the tTA to Tet O sequences, meaning transcription occurs only 

in the presence of tetracycline. Despite both the Tet-ON and Tet-OFF systems being 

used successfully and extensively to modulate eukaryotic gene expression, they have 

been largely unsuccessful in apicomplexans, due to the inability of the system to 

activate minimal promoters in these organisms (Meissner et al., 2001). Replacement of 

the TaT by the artificial TATi transactivator meant the system became applicable to T. 

gondii (Meissner et al., 2002). However, probably due to the inability of the system to 

recruit Plasmodium transcription factors, the TATi system can only be used to modulate 

expression of transgenes rather than endogenous Plasmodium genes (Meissner et al., 

2005). This can be avoided by adapting the system to use endogenous Plasmodium 

transcription factors such as those belonging to the ApiAP2. Although this has been 

successfully used for transcriptional regulation in Plasmodium spp (Pino et al., 2012), 

there are still limitations to tetracycline-based gene regulation in Plasmodium. For 

example, the lack of regulatable Tet O-containing promoter sequences that precisely 

imitate the transcriptional profile of the Plasmodium gene of interest complicates 

interpretations. The TetR-aptamer system may represent a work around of this 

(Goldfless et al., 2014): this system relies upon the insertion of Tet-R binding RNA-

aptamers within intergenic regions. In the absence of tetracycline, a TetR binds to these 
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aptamers, blocking access of the ribosome and preventing translation of this protein. 

Addition of tetracycline reverses this. For the gene of interest to remain under control of 

its native promoter, the RNA-binding aptamer sequence must be inserted in the 

promoter region. However, the AT-rich nature of the Plasmodium promoters makes this 

challenging.   

 

The glmS system (Prommana et al., 2013) is an alternative promoter-independent 

system of post-transcriptional knockdown in which ligand-activated self-cleaving RNA-

based enzymes (ribozymes) are used to conditionally regulate gene expression. The 

glucosamine-6-phosphate (GlcN-6P)-activated ribozyme sequence is inserted 3’ to the 

stop codon of the gene of interest. In the absence of GlcN-6P, the ribozyme is inactive 

so mRNA transcripts can be translated and the gene is expressed. Addition of GlcN-6P 

activates the ribozyme, leading to cleavage of the 3’ untranslated region (UTR) off the 

mRNA of the gene of interest. This incomplete mRNA is then rapidly degraded and no 

protein is expressed. The 3’ glmS strategy has been successfully used in P. falciparum, 

for example, in elucidating the role of PTEX150 in protein export (Elsworth et al., 

2014). An alternative would be to position the ribozyme sequence upstream of the 

translation start site, which would lead to transcript destabilisation by abrogating 5’7-

methylguanosine capping (Prommana et al., 2013). However, as for all other 

knockdown techniques, up to 20% of the protein of interest generally remains 

undegraded.   

1.7.2.2.3 Genome level knockout 

Deleting a gene at the DNA level has the advantage that excising the gene completely 

ablates gene expression. Two gene knockout strategies both require integration of a pair 

of 34 bp targeting sequences in the genome, flanking the gene of interest. Two types of 

targeting sequences have been used, corresponding to either the frt sites of the flip 

recombinase (FLP) system or the loxP sites of the Cre-recombinase (Cre) system. The 

cognate site-specific recombinase (FLP or Cre) catalyses recombination between 

targeting sequences, leading to non-reversible excision of the intervening DNA. 

Depending on the orientation of the targeting sequences, inversion or integration can 

also occur. Although both systems can lead to specific gene excision in Plasmodium 



Chapter 1 Introduction 

 87 

spp, the Cre system has been shown to work with much higher efficiency in P. 

falciparum, than the FLP system (O’Neill et al., 2011).    

 

As the recombinase targeting sequences are integrated into the genome, expression of 

the recombinase enzyme must be tightly regulated to prevent spontaneous and 

unregulated excision, which would be lethal in the case of an essential gene. One option 

would be to have the recombinase under the control of a stage-specific promoter. Early 

attempts used the Tet-OFF system to try and regulate Cre recombinase activity, but 

regulation was ineffective and ‘leaky’ (O’Neill et al., 2011). The most successful 

inducible strategy to date is dependent on a split, dimerisable Cre recombinase (diCre) 

protein (Jullien et al., 2003). For this, the Cre recombinase enzyme was expressed as 

two enzymatically inactive fragments – Cre59 and Cre60 – each fused to a rapamycin 

binding domain. The Cre59-FBKP12 and Cre60-FRB fragments are then induced to 

heterodimerise by the addition of rapamycin, thereby reconstituting a functional enzyme 

to catalyse recombinase between loxP sites.  T. gondii was the first apicomplexan in 

which the diCre system was successfully applied, with resulting frequencies of gene 

excision exceeding 95% (Andenmatten et al., 2012). Adaptation of the system for use in 

P. falciparum followed shortly (Collins et al., 2013a), generating the 1G5DC P. 

falciparum clone which constitutively expresses the Cre59-FBKP12 and Cre60-FRB 

fragments. An alternative strategy employed episomal expression of the diCre, rather 

than from integrated sequences, but this resulted in only an 80% decrease in levels of 

the protein of interest (Yap et al., 2014). This contrasts with excision rates exceeding 

95% in the 1G5DC clone. This clone has now been used to successfully generate 

several conditional knockouts in P. falciparum, including the three presented in this 

thesis. 

1.7.2.3 Editing the Plasmodium genome 

The existence of a robust, rapid and inducible system for knocking out essential blood 

stage genes is invaluable for providing new insights into P. falciparum cell and 

molecular biology. However, a pre-requisite for this is the presence of loxP sites 

integrated at the correct position in the genome. Traditional methods of integrating 

exogenous DNA into the P. falciparum genome by targeted homologous recombination 
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rely upon the stochastic generation of a double stranded DNA break (DSB) in the 

genome at a point close to the target locus. A DSB in a gene essential in a stage where 

P. falciparum is haploid is lethal, so repair is necessary. Unlike most eukaryotes, P. 

falciparum lacks the machinery to perform canonical non-homologous end joining 

(NHEJ) (Aravind et al., 2003), and despite some alternative NHEJ mechanisms 

(Kirkman et al., 2014), DSB repair therefore usually occurs by homology directed 

repair (HR). In single crossover (SCO) integration by homologous recombination, a 

plasmid containing a single homologous targeting sequence, the desired sequence to be 

integrated and a selectable drug cassette is used to repair the DSB. The most commonly 

used positive selection cassette in P. falciparum confers resistance to WR99210 (WR) 

(Fidock and Wellems, 1997), which integrates into the genome with the SCO targeting 

construct. However, the homology construct is inserted into the gene of interest, rather 

than replacing it and the targeting sequence is duplicated. This leaves integrated lines 

susceptible to reversion to wild type (by looping out of the homology construct) and 

there is also the potential of partial functionality of the residual target gene. HR by 

double crossover (DCO) integration ameliorates this problem as it replaces the gene of 

interest. In both SCO- and DCO-mediated integration, repeated drug cycling post 

transfection acts to select for integrant parasites. This is a lengthy process with SCO 

integration, due to persistence of the episomal targeting plasmid which also confers WR 

resistance. HR by DCO integration reduces the number of drug cycles required to obtain 

a cloneable integrant population, by using negative selection to actively remove non-

integrant parasites (Duraisingh et al., 2002). However, it usually still takes several 

months to achieve such a population. This time frame can be significantly reduced by 

employing selection-linked integration (Birnbaum et al., 2017), a technique which uses 

the neomycin phosphate gene as an integration-linked resistance marker.  

 

However, there are two main disadvantages common to all of the above strategies. 

Firstly, they all result in the integration of a drug selection cassette into the genome. 

This ‘uses up’ one of only a few drug selection markers available for use in P. 

falciparum, acting to limit the potential for serial modifications in this parasite line. 

Moreover, all three depend upon a DSB occurring, randomly and by chance, within the 
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region of interest. This is a rare event, but can be increased in frequency by virtue of 

recent technologies which generate targeted and specific DSBs. 

1.7.2.3.1 Targetable endonucleases 

Targetable endonucleases can be exploited to force a DSB to occur at a precise genomic 

location.  Zinc finger nucleases (ZFNs) are specific to double stranded DNA (dsDNA) 

and are engineered to recognise and cleave at a pre-defined target sequence. As 

integration is no longer reliant on the occurrence of a stochastic DSB, integrant 

parasites are obtained much faster (Straimer et al., 2012). Moreover, because integration 

is no longer such a rare event, a marker-free system can be generated i.e. only the region 

of interest, rather than a positive selectable marker, needs to be integrated into the 

genome. However, despite conferring these advantages, there are cost and design 

limitations of ZFNs. These can be overcome, whilst maintaining all advantages of the 

ZFN system, by the clustered regularly interspaced protospacer repeat (CRISPR)-

CRISPR-associated protein-9 nuclease (Cas9) system.  

 

In bacteria such as Streptococcus pyogenes, the CRISPR-Cas9 system acts as an 

adaptive immune mechanism, protecting against genomic invasion by viruses and 

foreign DNA (Mojica et al., 2005). The type II system of S. pyogenes uses a single 

guide RNA (sgRNA) to direct dsDNA cleavage by the Cas9 endonuclease to a target 

site. The sgRNA comprises of 20 bps which match the DNA target, and, by virtue of the 

protospacer adjacent motif, an adjacent Cas9 binding domain in the DNA, guides the 

Cas9 endonuclease to the target region where it cleaves both strands of DNA. This 

system, has been adapted to many eukaryotic systems, including P. yoelii (Zhang et al., 

2014) and P. falciparum (Ghorbal et al., 2014) where it has been used in a proof of 

concept experiment to rapidly and specifically engineer artemisinin-resistance 

conferring mutations into the genome. Therefore, the Cas9 system represents a cost-

effective, simple and targeted mechanism facilitating integration of exogenous DNA 

sequences into the P. falciparum genome.  
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1.8 Aims of this study 

The overarching aim of this study is to investigate the role rhoptry proteins play in the 

asexual blood cycle of P. falciparum parasites. Mature mammalian RBCs are 

interesting in and of themselves: lacking lysosomes, they are incapable of presenting 

foreign antigens to the host immune system. This provides obvious advantages to 

intraerythrocytic pathogens, reducing the chances of them being recognised, targeted 

and removed by the host immune system. However, there are many more apparent 

disadvantages to having a terminally differentiated enucleated cell as a host cell. These 

range from the RBC’s limited lifespan of 120 days to the fact that they are genetically 

quiescent and have limited metabolic capacities. The reduced biosynthetic and genetic 

capabilities of mature human RBCs also appear at odds with the numerous 

morphological, biochemical and physiological changes seen in RBCs upon Plasmodium 

infection. The most parsimonious explanation for the appearance of these measurable 

changes is that they are induced, established and maintained by activities of the parasite.  

 

As indicated above, many of these activities are unusual, novel and specific to 

Plasmodium parasite. The main tenet of targeted anti-pathogen drug development is to 

find pathways that are crucial to the parasite but are also absent or unnecessary for host 

cell function. RBC invasion, protein export and nutrient import are three pathways 

which meet this description. The potential drugability of these processes means that it 

essential to understand them at a molecular level.  

 

There are many outstanding questions surrounding both the cell biology of these 

Plasmodium specific pathways and the role of rhoptry proteins in P. falciparum 

parasites.  Existing data hypothesised three independent rhoptry proteins – RhopH3, 

RON3 and RAMA – may be involved in invasion of erythrocytes by merozoites. This 

study was formulated to answer the following questions, for each of RhopH3, RON3 

and RAMA: 

• Is the gene and its protein essential for asexual blood stage parasites? 
• Do these proteins impact the ability of malarial merozoites to invade 

erythrocytes, and if so, how?  
• Does the protein have any other function(s) in the asexual blood stage? 
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As will be seen, these questions, whilst adding to our knowledge of rhoptry proteins and 

Plasmodium biology, will themselves raise further questions, indicating that we have 

not yet won the fight against malaria.  
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Chapter 2. Materials & Methods 

2.1 Materials 

2.1.1 Reagents and antibodies  

Oligonucleotide primers (Table 2.1) were synthesised by Sigma-Aldrich. Rapamycin 

(cat# R0395) and 5-aminolevulinic acid (5-ALA) (cat# A3785) were also both obtained 

from Sigma-Aldrich, and were prepared in dimethyl sulfoxide (DMSO), to a 10 µM or 1 

M stock respectively. All restriction enzymes were from New England Biolabs. The 

antifolate drug WR from Jacobus Pharmaceuticals was stored in DMSO, as a 20 µM 

stock. 4-[7-[(dimethylamino)methyl] 2-(4-fluorphenyl)imidazo[1,2-a]pyridine-3-

yl]pyrimidin-2- amine (Compound 2) was synthesised by MRC-Technology, and stored 

in DMSO as a 10 mM stock.  

 

The polyclonal antiserum anti-Ag44 recognises the C-terminal 134 amino acid residues 

of RhopH3 and was provided for this study as a kind gift of Ross Coppel, Monash 

University, Australia. The anti-RAMA_D and anti-KAHRP antibodies were also gifted 

by Professor Coppel. Osamu Kaneko (Nagasaki University, Japan) and Sanjay Desai 

(NIAID, NIH, USA) both kindly provided antibodies against RhopH1/CLAG3.1. The 

use of the polyclonal anti-AMA-1 antibody has previously been described (Collins et 

al., 2009), as has that against RON12 (Knuepfer et al., 2014). Other antibodies were 

generously gifted by Anthony Holder, The Francis Crick Institute UK (anti-RhopH2 

mAb 61.3, anti-RON3 mAb 1H1, anti-MSP1 mAb 89.1, anti-RAP1 mAb 4F3 and a 

rabbit anti-ARO polyclonal antibody), Ellen Knuepfer, The Francis Crick Institute UK 

(rat anti-BiP antibody), John Vakonakis, University of Oxford UK (rabbit anti-

MAHRP1 antibody), Simon Draper, University of Oxford UK (rabbit anti-Rh5 

antibody), Chris Newbold, University of Oxford UK (rabbit anti-ATS antibody), 

Takafumi Tsuboi, Ehime University Japan (rabbit anti-RON2 antibody), Jean-François 

Dubremetz, Université Montpellier France (anti-RON4 mAb 24C6), Catherine Braun-

Breton, Université Montpellier France (rabbit anti-SBP1) Diane Taylor, University of 

Hawaii USA (anti-KAHRP mAb 89, anti-HRP2 mAb 2G12), Robin Anders, La Trobe 

University Australia (anti-RESA mAb 28/2) and Paul Gilson, Burnet Institute Australia 
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(rabbit anti-PTEX150 antibody). mAb 7.7, against EXP2, was from The European 

Malaria Reagent Repository, contributed by Jana McBride. MRA876 and mAb 5.2, 

against RAP2 and MSP119 respectively, were obtained from BEI resources, NIAID, 

NIH, both contributed by Allan Saul. These antibodies were used in immunoblot, IP and 

IFA analyses.  

 

 
Table 2.1 Oligonucleotide primers used in this study. 

Text in parentheses represents the primer code for primers used in diagnostic PCR 
analyses, which are referred to in several figures of this thesis. Nucleotide sequences 
shown in bold represent sgRNA sequences.  

Name Nucleotide sequence (5’ to 3’) 
RhopH3_exon2_F1 (P1) AGGAAATGGCCCAGACGC 
RhopH3_exon5WT_R (P2) TCTTTAAAGCTAAAATCGGTGATATTATGGCTC 
RhopH3_exon4-6_R (P3) CAGGAAGTTACCTTTCAGCAGGG 
RhopH3_exon4-6_F (P4) CCCTGCTGAAAGGTAACTTCCTG 
RhopH3_3UTR_R (P5) CGAATATGTAATCAGTTGTATTTTTTCTCTAAAAGTTCATAG 
RON3_5’UTR_F (P6) AAGGTCTGTGCACAAAAAGATAAAAAGGTC 
RON3_exon4WT_R (P7) GGTGTCGTCGATTTCAAAATTGG 
RON3_exon2-6_R (P8) GTATCATCTATCTCGAAGTTCGG 
RON3_exon2-6_F (P9) CCGAACTTCGAGATAGATGATAC 
RON3_exon7_R (P10) ACAAGTTGTGATGTTTGATAACCTATGGG 
RAMA_exon1_F (P11) AATGGTATAAGCGGTCATTATACAGAAGGTAGG 
RAMA_exon2WT_R (P12) CTCTCCGTATTCCTTATCGTCGTAATC 
RAMA_exon2recod_R (P13) CCATACTCTTTGTCATCATAGTCGTATTCTTC 
RAMA_exon2recod_F (P14) GAAGAATACGACTATGATGACAAAGAGTATGG 
RAMA_exon2_R (P15) CTTCATCTTGTTGGACATCTAGAAGGTCTTC 
RhopH3_exon7_R (P16) CATAAAGAACGTCTTGTTTTCTGTATCCAATACC 
RON3_exon1_F (P17) GCAATGAATAAATATTGGTTGTATATTGCTTATGTTTATC 
RON3_exon7_R (P18) AGCAACAGATATCTTCATATAAGACTCTTC 
RAMA_Harm1_F (P19) TTATTGAGACAGACCATTATGAAAATAACG 
RAMA_Harm2_R (P20) ATCTTTCATCTCGTCATATTTCATCTCTTC 
SERA5_DiCre_F (P21) CAATATCATTTGAATCAAACAGTGGT 
DiCre_integrated (P22) CTTTGCCATCCAGGCTGTTC 
SERA5_DiCre_R (P23) CCATTGGACTAGAACCTTCAT 
RhopH3_sgRNA_E4_F taagtatataatattTTCTTCGTTTTTAAAAAAAGgttttagagctagaa 
RhopH3_sgRNA_E4_R ttctagctctaaaacCTTTTTTTAAAAACGAAGAAaatattatatactta 
RhopH3_sgRNA_E5_F taagtatataatattCACCGATTTTAGCTTTAAAGgttttagagctagaa 
RhopH3_sgRNA_E5_R ttctagctctaaaacCTTTAAAGCTAAAATCGGTGaatattatatactta 
RhopH3_sgRNA_E6_F taagtatataatattACATTCTTATCATTATATTTgttttagagctagaa 
RhopH3_sgRNA_E6_R ttctagctctaaaacACATTCTTATCATTATATTTaatattatatactta 
RON3_sgRNA_E4_F attgTGTCGTCGATTTCAAAATT 
RON3_sgRNA_E4_R aaacAATTTTGAAATCGACGACA 
RON3_sgRNA_E5_F attgTTTATCAAAAGATGCTACG 
RON3_sgRNA_E5_R aaacCGTAGCATCTTTTGATAAA 
RAMA_sgRNA_E2_F attgAGAATATGATTACGACGATA 
RAMA_sgRNA_E2_R aaacTATCGTCGTAATCATATTCT 
RAMA_sgRNA_E2S_F attgATTACGACGATAAGGAATA 
RAMA_sgRNA_E2S_R aaacTATTCCTTATCGTCGTAAT 
RhopH3_SB_exon3_F CAAATATGCTATATGTGTAGGTACTCAATTTAAC 
RhopH3_SB_exon3_R CATATAACTTTGGAGATGTAGAACCACAAGG 
RON3_SB_exon7_F GAAGAGTCTTATATGAAGATATCTGTTGC 
RON3_SB_exon7_R CCATATCTTTCTCCGTAGTTTGCAAGAC 
RAMA_SB_homology2_F GAAGAGATGAAATATGACGAGATGAAAGATG 
RAMA_SB_homology2_R AAGGTACTATGTAATTCATCGTCAGAATCTCC 
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Table 2.2 P. falciparum transfection constructs generated in this work.  

See also Appendix section 8.1 
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Table 2.3 Constructs for recombinant protein expression. 

 

 

P
ro

te
in

  
A

m
in

o 
ac

id
 r

es
id

ue
s 

V
ec

to
r 

 
P

ur
po

se
  

S
ou

rc
e 

R
ho

pH
3 

71
9 

to
 8

97
, C

-te
rm

in
al

 
Ag

44
 re

gi
on

  
pE

T2
4a

 (+
) 

Te
st

in
g 

R
BC

-b
in

di
ng

 c
ap

ab
ili

tie
s;

 
ra

is
in

g 
an

tib
od

ie
s 

 
D

es
ig

ne
d 

in
 th

is
 s

tu
dy

, s
yn

th
es

is
ed

 
an

d 
su

b-
cl

on
ed

 b
y 

G
EN

EW
IZ

 
 



Chapter 2 Materials and Methods 

 

 96 

 
Table 2.4 Primary antibodies used in this study.  

Unless stated, working concentrations refer to the dilution used for IFA. Some 
antibodies were also used for probing immunoblots (IB). * indicates that this antibody 
was directly labelled with Alexa Fluor 594 before its use in IFA. 
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Table 2.5 Secondary antibodies used in this study, conjugated to Alexa Fluor dyes or 

horseradish peroxidase (HRP). 
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2.2 Methods 

2.2.1 P. falciparum cell culture 

2.2.1.1 In vitro maintenance and synchronisation of P. falciparum parasites 

All P. falciparum work described in this thesis used the 3D7-derived DiCre-expressing 

1G5DiCre (1G5DC) parasite clone (Collins et al., 2013a). Asexual RBC stage P. 

falciparum parasites were cultured in vitro at 37°C in plastic flasks, in supplemented 

Roswell Park Memorial Institute (RPMI)-1640 medium. Each 1 L of RPMI-1640 was 

supplemented with 5 g Albumax II (ThermoFisher Scientific) to act as a serum 

substitute, 0.292 g L-glutamine, 0.05 g hypoxanthine, 2.3 g sodium bicarbonate, 0.025 g 

gentamicin sulfate, 5.957 g HEPES and 4 g dextrose to give complete medium 

(cRPMI). Parasites were grown in human RBCs at 1 – 4 % haematocrit (HCT); blood 

was from anonymous donors, provided through the UK Blood and Transfusion Service. 

Parasites were grown in an 90:5:5 N2:CO2:O2 atmosphere, as stipulated by Trager and 

Jensen (1976) and Blackman (1995). Parasite growth was routinely examined by 

Giemsa staining of methanol-fixed air-dried thin blood smears, followed by 

visualisation by light microscopy to determine developmental stage. Parasitaemia was 

approximated by counting a minimum of 1000 RBCs.  

 

P. falciparum cultures were synchronised by isolating mature, schizont-stage parasites 

on a cushion of 63% Percoll (GE Healthcare Life Sciences). Egress, followed by the 

invasion of fresh RBCs, was facilitated by incubating these schizonts with RBCs in 

cRPMI at 37°C with shaking at ~100 rpm. Any remaining intact schizonts were 

removed by a second Percoll purification. Any final mature forms of the parasite 

remaining in the RBC pellet were lysed by treatment with 5% D-sorbitol (Trager and 

Jensen, 1976). The result was tightly synchronous ring-stage parasites which could then 

be routinely cultured as above.  

2.2.1.2 Cryopreservation and thawing of P. falciparum-infected RBCs 

Cryopreservation was carried out by re-suspending RBCs infected with a parasitaemia 

of ~ 5% rings in an equal volume of sterile malaria freezing solution (MFS, 111 mM 
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NaCl, 3% D-sorbitol and 28% glycerol). 1 mL of culture re-suspended in MFS was 

added to each cryovial (ThermoFisher Scientific), and cryovials were stored in liquid 

nitrogen.  

 

Thawing of cryopreserved cultures required malaria thawing solution (MTS, 3.5% 

NaCl). Each cryovial was warmed to 37°C before being gently re-suspended in 5 mL 

sterile MTS. Spinning at 115 x g for three minutes gently pelleted the RBCs, which 

were then re-suspended in MTS and washed once more. The resulting pellet was re-

suspended in 10 mL cRPMI, 100 µL of packed RBCs were added, and the parasites 

then cultured as standard.  

2.2.1.3 Isolation and extraction of genomic DNA from P. falciparum 

0.15% (w/v) saponin (Sigma-Aldrich) in phosphate buffered saline (PBS (137 mM 

NaCl, 2.7 mM KCl, 10 mM phosphate, pH 7.4)) was added to pelleted cultures where 

parasitaemia reached a minimum of 4%, allowing haemolysis to occur. Centrifugation 

at 16060 x g for five minutes was followed by aspiration of the (haemoglobin-rich) 

supernatant. The resulting pelleted parasite material was stored at -80°C until required. 

Parasite genomic DNA (gDNA) was extracted from the thawed pellets using a DNeasy 

Blood and Tissue Kit (Qiagen) as per the manufacturer’s instructions.  

2.2.1.4 Preparation of parasite extracts for sodium dodecyl sulfate (SDS) 

polyacrylamide gel electrophoresis (PAGE) and immunoblot analysis.  

Parasites of the appropriate stage were purified (if schizonts), washed and pelleted, 

before being frozen at -80°C. When required, the parasite pellet was thawed into 4x 

standard Laemmli buffer (40% glycerol, 8% SDS, 250 mM Tris-HCl, 0.02% 

bromophenol blue) with dithiothreitol (DTT) added to a final concentration of 100 mM 

for samples where immunoblotting required reducing conditions. Samples were boiled 

for five minutes and then centrifuged at 16060 x g for three minutes to pellet residual 

solid material such as haemozoin. Solubilised parasite proteins contained within the 

resulting supernatant were then fractionated by SDS PAGE, by running samples on pre-

cast NuPAGE gels (ThermoFisher Scientific).  
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2.2.1.5 Transfection of P. falciparum 

DNA constructs were introduced into schizont-stage 1G5DC parasites using previously 

described methods (Collins et al., 2013a). In brief, mature schizont-stage parasites were 

obtained by Percoll-enrichment and a 20 µL pellet of washed and packed schizonts was 

obtained for each transfection. The DNA construct(s) to be transfected were sterilely 

precipitated using ethanol before being mixed with 100 µL P3 Primary cell solution 

(Lonza). Schizonts were then re-suspended in the DNA/Primary Cell solution mix, 

transferred to a cuvette and electroporated using the FP158 programme of the Amaxa 

4D Electroporator machine (Lonza). Immediately after electroporation, the contents of 

the cuvettes were added to 2 mL of pre-warmed cRPMI at a haematocrit of 15%, and 

incubated for one hour at 37°C. Parasites were incubated under conditions of gentle 

shaking (~ 60 rpm) to discourage invasion of the same RBC by multiple parasites. 8 mL 

of cRPMI was then added and parasites were incubated, static, at 37°C. The culture 

medium was changed ~24 h post transfection, facilitating removal of cell debris that 

accumulates due to electroporation. If applicable, at this point WR was added to the 

cRPMI at a final concentration of 2.5 nM, to allow selection of parasites transfected 

with plasmids carrying the human dhfr selectable marker (e.g. the pUF1-Cas9 or 

modified pDC2 plasmid). If selective drug medium was added, the growth medium was 

changed after 24 h. Washed parasites were then re-suspended in drug-free cRPMI after 

a further 24 h.  

 

As soon as parasites were detectable in Giemsa-smeared thin blood films, which usually 

took between two and four weeks, aliquots of the culture were cryopreserved (see 

section 2.2.1.2). gDNA was then extracted (see section 2.2.1.3) enabling the extent of 

integration to be assessed by diagnostic polymerase chain reaction (PCR) (see section 

2.2.1.7). Upon PCR-mediated confirmation of integration, parasites were cloned by 

limiting dilution of cultures to 0.3 parasites per 100 µL dispensed per well of a 96 well 

round-bottomed microplate (ThermoFisher Scientific). Microplates were incubated at 

37°C in sealed gassed incubation chambers and the growth medium was changed every 

five days until parasite growth was observable by a colour change of the medium 

(typically about 15 days). Presence of parasites was confirmed by examination of 
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Giemsa-stained thin films. The resulting clonal integrant parasite line was expanded 

according to standard culturing procedures.  

 

2.2.1.6 Rapamycin treatment of ring-stage loxP-containing P. falciparum 

parasites induced conditional excision 

Immediately after invasion, synchronous ring-stage parasite cultures were divided in 

two and re-suspended in cRPMI containing either 100 nM rapamycin in 1% (v/v) 

DMSO or an equivalent volume of DMSO to act as the vehicle control. Parasites were 

treated with DMSO or rapamycin for four hours at 37°C before being pelleted by 

centrifugation, washed once and returned to culture in cRPMI.  

2.2.1.7 Diagnostic PCR detected integration and excision events 

To assess integration of loxP-containing transfection constructs into the RhopH3, RON3 

and RAMA genomic loci, diagnostic PCRs were carried out on extracted gDNA (see 

section 2.2.1.3). GoTaq Green Master Mix (Promega) was used as the polymerase as 

per the manufacturer’s instructions, with appropriate primers (Table 2.1) used at a 

concentration of 400 nM. 15 µL PCRs were carried out in a thermocycler, with 

conditions optimised for the specific primers being used. PCR products were examined 

by SYBR Safe (ThermoFisher Scientific)-stained agarose gel electrophoresis. 5’ and 3’ 

detection of integration of pESS_R3_E46_loxP was achieved using primers 

RhopH3_exon2_F1 plus RhopH3_exon4-6_R, and RhopH3_exon4-6_F plus 

RhopH3_3UTR_R. Both pairs of primer sets produce products specific to the 

RhopH3loxP integrant locus. Lack of amplification by PCR using primers 

RhopH3_exon2_F1 plus RhopH3_exon5WT_R, which produce a product specific to the 

wild type RhopH3 locus, provided further evidence for integration. Detection of 

pESS_RON3_E26_loxP in the parasite population was achieved by diagnostic PCR 

using the following primer sets: RON3_5’UTR_F plus RON3_exon2-6_R (specific for 

5’ integration) and RON3_exon2-6_F plus RON3_exon7_R (specific for 3’ integration). 

There was expected to be no product with wild type-specific primers RON3_5’UTR_F 

plus RON3_exon4WT_R.  Integration of pESS_RAMA_E2INT_loxP was determined 

by the presence of amplicons using the integration specific primers RAMA_exon1_F 
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plus RAMA_exon2recod_R, and RAMA_exon2recod_F plus RAMA_exon2_R. No 

band was expected from the wild type specific primer set RAMA_exon1_F plus 

RAMA_exon2WT_R. Diagnostic PCR was also used to confirm that the DiCre locus 

remained integrated, on a population level, in isolated clones, using primers 

SERA5_DiCre_F and DiCre_integrated. Reversion to the wild type SERA5 locus was 

indicated by the amplification of a 1700 bp amplicon using primers specific to the 

unmodified SERA5 locus (SERA5_DiCre_F and SERA5_DiCre_R). 

 

Rapamycin-induced recombination between loxP sites was detected by PCR analysis of 

schizont-stage gDNA (harvested ~42 h after DMSO or rapamycin treatment). In each 

case, the expected amplicon size for gDNA where the locus of interest had been excised 

was substantially smaller than the expected amplicon under conditions of non-excision. 

For RhopH3loxP parasites, the primers used were RhopH3_exon2_F1 plus 

RhopH3_exon7_R. For RON3loxP parasites, primers were RON3_exon1_F and 

RON3_exon7_R and for RAMAloxP, RAMA_Harm1_F and RAMA_Harm2_R.  

2.2.1.8 Southern blotting detected integration events 

For detection of integration of the pESS_R3_E46_loxP construct, a 738 bp probe was 

produced by PCR amplification of parental (1G5DC) gDNA with primers 

RhopH3_SB_exon3_F and RhopH3_SB_exon3_R (Table 2.1). The probe corresponded 

to part of exon 3 of RhopH3 (Figure 3.1). gDNA from parasites of interest was 

BsgI/SacI/XmnI digested. The probe was radiolabelled, hybridised to the digested DNA 

and detected as previously described by Ruecker et al (2012). 

 

To further confirm the genotype of potential RON3loxP and RAMAloxP integrant 

clones, 400 bp digoxigenin (DIG)-labelled probes were generated by PCR amplification 

of parental DNA by Phusion® High-Fidelity DNA polymerase (New England Biolabs) 

in the presence of DIG-labelled nucleotides provided by the PCR DIG Labelling Mix 

Plus (Roche). For RON3, the probe corresponded to the 5’ region of RON3 exon 7 and 

was produced using primers RON3_SB_exon7_F and RON3_SB_exon7_R (Table 1.2; 

Figure 3.1). For RAMA, the probe was the 5’ 400 bp of the region of exon two used as 

the second homology arm, and was amplified using primers RAMA_SB_homology2_F 



Chapter 2 Materials and Methods 

 

 103 

and RAMA_SB_homology2_R (Table 2.1; Figure 3.1). 5 µg of gDNA from potential 

loxP integrant cultures was fully digested with an excess of XmnI and PacI (for 

RON3loxP clones) or just XmnI (for RAMAloxP clones) restriction enzymes. Digested 

gDNA was separated by agarose gel electrophoresis and transferred overnight to 

Amersham Hybond N+ nylon membranes (GE Healthcare Life Sciences), which were 

then crosslinked with 1200 µjoules/cm2 of UV light. The membranes were pre-

hybridised at 44°C in hybridisation buffer (5x saline sodium citrate buffer (SSC), 0.1% 

lauroyl sarcosine, 0.2% SDS and 1% blocking solution from the DIG Wash and Block 

Buffer Set (Roche)) with gentle rocking. After 30 minutes of pre-hybridisation, the 

specific probe was boiled then diluted in hybridisation buffer pre-warmed to 42°C. 

Membrane-probe hybridisation was performed overnight, at 42°C, in hybridisation 

buffer. Membranes were then subjected to a series of washes, beginning with a ten 

minute wash at room temperature in low stringency wash solution (2x SSC, 0.1% SDS). 

The second wash was at 65°C for ten minutes in high stringency wash solution (0.1x 

SSC, 0.1% SDS), before the membrane was incubated for five minutes at room 

temperature with 1X Washing buffer from the DIG Wash and Block Buffer Set 

(Roche). This was subsequently replaced by 1X Blocking solution (DIG Wash and 

Block Buffer Set, Roche) in which the membrane was shaken for 30 minutes at room 

temperature. Hybridised DNA was detected by incubating membranes for 30 minutes 

with 1X Blocking solution containing polyclonal alkaline-phosphatase conjugated anti-

DIG antibodies (Roche). After several washes in 1X Washing buffer, the membrane 

was incubated with 1X Detection Buffer (DIG Wash and Block Buffer Set, Roche) for 

five minutes. CDP-star®(Roche) was then added to the membrane, and incubated for 

five minutes at room temperature. The resulting chemiluminescence was detected by 

exposing membranes to X-ray film.  

2.2.1.9 Determination of parasitaemia by flow cytometry 

All flow cytometry, with the exception of the 5-ALA experiment (see section 2.2.1.12), 

was performed on fixed parasite samples. Pelleted parasites were fixed in 4% 

paraformaldehyde (Electron Microscopy Sciences) and 0.02% glutaraldehyde (Sigma-

Aldrich) in PBS for one hour at 37°C, before being diluted in PBS. These fixed samples 

were stored at 4°C until required, for up to three weeks.  
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When ready for flow cytometry, samples were stained with a 1 in 10,000 dilution of 

Hoechst 33342 (ThermoFisher Scientific) in PBS for thirty minutes at 37°C. 

Parasitaemia and Hoechst-staining intensity were determined using a LSRFortessa (BD 

Biosciences) flow cytometer, where a minimum of 105 events were collected per 

sample. Data were analysed using FlowJo software. Gating for RBCs was achieved by 

plots of forward scatter area against side scatter area (gate = P1). Doublet discrimination 

required gating on a plot of forward scatter height against forward scatter width (gate = 

P2) then on a plot of side scatter height against side scatter width (gate = P3). 

Identification of infected RBCs was performed by gating for RBCs positive for Hoechst 

staining, by plotting the forward scatter area against UVA fluorescence with a 450/50 

standard filter (gate = P4) (see Appendix section 8.2). Parasitaemia was determined by 

the number of cells identified in gate P4 as a percentage of those in gate P3.  

2.2.1.10 Determining the relative plaque forming ability (RPFA) of parasites  

After DMSO or rapamycin treatment (see section 2.2.1.6), trophozoite-stage cultures 

were diluted to the required density in cRPMI. An exact HCT value of 0.75% was 

determined using a ScepterTM 2.0 Cell Counter (Merck). 200 µL of the resulting culture 

was dispensed into each inner well of flat-bottomed 96-well microplate, with DMSO-

treated samples occupying wells B2 to G6 and rapamycin-treated samples in wells B7 

to G11. Plates were incubated in a gassed incubator chamber and incubated at 37°C for 

14 days. Plaque formation was then assessed by microscopic examination using a Nikon 

TMS inverted microscope (40x magnification). The resulting plaques were documented 

using a Perfection V750 Pro Scanner (Epson) and counted by visual examination of the 

images.  

2.2.1.11 Analysis of parasite growth and invasion 

To determine the multicycle growth capability of mutant parasites, DMSO and 

rapamycin-treated cultures were adjusted to a parasitaemia of 0.1%, with samples for 

flow cytometry being removed for fixation (see section 2.2.1.9) every 48 h for up to six 

RBC cycles. Each experiment was performed in triplicate: these biological replicates 

were achieved by dividing each sample among the blood from three separate 
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(anonymised) donors. The DNA content of infected cells was determined at ~92 h, by 

fixing and Hoechst-staining a sample then using Hoechst emission as a measure of 

DNA replication. Parasite DNA content was visualised in FlowJo by a histogram of 

UVA fluorescence (450/50). 

 

The invasive capacity of parasites was determined based on a previously described 

method (Moss et al., 2012). Briefly, highly synchronous mature schizonts were Percoll 

purified and then added to RBCs to a parasitaemia of 1%. After four hours, cultures 

were fixed, enabling the percentage of newly ring-infected RBCs to be determined by 

Hoechst-staining and flow cytometry.  

 

All experiments were performed in triplicate in blood from different donors, and data 

were analysed in GraphPad Prism where the standard deviations were calculated.  

2.2.1.12 Analysis of RBC membrane permeability 

To investigate the ability of parasitized RBCs to take up sorbitol, cultures of DMSO or 

rapamycin treated parasites 72 h post-treatment were adjusted to an equal parasitaemia 

before being incubated in osmotic lysis buffer (280 mM D-sorbitol, 20 mM Na-HEPES, 

0.1 mg/mL bovine serum albumin (BSA), pH 7.4) for seven minutes. biological 

triplicates were set up for this experiment, with DMSO and rapamycin-treated parasites 

each invading blood from three different donors. Resulting haemoglobin release was 

determined by using a spectrophotometer to determine the absorbance of cell 

supernatants at 405 nm, as previously described (Ginsburg et al., 1985). 

 

The 5-ALA uptake capacity of parasites was determined by washing synchronous cycle 

two ring-stage parasites (i.e. ~50 h after DMSO or rapamycin treatment) in phenol red-

free cRPMI medium (K-D Medical), supplemented with 5-ALA to a final concentration 

of 200 µM. After overnight incubation, parasite nuclei were Hoechst 33342 stained. 

Protoporphyrin IX (PPIX) and Hoechst fluorescence were captured using a LSM 880 

microscope (Zeiss) in standard confocal detection mode, equipped with a 63x/1.4 NA 

objective. Acquisition settings were kept constant through the experiment to ensure 

measurements of intensity are directly comparable. Quantification of PPIX and Hoechst 
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co-occurrence was achieved using MetaMorph software and the ‘Cell Scoring’ 

application. For flow cytometric analysis of 5-ALA uptake, cells were analysed on a 

SORP LSRFortessa (BD Biosciences) with PPIX emission detected with a 532nm laser 

through a 605/40 bandpass filter. RBC doublets were excluded using a plot of forward 

scatter area versus forward scatter height. 

2.2.2 Molecular biology techniques  

2.2.2.1 Molecular cloning: an overview 

PCR was used for the high-fidelity amplification of sequences required to generate 

mutant parasites. Phusion® High-Fidelity DNA polymerase (New England Biolabs) 

was used according to manufacturer’s instructions and oligonucleotide primers were 

used at a concentration of 0.5 µM. If required, PCR products were purified using the 

QIAquick PCR Purification Kit (Qiagen). Kappa 2G HotStart Ready Mix (Kappa 

Biosystems) was used to perform ‘colony PCR’ to detect for successfully transformed 

E. coli bacteria. A PCR master mix, containing primers at 500 nM, was inoculated with 

a stab of bacteria derived from a single colony.  

 

Digestion and/or ligation of DNA fragments was achieved using New England Biolabs 

restriction enzymes and the Roche Rapid DNA Ligation Kit. Manufacturer’s 

instructions were followed for both. If necessary, digested DNA fragments were 

extracted and purified from agarose gels using the QIAquick Gel Extraction Kit 

(Qiagen). For ligation-independent cloning, the InFusion HD Cloning system 

(Clontech) was used, as per the manufacturer’s instructions. One Shot OmniMax 2 T1 

Phage-Resistant E. coli cells (ThermoFisher Scientific) were transformed with various 

plasmids according to standard procedures, and transformed bacteria were grown at 

37°C with agitation in standard lysogeny broth. Plasmid DNA was purified from E. coli 

using the QIAprep Spin Miniprep Kit (Qiagen) as advised by the manufacturer. DNA 

concentration was quantified using a nanodrop spectrophotometer (ThermoFisher 

Scientific). Nucleotide sequencing to verify correct DNA sequences of constructs was 

done by Beckman Coulter Genomics or GENEWIZ. Upon the confirmation of the 

correct nucleotide sequence by Sanger sequencing, DNA for transfection was isolated 

using a HiSpeed Plasmid Maxi Kit (Qiagen), following the recommended protocol.  



Chapter 2 Materials and Methods 

 

 107 

2.2.2.2 Generation of conditional mutant parasite lines 

2.2.2.2.1 Repair plasmid generation 

For generating RhopH3loxP mutant parasites, the repair construct 

(pESS_R3_E46_loxP, synthesised by GENEWIZ; Table 2.2; Appendix section 8.1.1) 

comprised of synthetic heterologous SERA2:loxP and SUB2:loxP introns flanking 

exons four to six of RhopH3 which had been recodonised for E. coli strain K12. The 

complete native sequences of exons three and seven flanked this central module on 

either side, acting as homology arms for HR.  

 

For generating RON3loxP mutant parasites, the repair construct 

(pESS_RON_E26_loxP, synthesised by ThermoFisher Scientific; Table 2.2; Appendix 

section 8.1.2) comprised of synthetic heterologous SERA2:loxP and SUB2:loxP introns 

flanking exons two to six of RON3 which had been recodonised for E. coli strain K12. 

The native sequences of exons one (plus 18 bp of the 5’ UTR) and seven flanked this 

central module on either side, acting as homology arms for HR. 

 

For generating RAMAloxP mutant parasites, the repair construct 

(pESS_RAMA_E2INT_loxP, synthesised by ThermoFisher Scientific; Table 2.2; 

Appendix section 8.1.3) comprised of synthetic heterologous SERA2:loxP and 

SUB2:loxP introns which were inserted at AG|AT sites 776 bp and 952 bp downstream 

of the ATG start codon. The intervening 174 bp were recodonised for E. coli strain K12. 

568 bp of exon two both 5’ and 3’ to the site of heterologous intron insertion were 

included to act as flanking regions for HR.  

2.2.2.2.2 Generation of plasmids required for Cas9-mediated cleavage 

EuPaGDT software (Peng and Tarleton, 2015) was used to identify 20 bp protospacer 

sequences (flanked by a 5’NGG3’ protospacer adjacent motif) which would specifically 

target Cas9-mediated cleavage to the desired gene locus (RhopH3, RON3 and RAMA).  

 

pSgRNA1, pSgRNA2 and pSgRNA3 plasmids (Table 2.2; Appendix section 8.1.1) 

were created by modifying the pL6-X plasmid of Ghorbal et al. (2014). InFusion based 
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cloning (Clontech) was used to replace a BtgZI adaptor sequence of the parental 

plasmid with annealed oligonucleotides encoding sgRNA1, sgRNA2 or sgRNA3 which 

respectively target exon 4, 5 or 6 of RhopH3. sgRNA1 was generated by annealing 

primer sequences RhopH3_sgRNA_E4_F and RhopH3_sgRNA_E4_R, sgRNA2 was 

generated by annealing primer sequences RhopH3_sgRNA_E5_F and 

RhopH3_sgRNA_E5_R, and sgRNA3 was generated by annealing 

RhopH3_sgRNA_E6_F and RhopH3_sgRNA_E6_R (Table 2.1). The unmodified 

pUF1-Cas9 plasmid was used to encode the Cas9 nuclease (Ghorbal et al., 2014).  

 

pSgRNA4, pSgRNA5, pSgRNA6 and pSgRNA7 (Table 2.2; Appendix sections 8.1.2 

and 8.1.3) were created by modifying the single Cas9-sgRNA pDC2 vector of Marcus 

Lee (Sanger Institute). Oligonucleotide primers were designed with 4 bp of 5’ sequence 

to facilitate ligation of this DNA to BbsI generated sites in the pDC2 plasmid. sgRNAs 

4 to 7 were generated by annealing complementary primer sequences 

(RON3_sgRNA_E4_F to RON3_sgRNA_E4_R for sgRNA4, RON3_sgRNA_E5_F to 

RON3_sgRNA_E5_R for sgRNA5, RAMA_sgRNA_E2_F to RAMA_sgRNA_E2_R 

for sgRNA6 and RAMA_sgRNA_E2S_F to RAMA_sgRNA_E2S_R for sgRNA7 

(Table 2.1)). 

 

2.2.2.2.3 Transfection of repair and Cas9-required DNA constructs 

For generation of RhopH3loxP integrant parasites, schizonts were transfected with 20 

µg of pESS_R3_E46_loxP, 20 µg of pUF1-Cas9 and 8 µg of pSgRNA1, 2 or 3. For 

generation of RON3loxP or RAMAloxP integrant parasites, 60 µg of 

pESS_RON_E26_loxP or pESS_RAMA_E2INT_loxP repair plasmid was transfected 

alongside 20 µg of pSgRNA4, 5, 6 or 7.  

 

2.2.3 Protein and immunochemistry techniques 

The methods described in subsections 2.2.3.1 to 2.2.3.4 of this section are based on 

those described in Uchime et al. (2012), where enhanced details can be found.  
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2.2.3.1 Expression and production of the recombinant C-terminal segment of 

RhopH3 (rCterm-RhopH3) 

The amino acid sequence of RhopH3 (accession number XP_001351928) was used to 

generate a codon-optimised synthetic gene fragment (GENEWIZ) for expression in E. 

coli. The construct, encoding amino acids 719 to 897 of the full-length protein, which 

represents the C-terminal ‘Ag44’ domain, was subcloned into the E. coli pET-24a(+) 

expression vector (Novagen) by using the NdeI and XhoI restriction sites (Table 2.3). 

The resulting sequence incorporated a C-terminal additional run of the amino acids 

LEHHHHHH which corresponds to a His6 tag. The DNA construct representing the 

expression vector was completely sequenced before being transformed into E. coli 

BL21(DE3) competent cells (New England Biolabs). To express the protein, a 1 L 

culture shake flask of Luria-Bertani medium (K-D Medical) containing 50 µg/mL of 

kanamycin was inoculated with a single positive E. coli colony, and incubated at 37°C. 

Induction of protein expression commenced upon the culture reaching an optical density 

(OD) at 550 nm of ~0.7, whereupon 1mM isopropyl-1-thio-β-D-1-galactopyranoside 

(IPTG) was added for three hours. Cells were harvested by centrifugation and resulting 

pellets stored at -80°C until use. Lysis of the bacterial cells was achieved by mechanical 

disruption: the cell pellet was weighed and then resuspended in 10 volumes of 

ethylenediaminetetraacetic acid (EDTA)-containing lysis buffer (10 mM Tris-HCl, 10 

mM EDTA, 10 mM NaCl, 5 mM DTT, pH 8.0), before being passed five times through 

a Microfluidizer (Microfluidics Corp.) at a pressure of 19000 psi. The lysates were then 

centrifuged at 4°C and 10,000 x g for 45 minutes, resulting in the separation of soluble 

protein from cell debris and inclusion bodies.  

2.2.3.2 Purification of the recombinant polypeptide  

A Nickel Sepharose 6 Fast Flow column (GE Healthcare Life Sciences) was used to 

capture the recombinant rCterm-RhopH3 protein from the soluble E. coli fraction. The 

soluble fraction resulting from cell lysis was dialysed to allow buffer exchange, with the 

final buffer containing 10 mM Tris-HCl, 100 mM sodium phosphate, 14.1 mM β-

mercaptoethanol, 8M urea and 20 mM imidazole. This was loaded onto a pre-

equilibrated affinity column. After washing, the bound protein was eluted in 20 column 
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volumes using a gradient of 20 to 400 mM imidazole. Fractions containing the 

recombinant peptide of interest were identified by Coomassie Blue staining and then 

were loaded onto a pre-equilibrated Q-Sepharose Fast Flow ion exchange 

chromatography column (GE Healthcare Life Sciences). After washing, bound protein 

was eluted using a 0 to 1 M NaCl gradient. The final purification step was size 

exclusion chromatography using a HiLoad 16/60 Superdex 75 prep-grade column (GE 

Healthcare Life Sciences) equilibrated in PBS, pH 7.4. The final protein preparation 

was concentrated using a Vivaspin protein concentration spin column (GE Healthcare 

Life Sciences) and stored at -80°C. 

2.2.3.3 Evaluation of the identity, purification and integrity of the recombinant 

polypeptide 

2.2.3.3.1 Reverse phase high performance liquid chromatography (HPLC) 

The purified rCterm-RhopH3 was analysed on a Hypersil BDS C18 column 

(ThermoFisher Scientific), equilibrated in 95% mobile phase A (0.1% trifluoroacetic 

acid (TFA) in water) where mobile phase B was 0.1% TFA in acetonitrile. Elution was 

performed by increasing the percentage of mobile phase B (from 5% to 100%) at a 

constant flow rate. The elution peak was collected and vacuum concentrated. 

2.2.3.3.1.1 N-terminal sequencing of rCterm-RhopH3 

0.1% TFA was added to the vacuum-dried sample from the HPLC, when was then 

placed in a ProSorb polyvinylidene difluoride (PVDF) cartridge (ThermoFisher 

Scientific). The resulting PVDF disk was sequenced by automated N-terminal Edman 

sequencing using a 494 Procise Protein/Peptide Sequencer (Applied Biosystems), 

followed by online phenylthiohydantoin-amino acid analysis. N-terminal sequencing 

was carried out by the Research Technologies Branch (RTB) of the National Institute of 

Allergy and Infectious Diseases (NIAID), at the National Institutes of Health (NIH).  

2.2.3.3.1.2 Intact mass spectrometry (MS) of rCterm-RhopH3 

Intact mass analysis was performed by electrospray ionisation mass spectrometry (ESI-

MS) on a 4000 QTrap liquid chromatography tandem MS (LC-MS/MS) spectrometer 
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(Applied Biosystems/Sciex). The vacuum-dried protein sample was diluted with 1% 

acetic acid and 3% acetonitrile, before being desalted in an inline microprotein trap 

cartridge (Optimize Technologies). After washing with solvent, bound protein was 

infused into the mass spectrometer with 70% acetonitrile and 1% acetic acid at a rate of 

50 µL/minute. The spray voltage was 5500V, the mass range was set to 800 Da to 2000 

Da and the scan rate was 1000 Da/sec. ESI-MS was carried out by the RTB of NIAID, 

at the NIH.  

2.2.3.3.1.3 Circular Dichroism (CD) spectroscopy of rCterm-RhopH3 

The peptide was analysed by CD spectroscopy, using a Jasco J-815 CD 

spectropolarimeter over a wavelength range of 190 nm to 260 nm. Data were collected 

in a 1 mm quartz cuvette, with a data pitch of 0.2 nm, slit bandwidth of 1.0 nm and a 

signal averaging time of 1 second. The secondary structure composition was analysed 

using the algorithms of the DICHROWEB server (Whitmore and Wallace, 2004).  

2.2.3.4 rCterm-RhopH3 RBC binding assay 

The RBC binding capability of recombinant rCterm-RhopH3 C was analysed as 

previously described (Uchime et al., 2012). In brief, 100 µL of was RBCs were washed 

three times in RPMI-1640. The haematocrit and volume were adjusted, using RPMI-

1640, to 50% and 500 µL respectively. 10% foetal calf serum (Sigma-Aldrich) followed 

by 200 µM of the recombinant polypeptide of interest (either the C-terminal RhopH3 

peptide or Pfs25 to act as a negative control, a kind gift of Dr David Narum) were added 

and the solution incubated, with constant shaking, at 37°C for 1 hour. The suspension 

was then layered over 300 µL of dibutyl phthalate oil (Sigma-Aldrich), before being 

centrifuged in a desktop microfuge at 16060 x g for 30 seconds. Elution of bound 

protein from the RBC surface was achieved by 1 M NaCl in RPMI-1640, and the 

eluates analysed by immunoblotting (see section 2.2.3.6) using an anti-His6 antibody 

(Sigma Aldrich, cat# H1029, Table 2.4), which was detected by a HRP-conjugated goat 

anti-mouse secondary antibody (Table 2.5).  
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2.2.3.5 Polyclonal antibody production 

Rat polyclonal antisera were generated in strict accordance with the guidelines, 

recommendations and approval of the NIH Institutional Animal Care and Use 

Committee. Four healthy female six- to eight-week-old Sprague-Dawley rats (Charles 

River Laboratories) were immunised subcutaneously with 20 µg of recombinant 

rCterm-RhopH3 formulated in Freund’s Complete adjuvant (Sigma-Aldrich), on day 0. 

The rats were immunised with a further 20 µg of rCterm-RhopH3 formulated in 

Incomplete Freund’s adjuvant (Sigma-Aldrich) on days 28 and 42, before 

exsanguination on day 56. An equal number of control rats were immunised with 

Freund’s adjuvant (complete initially, then incomplete) alone to generate control sera.  

2.2.3.6 Immunoblot analysis 

SDS-PAGE fractionated proteins were transferred from the polyacrylamide gel to a 

nitrocellulose membrane (ThermoFisher Scientific, pore size 0.45 µm). Transfer was 

carried out in an Appleton Wood Wet Transfer blotting apparatus, using transfer buffer 

(25 mM Tris, 190 mM glycine) supplemented with 20% methanol. After overnight 

transfer, membranes were blocked in 5% milk in 0.05% Tween20 in PBS (PBS-T) for 

one hour at room temperature, to reduce non-specific antibody binding. After three 

washes in PSB-T, membranes were probed with primary antibodies diluted to the 

appropriate concentration (Table 2.4) in a solution of 1% BSA (Sigma-Aldrich) in 

PBS-T. Primary antibody incubation was for one hour at room temperature, before 

membranes were washed another three times in PBS-T. The membrane was then probed 

with HRP-conjugated secondary antibodies specific for the particular species of the 

primary antibody. Secondary antibodies were diluted to the appropriate concentration 

(Table 2.5) in 1% BSA in PBS-T. After a final three washes, the membrane was 

incubated with 1 mL Immobilon Western Chemiluminescent HRP Substrate (Merck) 

according to the manufacturer’s instructions. Blots were visualised either by exposure to 

X-ray film or using a ChemiDoc Imager (Bio-Rad).  

 

Occasionally, nitrocellulose membranes needed to have bound antibody removed in 

order to re-probe the membrane with a different antibody. Stripping of the immunoblot 



Chapter 2 Materials and Methods 

 

 113 

was achieved by washing three times in 5% acetic acid, followed by three washes in 

PBS. The membranes were then re-blocked in milk powder before the fresh primary 

antibody was applied.  

2.2.3.7 Immunoprecipitation of schizont-stage parasites  

RhopH complex formation was examined by harvesting mature Percoll-purified 

schizont-stage parasites about 42 h after DMSO or rapamycin treatment. Schizont 

pellets were stored at -80°C until required. Frozen pellets were thawed into 10x pellet 

volume of NP-40 lysis buffer (1% Nonidet P-40, 50 mM Tris-HCl, 150 mM NaCl, 5 

mM EDTA, 5 mM ethylene glycol-bis(2-aminoethylether)-N,N,N,N-tetraacetic acid 

(EGTA), pH8.0) which contained a complete protease inhibitor cocktail (Roche). 

Samples were centrifuged at 16060 x g at 4°C and the resultant supernatant passed 

through a 0.22 µm Spin-X cellulose acetate centrifuge tube filter (Corning). Preclearing 

of Protein G-Sepharose beads (Sigma-Aldrich) was achieved by adding the resulting 

supernatant to the beads and incubating, with rotation, at 4°C overnight. The precleared 

beads were disposed of and the mAb 61.3 (Holder et al., 1985) was added to the 

supernatant to be incubated at 4°C overnight. The antigen-antibody complexes were 

precipitated by addition of Protein G Sepharose beads overnight with rotation at 4°C. 

Five washes in wash buffer I (0.5% Nonidet P-40, 1 mg/mL BSA, 0.5 M NaCl, 50 mM 

Tris-HCl pH 8.2) followed by two washes in wash buffer II (0.5% Nonidet P-40, 5 mM 

EDTA, 50 mM Tris-HCl pH 8.2) eliminated non-specific binding. Antigen-antibody 

complexes were eluted from the Protein G Sepharose Beads using NuPAGE LDS 

Sample Buffer (ThermoFisher Scientific), before samples were resolved by SDS-

PAGE. Following electrophoresis, identity of fractionated proteins was determined by 

immunoblotting.  

2.2.3.8 Indirect immunofluorescence assays (IFAs) 

Thin, unfixed, blood films of stage-specific P. falciparum parasite cultures were air-

dried and stored in an anhydrous environment at -80°C. When required, smears were 

thawed at 37°C before being fixed in 4% paraformaldehyde in PBS for 30 minutes at 

room temperature. Cell membranes were subsequently permeabilised using 0.1% Triton 

X-100 (Sigma-Aldrich) in PBS, for ten minutes at room temperature. Fixed slides were 
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then washed three times in PBS before being blocked in 3% BSA in PBS for two hours 

at room temperature. Slides were subsequently probed with the necessary dilution of the 

appropriate primary antibody (Table 2.4) in a humidified chamber at room temperature 

for one hour before three washes in PBS. Slides were then probed with the required 

Alexa Fluor 488 or 594-conjugated secondary antibody at the appropriate dilution, for 

one hour at room temperature. An exception was for slides probed with MRA876, a 

mAb against RAP2, as the primary antibody; this antibody was directly labelled with 

Alexa Fluor 594 using the Alexa Fluor 594 Antibody Labelling Kit (ThermoFisher 

Scientific), so no secondary antibody was required. After three washes with PBS, slides 

were mounted in ProLong Gold Antifade Mountant with DAPI (ThermoFisher 

Scientific) and sealed with Cytoseal-60 (ThermoFisher Scientific). Images were 

collected using either a Nikon Eclipse Ni-E wide-field microscope with a Hamamatsu 

C11440 digital camera and 100x/1.45NA oil immersion objective, or a Zeiss LSM 880 

equipped with an Airyscan detector and a 63x/1.4 NA objective. For images acquired 

with the LSM 880 microscope, fluorescent channels were imaged sequentially over the 

axial dimension and processed using the integrated software (Zeiss) to enhance the 

optical resolution isometrically ~1.8 fold. Images were processed using either the Zen 

2012 (Zeiss) or Fiji (Schindelin et al., 2012) software packages. Identical exposure 

conditions were used for each wavelength for each DMSO and rapamycin sample being 

compared.  

2.2.3.9 Subcellular fractionation of infected RBCs 

The membrane association of RON3 was determined by following the method used in 

Knuepfer et al. (2014). Briefly, purified schizont-stage parasites were solubilised in 20x 

pellet volume of hypotonic lysis buffer (10 mM Tris, 5 mM EDTA, pH 8.0) and 

ultracentrifuged at 100,000 g for 30 minutes at 4°C. The resulting hypotonic lysis 

insoluble pellet was washed once in the hypotonic lysis buffer before extraction with a 

high salt buffer (10 mM Tris, 5 mM EDTA, 500 mM NaCl, pH 7.5). The high salt 

insoluble fraction was washed before being extracted in 100 mM sodium carbonate, pH 

11.0. All buffers contained complete protease inhibitor cocktail (Roche) and were 

cooled to 4°C; this temperature was maintained for all incubations. 2x Laemmli sample 

buffer was mixed with the supernatant resulting from each centrifugation as well as for 
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the final carbonate insoluble pellet, before the samples were fractionated by SDS-PAGE 

and analysed by immunoblotting.  

2.2.3.10 Time-lapse video microscopy of P. falciparum parasites 

Egress of schizont-stage DMSO or rapamycin-treated parasites was imaged as 

previously described (Collins et al., 2013a; Das et al., 2015; Thomas et al., 2018). 

Briefly, 1 µM compound 2 was added to mature schizonts (~ 45 h post DMSO or 

rapamycin treatment) for four hours to tightly synchronise egress. Compound 2 was 

removed by washing and parasites, resuspended in fresh pre-warmed and gassed 

cRPMI, were introduced into a microscopy chamber pre-warmed to 37°C. The 

microscopy chamber was placed on a temperature controlled microscope heated to 37°C 

and collection of differential interference contrast (DIC) images commenced six 

minutes after washing off of compound 2 begun. DIC images were collected at five 

second intervals over a period of 30 minutes, using a Nikon Eclipse Ni-E wide-field 

microscope with a Hamamatsu C11440 digital camera. Images were viewed as movies 

using Fiji software (Schindelin et al., 2012).   

2.2.4 Electron microscopy  

EM was carried out in collaboration with the Electron Microscopy Science Technology 

Platform at the Francis Crick Institute. 

2.2.4.1 Transmission Electron Microscopy  

Samples for TEM of RhopH3loxP parasites were harvested at cycle 2 schizont-stage (~ 

92 h after DMSO or rapamycin treatment). For analysis of RAMAloxP parasites, cycle 1 

schizonts were harvested (~45 h after DMSO or rapamycin treatment). RhopH3loxP 

schizonts were fixed in an equal volume of 8% formaldehyde in 0.2 M phosphate 

buffer, pH 7.4. The cells were pelleted then underwent a secondary fixation in 2.5% 

glutaraldehyde and 4% formaldehyde in 0.1 M phosphate buffer at room temperature 

for 30 minutes. RAMAloxP schizonts only underwent a single fixation step in 2.5% 

glutaraldehyde and 4% formaldehyde in 0.1 M phosphate buffer. After fixation, cells 

were washed in 0.1 M phosphate buffer then embedded in 4% (RhopH3loxP schizonts) 

or 2% (RAMAloxP schizonts) agarose. The agarose-embedded samples were cut into 1 
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mm3 blocks. The RhopH3loxP blocks were then post-fixed in 1% OsO4 and 1.5% 

potassium ferrocyanide for one hour at 4°C. In contrast, the RAMAloxP samples were 

transferred to a Biowave microwave (Pelco) for processing where they were twice 

washed at 250 W for 40 seconds in phosphate buffer. They were then stained with 1% 

reduced osmium for 14 minutes under vacuum, with 100 W power at 2 minute intervals. 

Four washes with phosphate buffer followed, two of which were on the bench and two 

of which were in the microwave. Whilst RhopH3loxP samples were subsequently 

incubated in 1% tannic acid in 0.05 M phosphate buffer for 45 minutes, before being 

added to 1% sodium sulfate in 0.05 M phosphate buffer for 5 minutes then washed in 

water, RAMAloxP parasites were stained with 1% tannic acid for 14 minutes in the 

microwave, using 100 W power at 2 minute intervals under vacuum, before quenching 

with 1% sodium sulfate at 250 W for 2 minutes under vacuum. The RAMAloxP samples 

were then washed in water in bench and microwave washes. RhopH3loxP samples were 

dehydrated as standard through a graded ethanol series before being embedded in Epon 

resin (Taab). The microwave was used for dehydration and embedding of RAMAloxP 

samples; samples were dehydrated with a graded ethanol series followed by acetone at 

250 W for 40 seconds under vacuum. Exchange into the Epon resin was performed in 

steps of 25, 50 and 75% resin in acetone, at 250 W for 3 minutes with vacuum cycling. 

Pure Epon was infiltrated in the final three microwave steps with the same settings, 

before a final overnight infiltration on a rotator and then baking for 24 h at 60°C. 

Ultrathin 70 nm sections were cut from trimmed blocks of RhopH3loxP schizonts, using 

a diamond knife on a UC6 Ultramicrotome (Leica Microsystems). These were picked 

up on 150 hexagonal mesh copper grids and post stained with lead citrate. For 

RAMAloxP samples, thin (80 nm) or semi-thick (200 nm, for transmission electron 

tomography, see section 2.2.4.3) sections were placed on 1% Formvar-coated copper 

slot grids, stained with lead citrate. Finally, RhopH3loxP samples were imaged using a 

Tecnai G2 Spirit 120 kV transmission electron microscope (FEI) with an Orius camera 

(Gatan Inc.) and RAMAloxP samples imaged in a Tecnai Spirit Biotwin (FEI) TEM at 

120 kV.  
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2.2.4.2 Statistical analysis of TEM images 

For each sample, three sections were taken from each of three of the 1 mm3 blocks of 

agarose embedded schizonts. Twenty schizonts from each block were quantified, 

scoring the number of rhoptries within each merozoite within each schizont. Each 

rhoptry was also classified as being circular or club-shaped, that is having distinct neck 

and bulb regions. To statistically analyse the data, all analyses were performed using R 

3.3.1 (R Core Team, 2013). Generalised linear models were fit using the glm() 

function, with the first model (rhoptry_count~DMSO_or_Rapa_status, family = 
Poisson) being used to test for a difference in rhoptry counts. For comparison of ‘club-

shaped’ counts on the non-zero rhoptry data, the model used was 

club_count~DMSO_or_Rapa_status + rhoptry_count, family = Poisson. 

Analysis of Deviance was performed using the anova() function on the resultant glm 

object, with test = ‘Chisq’. 
 

2.2.4.3 Transmission electron tomography 

Tilt series images of a schizont from each experimental condition were collected from 

+60° to -60° with 1° increments using the Tecnai User Interface software (FEI). The 

1024 x 1024 pixel images were recorded with an Ultrascan charge coupled device 

camera (Gatan Inc.) with a pixel size of 5.42 nm. The IMOD package (Kremer et al., 

1996) was used to reconstruct individual tomograms, with patch tracking used to create 

a fiducial model. For each schizont, tomograms from three serial 200 nm sections were 

flattened and joined together in z to obtain a continuous volume. The 3dmod 

programme of IMOD was used to manually segment rhoptry membranes, from which 

three-dimensional surface models were generated. Models were left open where 

rhoptries extended outside the joined volume, and where the top or bottom surface of a 

rhoptry was lost between adjacent tomograms. 
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Chapter 3. Conditional knockout approaches confirm 

three different rhoptry proteins are essential for the 

asexual blood stage of P. falciparum 

3.1 Introduction 

As outlined in section 1.6.1.2.4, the rhoptry proteins of P. falciparum are hypothesised 

to play various roles in the asexual RBC stage cycle. Postulated functions of rhoptry 

proteins include a role in various stages of rhoptry biogenesis, in RBC invasion, in 

nutrient import and in PVM formation (Counihan et al., 2013). RhopH3, RON3 and 

RAMA are three proteins which are known to localise to the rhoptries of merozoite-

stage parasites, but the functions of which are yet to be confirmed. RhopH3 has been 

previously identified as essential (Cowman et al., 2000) and suggested to be a key 

invasion ligand (Cooper et al., 1988); RON3 has also been postulated to play a role in 

invasion (Ito et al., 2011). RAMA is also thought to be essential (Sanders et al., 2006) 

and involved in invasion (Topolska et al., 2004b), which may or may not be related to 

another proposed role for RAMA as an escorter protein that facilitates rhoptry protein 

sorting (Richard et al., 2009).  

 

Due to the haploid nature of the genome of asexual blood stage P. falciparum parasites, 

parasites with mutations or deletions in essential single copy genes cannot be 

established in culture. The inability to establish a culture of mutant parasites may 

therefore indicate the gene is essential, but does not allow any phenotypic 

characterisation of parasites lacking a particular protein. In contrast, the DiCre system 

can be used to conditionally disrupt an essential gene of interest, allowing the dissection 

of the function of a protein of interest. As explained in section 1.7.2.2.3, the DiCre 

system expresses the Cre recombinase enzyme as two enzymatically inactive domains. 

Upon addition of rapamycin, heterodimerisation is induced, leading to a fully functional 

and active DiCre enzyme, which is able to catalyse efficient excision of floxed DNA 

sequences.  
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This chapter describes the combined use of the DiCre and Cas9 systems in P. 

falciparum, allowing a definitive assessment of the essentiality of RhopH3, RON3 and 

RAMA.  

3.2 Results 

3.2.1 Efficient conditional truncation of genes that encode rhoptry proteins 

Previous attempts to disrupt the P. falciparum RhopH3 and RAMA genes of P. 

falciparum, using conventional genetic means, proved unsuccessful (Cowman et al., 

2000; Sanders et al., 2006). This was taken as an indication that the encoded proteins 

play vital roles in the asexual RBC stages. Due to the relative newness of the 

‘discovery’ of the RON3 gene in P. falciparum (Ito et al., 2011), there is no published 

information about attempts to disrupt this gene. Attempting to disrupt the RON3 gene 

conventionally, for example by integrating a drug selection marker into the reading 

frame of this gene, would, if successful, indicate RON3 to be dispensable within the P. 

falciparum asexual blood stage cycle. However, lack of success using conventional 

techniques would not definitively confirm RON3’s essentiality. This can be illustrated 

by the example of serine rich antigen protein (SERA) 5. Two independent studies 

showed that SERA5 was unable to be disrupted by a conventional, non-inducible 

approach (McCoubrie et al., 2007; Miller et al., 2002b), so this protein was assumed to 

be essential. However, a decade later, application of a conditional knockout technique 

showed that SERA5 is not essential for the in vitro asexual RBC cycle (Collins et al., 

2017). Therefore, it was decided to exploit the DiCre system, recently been adapted for 

use in P. falciparum, to inducibly functionally inactivate RhopH3, RAMA and RON3. 

This had three purposes: (1) to confirm the postulated essentiality of RhopH3 and 

RAMA, (2) to unambiguously determine whether RON3 is essential in the asexual RBC 

stages and (3) to investigate the phenotypic consequence of disruption of these genes, 

elucidating the role(s) of each in the blood stage cycle.  

 

All genetic modifications were done in the 1G5DC parasite clone (Collins et al., 

2013a). This clone constitutively expresses the DiCre enzyme, meaning that addition of 

rapamycin would induce excision of a region of the gene, which is itself dependent 
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upon the presence of loxP sites flanking (‘floxing’) this region of interest. Previous 

studies have used SCO HR for the insertion of loxP sites into a gene of interest (see e.g. 

(Das et al., 2015; Jones et al., 2016; Thomas et al., 2018)). However, there are several 

disadvantages to this strategy, including the lengthiness of required drug cycling and the 

possibility of reversion (see section 1.7.2.3). Therefore, this study attempted to combine 

the DiCre system with Cas9 technology, whose use in Plasmodium was rapidly gaining 

popularity (Ghorbal et al., 2014; Zhang et al., 2014). The Cas9 system was used to 

generate a DSB at a specific location, anticipated to trigger repair by DCO HR, leading 

to genomic integration of a sequence encoded on an episomal targeting construct.  The 

positioning of loxP sites differed for each of the genes (Figure 3.1). For RhopH3, 

bioinformatics analyses of alignments of all Plasmodium RhopH3 orthologues indicated 

that exons four to six showed the highest levels of conservation when all orthologues 

were aligned (Figure 3.2). Therefore, the strategy in this case was to flox this internal 

region. As loxP sites are 34 bp in size, inserting them into the coding sequence was 

considered likely to lead to a frame-shift. This risk would be negated by inserting the 

loxP site into an intron. However, our limited knowledge of intron structure and 

function means that insertion of the loxP sequence within an intron could possibly have 

phenotypic consequences, for example by interfering with splicing. For this reason, 

heterologous, rather than endogenous, introns were used, deriving from experimental 

constructs where it had been shown that insertion of the loxP sequence at that site in the 

intron had no phenotypic effect (Jones et al., 2016)(Fiona Hackett & Michael 

Blackman, personal communication). Therefore, endogenous intron three of RhopH3 

was replaced by SERA2:loxPint whilst intron 6 was replaced by SUB2:loxPint (Figure 

3.1A). DiCre mediated recombination of the loxP sites in SERA2:loxPint and 

SUB2:loxPint would generate an internally truncated mutant form of RhopH3, lacking 

the most highly conserved residues.  

 

For RON3 and RAMA, bioinformatics analyses did not identify any large-scale 

conserved regions so a different strategy was used. Removal by DiCre-mediated 

excision of a region containing any number of base pairs not divisible by three would 

create a frame-shift in the resultant protein. If the floxed region was towards the 5’ end 

of the DNA sequence, the result would be a massive truncation of the protein of 
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interest, with only the first section being expressed. For RON3, exons two to six 

together account for 1079 bp, so introns one and six were replaced with SERA2:loxPint 

and SUB2:loxPint respectively (Figure 3.1B). As well as removing 15% of the protein 

upon excision, it was predicted that this would result in the generation of a stop codon 

following just 50 amino acid residues of the protein. This 50 residue stretch represents 

just 2% of the wild type RON3 protein, so was considered likely to be non-functional 

and/or rapidly degraded.  

 

In the case of RAMA, the gene structure (one large exon interspacing several smaller 

exons) made replacement of endogenous introns challenging. Therefore, the strategy 

adopted here was to insert heterologous introns within the coding region of exon two. It 

has been previously shown that heterologous loxP-containing introns can be inserted 

into the coding sequence of essential genes without compromising gene expression 

levels, protein function or overall parasite viability (Jones et al., 2016). An important 

aspect of this approach includes inserting a loxP-containing intron between bases which 

will be recognised, by the P. falciparum spliceosome, as 5’ and 3’ exonic splice sites. 

Earlier bioinformatics analyses indicated that, as for many eukaryotes, the consensus 

sequence at the exonic boundary of the P. falciparum splice site is 5’ AG|AT 3’ (Zhang 

et al., 2011). Two AG|AT sites in exon two of RAMA, separated by a distance of 176 

bp, were therefore chosen as the location for insertion of the heterologous 

SERA2:loxPint (5’) and SUB2:loxPint (3’) introns (Figure 3.1C). Unlike in RON3, it 

was predicted that rapamycin-catalysed excision would lead to removal of just 6% of 

the protein. However, due to the positioning of the two heterologous introns, a stop 

codon was predicted to be generated after ~220 amino acid residues, meaning less than 

25% of the wild type RAMA protein would be produced. As for RON3, it was 

anticipated that this would likely ablate protein activity.  

 

A triple transfection strategy, consisting of the sgRNA-encoding pL6 plasmid, the 

Cas9-encoding pUF1-Cas9 plasmid (Ghorbal et al., 2014) and the marker-free targeting 

plasmid pESS_R3_E46_loxP, was used to generate the RhopH3 mutant (Figure 3.3A). 

In this system, resistance is conferred to 5-methyl[1,2,4]triazolo[1,5-a]pyrimidin-7-

yl)naphthalen-2-ylamine (DSM1) by the yeast DHODH positive selectable marker on 
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the pUF1-Cas9 plasmid. However, due to the uncertain effects of DSM1 upon the P. 

falciparum DHODH (Christiaan van Ooij, personal communication), DSM1 selection 

was not used. It was only the presence of the pL6 plasmid, which carried a gene to 

express the human DHFR, which was selected for using WR. Drug pressure (2.5 nM 

WR) was applied ~24 h post transfection, and renewed daily for four days (two RBC 

stage cycles). An identical drug selection protocol was used for generating the RON3 

and RAMA conditional mutants. However, this time a double transfection strategy was 

used, consisting of the dual Cas9- and sgRNA-encoding pDC2 plasmid (Marcus Lee, 

personal communication) and a marker-free targeting plasmid (pESS_RON_E26_loxP 

for RON3 and pESS_RAMA_E2INT_loxP for RAMA) (Figure 3.3B). Integration of 

the loxP-containing repair construct was observed within one month for all three 

conditional mutants, generating the RhopH3loxP, RON3loxP and RAMAloxP lines. 

Interestingly, it was much easier to obtain integrant parasite clones by limiting dilution 

for the RON3 and RAMA conditional mutants than for the RhopH3 mutant. This likely 

reflects a higher efficiency of integration with the double transfection strategy as 

compared to the triple transfection strategy, due to the differential survival of parasites 

that had taken up various combinations of the different plasmids (Table 3.1). For each 

mutant, two independent clones derived from independent transfections using different 

sgRNAs were obtained. All sgRNAs were designed using EuPaGDT software (Peng 

and Tarleton, 2015) and selected using a combination of criteria including location 

within the gene, number of predicted off-target hits and overall score. Interestingly, 

there were no noticeable differences in the efficiency of the different gRNAs used. The 

RhopH3 conditional knockout (cKO) clones were called 5F5 and 4B11, the RON3 cKO 

clones were called 3E10 and 7C4, and the RAMA cKO clones were called 9C10 and 

12C7. These clones were used for all subsequent experiments.  

 

gDNA was extracted from cultures of each clone and PCR analysis was performed to 

confirm integration of the repair constructs (pESS_R3_E46_loxP, 

§pESS_RON_E26_loxP or pESS_RAMA_E2INT_loxP) for each mutant (Figure 3.4A, 

B and C). Southern blotting was also performed to confirm that each locus of interest 

had been modified as expected (Figure 3.4C, D and E).  
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Figure 3.1 Cas9-mediated integration of episomal constructs leads to marker-free floxing 

of a portion of the gene of interest.  

(A) The RhopH3 gene (PF3D7_0905400.1) on chromosome 9 consists of seven exons 
(numbered grey boxes) and six introns (turquoise lines). The region spanning introns 
three to six is highly conserved between orthologues (see Figure 3.2) and so was 
replaced with two loxP-containing (purple arrowhead) heterologous introns 
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(SERA2:loxPint, blue line; SUB2:loxPint, pink line) flanking a recodonised form of 
exons four to six lacking the associated introns (green labelled box). Integration 
occurred by HR, using the endogenous sequences of exon three (961 bp) and seven (668 
bp) as homology arms. Coloured and labelled half-arrowheads, primer binding sites; 
dotted horizontal grey line, site of binding of Southern blotting probe, B, S and X, BsgI, 
SacI and XmnI restriction sites. (B) The RON3 gene (PF3D7_1252100.1) on 
chromosome 12 consists of eight exons and seven introns. The region spanning introns 
one to six was replaced with two loxP-containing heterologous introns (SERA2:loxPint 
and SUB2:loxPint) flanking a recodonised fused version of exons two to six. Integration 
occurred by HR, exploiting the endogenous sequences of exon one (142 bp) and seven 
(900 bp) as homology arms. P and X, PacI and XmnI restriction sites. C) The RAMA 
gene (PF3D7_0707300.1) on chromosome 7 consists of five exons and four introns. A 
176 bp region internal to exon two was replaced by two loxP-containing heterologous 
introns (SERA2:loxPint and SUB2:loxPint) flanking a recodonised version of these 176 
bp of exon two. The heterologous introns were inserted at splice site junction consensus 
sequences. Integration occurred by HR, using the endogenous 5’ and 3’ sequences of 
exon two as homology arms, each of 568 bp in length . 
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Figure 3.2 The central region of RhopH3 is highly conserved between orthologues from 

various Plasmodium species.  

Shown is an alignment of the predicted primary sequences of RhopH3 from P. chabaudi 
(PCHAS_0416900), P. falciparum (Pf3D7_0905400) and P. vivax (PVP01_0703800). 
The underlined region, representing the portion of the protein encoded by exons four to 
six in the P. falciparum orthologue, is very highly conserved between orthologues. 
Sequence data was obtained from PlasmoDBv36 (Bahl et al., 2003) and aligned using 
Clustal Omega (Sievers et al., 2011). * indicates positions of identity, ; indicates 
conservation of strongly similar residues and . indicates conservation of weakly similar 
residues.  
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Figure 3.3 Two different transfection strategies were used to generate conditional 

knockouts of rhoptry proteins.  

(A) For generation of the RhopH3 conditional knockout, the three-plasmid system was 
used. For this, the Cas9 nuclease and the sgRNA are encoded on two separate plasmids, 
with the latter also containing the human dhfr gene which provides resistance to WR. 
The marker-free targeting sequence is contained on a third plasmid. (B) Only two 
plasmids were simultaneously transfected to generate the RON3 and RAMA conditional 
mutants. This is by virtue of the fact that, in this case, the Cas9 nuclease, sgRNA and 
human dhfr gene are all contained on a single plasmid. The second plasmid is the 
marker-free targeting plasmid. 
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Table 3.1 The three-plasmid Cas9 transfection strategy is less efficient than the two-

plasmid strategy.  

Shown are the outcomes of transfection using both the two-plasmid and three-plasmid 
Cas9 strategies. These outcomes are the likely consequence of the different 
permutations of DNA that can be taken up for each strategy, assuming that parasites 
receiving no plasmids die, that each plasmid has an equal likelihood of being taken up, 
and that uptake of multiple plasmids is as likely as uptake of singular plasmids. (A) For 
the three-plasmid strategy, there are seven different combinations of DNA that an 
individual electroporated merozoite could potentially receive upon transfection. Four of 
these will never (assuming 100% efficiency of both WR-mediated killing and Cas9 
cleavage) lead to viable parasites due to lethality of either WR or unrepaired dsDNA 
cleavage. Of the three remaining permutations, all will lead to viable parasites but only 
one out of every three surviving parasites (indicated by the green box) will contain the 
required integration event i.e. only one-third of the resulting parasites will be integrant. 
The other two (indicated by red boxes) will survive but not be integrated (B) For the 
two-plasmid strategy, there are just three different combinations of DNA that an 
individual electroporated merozoite could potentially receive upon transfection. Two of 
these will never lead to viable parasites. The third will lead to a viable parasite which 
should also contain the desired integration event i.e. every resulting parasite should be 
integrant, indicated by the green box.  
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Figure 3.4 PCR and Southern blot analyses confirm the expected gene modification events 

in the RhopH3loxP, RON3loxP and RAMAloxP parasite lines.  

PCR analysis of RhopH3loxP clones 4B11 and 5F5 (A), RON3loxP clones 3E10 and 
7C4 (B) and RAMAloxP clones 9C10 and 12C7 (C) confirms the expected gene 
modification events. The parental (‘wild type’) 1G5DC clone is included for 
comparison to confirm no amplicons result from ‘wild type’ DNA using integration-
specific primer sets. The first set of reactions (left hand panel of A – C) attempted to 
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amplify the endogenous locus of interest, indicating it to no longer be detectable 
following integration of the targeting construct. Other reactions were to detect 5’ 
(middle panels) and 3’ (right hand panels) integration. Template DNA for the PCR, 
using the indicated primers (see Figure 3.1; Table 2.1),was gDNA from untreated 
1G5DC or RhopH3loxP, RON3loxP or RAMAloxP clone schizonts. Numbers between 
the arrowheads indicate the expected amplicon size. (D-F) Confirmation of the expected 
gene modification events by Southern blot. (D) gDNA from RhopH3loxP clones 4B11 
and 5F5 was digested with BsgI, SacI and XmnI restriction enzymes and hybridised 
with a radiolabelled probe that binds to part of exon three (indicated in Figure 3.1A). 
Expected fragment sizes are 3016 bp and 3349 bp for the wild type and RhopH3loxP 
loci respectively. (E) gDNA from RON3loxP clones 3E10 and 7C4 was digested with 
XmnI and PacI then hybridised with a DIG-labelled probe that binds to the 5’ 400 bp of 
exon seven (indicated in Figure 3.1B). Expected fragment sizes are 2789 bp and 3348 
bp for the wild type and RON3loxP loci respectively. (F) gDNA from RAMAloxP clones 
9C10 and 12C7 was digested with the XmnI then hybridised with a DIG-labelled probe 
that binds to the 5’ 400 bp of the region of exon two that corresponds to homology arm 
two (indicated in Figure 3.1C). Expected fragment sizes are 2191 bp and 1050 bp for 
the wild type and RAMAloxP loci respectively. 
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3.2.2 Integration of loxP-containing introns into the RhopH3, RON3 and RAMA 

genes does not affect protein expression or in vitro parasite growth. 

Introns may have cryptic functions important for correct gene expression. Therefore, 

flow cytometry-based growth assays were performed to compare the replication rates of 

all the integrant clones to that of the parental 1G5DC line. As shown in Figure 3.5A, B 

and C, over the course of four RBC cycles, there was no significant difference in the in 

vitro growth rate between all clones and the parental line, indicating that parasite 

growth is unaffected by floxing. Immunoblot analysis of mature schizonts of the cKO 

clones and the parental parasites also confirmed that modification of the RhopH3, 

RON3 or RAMA genes by floxing did not detectably impact expression levels of the 

respective proteins of interest (Figure 3.5D, E and F). 
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Figure 3.5 Insertion of loxP-containing introns into the RhopH3, RON3 and RAMA genes 

does not affect parasite viability or the expression of the modified gene.  

(A – C) Growth curves showing similar replication rates of the indicated untreated 
parasite clones over the course of four RBC cycles. Data were averaged over three 
biological replicate experiments and presented here as the mean ± one standard 
deviation. A two-way analysis of variance (ANOVA) revealed no evidence of a 
statistically significant interaction term between cycle and parasite line i.e. there was no 
significant difference between the gradient of any of the growth curves within each 
experiment (pA= 0.209, pB= 0.671, pC=0.907). (D – F) Immunoblot analysis of untreated 
mature schizont-stage parasites from each clone indicated that equal amounts of each 
gene product were produced. The blots were probed with: anti-RhopH3 antibody (D), 
anti-RON3 (E) mAb and anti-RAMA_D antibody (F). Anti-MSP1 (D) and anti-
immunoglobulin-binding protein (BiP) (E and F) antibodies were used as loading 
controls (bottom panels).  
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3.2.3 Rapamycin treatment induces highly efficient DiCre-mediated excision of 

RhopH3, RON3 and RAMA cKO lines 

To determine whether rapamycin treatment was able to induce the predicted excision of 

the floxed region in the RhopH3loxP, RON3loxP and RAMAloxP lines (Figure 3.6A, C 

and E), cultures of 5F5 and 4B11, 3E10 and 7C4, and 9C10 and 12C7 were tightly 

synchronised and, as early ring stages (<3 hpi), divided into two. These split cultures 

were treated then for 4 h with DMSO (vehicle control or mock treatment) or rapamycin 

before cultures were washed and returned to culture according to standard procedures. 

gDNA was extracted from mature (~46 hpi, ~42 h post DMSO/rapamycin treatment) 

schizont-stage parasites and subjected to diagnostic PCR analysis. This demonstrated 

highly efficient excision of the floxed sequences (Figure 3.6B, D and F).  
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Figure 3.6 Rapid and efficient excision of floxed sequences by rapamycin treatment of the 

RhopH3loxP, RON3loxP and RAMAloxP parasite lines.  

(A, C & E) Schematic indication of the expected locus architecture before (pre-
excision) and following rapamycin treatment (post-excision). Addition of rapamycin 
induces dimerization and activation of the DiCre enzyme, which in turn catalyses 
recombination between the loxP sites. In each case, the predicted result is removal of 
the intervening recodonised sequence as an episome, leaving only a single chimeric 
SERA2-loxP-SUB2 intron on the chromosome and leading to severe truncation of the 
gene products. (B, D & F) Mature schizonts of RhopH3loxP clones 5F5 and 4B11, 
RON3loxP clones 3E10 and 7C4, and RAMAloxP clones 9C10 and 12C7 were analysed 
by PCR ~44 h after treatment with DMSO (D) or rapamycin (R), using the primers 
indicated (see also Error! Reference source not found.). In all cases, excision leads to a d
ecrease in amplicon size: from 2760 bp to 1755 bp for RhopH3loxP clones (B), from 
1615 bp to 422 bp for RON3loxP clones (D) and from 594 bp to 304 bp for RAMAloxP 
clones (F).  



Chapter 3 Results 

 

 135 

3.2.4 DiCre-mediated conditional truncation of the RON3 and RAMA proteins 

To determine the effect of rapamycin-induced excision upon RON3 and RAMA 

expression, synchronised early ring-stage parasites of clones 3E10, 7C4, 9C10 and 

12C7 were split and DMSO or rapamycin treated for 4 h before being washed and 

allowed to mature for ~44 h, to schizont stage, where peak expression of RON3 and 

RAMA is known to occur (Topolska et al., 2004b; Ito et al., 2011). Immunoblots of the 

SDS-PAGE fractionated schizonts were then probed with either the RON3-specific 

mAb 1H1 (for clones 3E10 and 7C4) or the polyclonal anti-RAMA_D antibody. 1H1 is 

a mouse mAb, which was generated against whole merozoites and recognises a C-

terminal 37 kDa fragment of RON3 (Barbara Clough, Irene Ling and Anthony Holder, 

personal communication). Anti-RAMA_D is a rabbit polyclonal antibody, raised 

against a C-terminal fragment (amino acid residues 482 to 758) of RAMA (Topolska et 

al., 2004b). As shown in Figure 3.7A and B, no immunoblot signal was obtained in the 

case of the rapamycin-treated transgenic clones. This is due to the production of the 

truncated proteins RON3Δ2-6 and RAMAΔE2, which both lack their respective 

antibody-binding epitopes. Therefore, rapamycin-induced excision appeared to lead to 

effective silencing of RON3 and RAMA expression within a single erythrocytic growth 

cycle.  

 

IFA analyses of DMSO and rapamycin-treated parasites from clones 7C4 and 9C10 

using 1H1 and anti-RAMA_D antibodies respectively, further confirmed that the 

RON3Δ2-6 and RAMAΔE2 proteins were no longer recognised by their cognate 

antibodies (Figure 3.7 C and D). The fact that there were no occurrences where the 

expected characteristic punctate apical staining was seen in the 500 rapamycin-treated 

7C4 or 9C10 schizonts examined indicates a rate of excision approaching 100%. This is 

in agreement with the >98% excision rate expected from 1G5DC parasites, as reported 

in Collins et al. (2017). However, because the antibodies used recognised specific 

segments of the two proteins, it could not be ruled out that the N-terminal regions of 

RON3 and RAMA were still expressed in the rapamycin-treated parasites.  
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Figure 3.7 Rapamycin treatment silences RON3 and RAMA expression within a single 

erythrocytic cycle.  

(A & B) Ring-stage parasites were treated with either DMSO (D) or rapamycin (R), 
allowed to mature for ~46 h until they reached late schizont stage, then SDS-
fractionated schizont extracts probed with an anti-RON3 antibody (A) or an anti-
RAMA_D antibody (B). The blots were stripped and re-probed with an anti-BiP 
antibody to act as a loading control (lower panels). Samples from D- and R-treated 
1G5DC parasites were included to confirm that rapamycin treatment has no effect on 
protein expression in the absence of integrated loxP sites. (C & D) Representative IFA 
images demonstrating the loss of RON3 or RAMA expression upon rapamycin 
treatment. Parasites were co-stained with two primary antibodies and 4,6-diamidino-2-
phenylindole (DAPI) was used as a DNA stain. Scale bar, 2 µm. (C) The overwhelming 
majority of rapamycin- (Rapa-) treated RON3loxP 7C4 parasites showed no detectable 
RON3 staining, but RhopH3 staining was unaffected, remaining punctate and at the 
merozoite apex. (D) The vast majority of rapamycin-treated RAMAloxP 9C10 parasites 
showed no detectable RAMA_D staining, but RAP1 staining was unaffected, remaining 
punctate and at the merozoite apex.  
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3.2.5 DiCre-mediated internal truncation of the RhopH3 protein  

To determine the effect of rapamycin-induced excision upon RhopH3 expression, 

synchronised ring-stage parasites of clone 5F5 were split and DMSO or rapamycin 

treated for 4 h before being washed and allowed to mature for ~44 h, to schizont stage 

where peak expression of RhopH3 is known to occur (Cooper et al., 1988). 

Immunoblots of SDS-PAGE fractionated protein lysates were then probed with anti-

Ag44, a polyclonal antibody that recognises an epitope encoded within exon seven of 

RhopH3 (Coppel et al., 1987). DiCre mediated excision in the RhopH3loxP line 

generates a chimeric SERA2-loxP-SUB2 intron between the endogenous exons three and 

seven. Splicing of this intron is predicted to result in exon seven being fused in frame to 

exon three, creating the RhopH3Δ4-6 protein which lacks residues encoded by exons 

four, five and six. However, due to the in-frame joining, this protein was predicted to 

retains wild type N and C termini, meaning that the anti-Ag44 antibodies should 

continue to recognise RhopH3Δ4-6 in the same manner as wild type RhopH3. However, 

rapamycin-induced excision of exons four to six was expected to lead to a change of 

mass, converting the ~110 kDa RhopH3 protein to a ~70 kDa RhopH3Δ4-6 protein. As 

shown in Figure 3.8A, this conversion was indeed observed; conversion was rapid 

(within one erythrocytic cycle) and highly efficient, as evidenced by the lack of any 

residual full-length (~110 kDa) RhopH3 in rapamycin-treated 5F5 schizonts. These 

results were completely consistent with the high efficiency of excision previously 

detected by PCR (Figure 3.6) 

 

As the modified RhopH3Δ4-6 protein was still recognised by anti-Ag44 antibodies in 

immunoblots, it was hypothesised that, unlike in the case of the RON3loxP and 

RAMAloxP lines, rapamycin-treatment would not lead to a disappearance of the anti-

Ag44 IFA signal. As expected, IFA analysis of DMSO-treated mature schizonts of 

clone 5F5 showed to RhopH3 co-localised with RAP2, another marker of the rhoptry 

bulb (Bushell et al., 1988). However, upon rapamycin-treatment, whilst the RhopH3 

signal was retained, its colocalisation, with the RAP2 signal disappeared (Figure 3.8B). 

As expected, RAP2 expression itself unaffected i.e. there was no change in the punctate, 

apical staining. However, probing mature rapamycin-treated 5F5 schizonts with anti-

Ag44 and mAb 89.1 (an antibody against MSP1, a marker of the merozoite surface) 
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now showed colocalisation between these two antibodies (Figure 3.8C). This indicated 

that RhopH3Δ4-6 was expressed, but now localised at the plasma membrane of 

individual intracellular merozoites. The localisation of RhopH3Δ4-6 was confirmed to 

be external to the individual merozoites through IFA on naturally released free 

merozoites: there was often no anti-Ag44 signal in merozoites of rapamycin-treated 

RhopH3loxP parasites (Figure 3.8D), indicating the truncated protein was largely 

undetectable in this stage.  

 

Together, these data clearly demonstrate that, following rapamycin treatment, DiCre 

mediated gene excision at the RhopH3, RAMA and RON3 loci occurs rapidly and 

efficiently, in effectively the entire transgenic parasite population. 
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Figure 3.8 Rapamycin treatment generates an internal truncation of RhopH3, and the 

resulting RhopH3Δ4-6 protein mislocalises. 

(A) Ring-stage RhopH3loxP clone 5F5 parasites were treated with either DMSO (D) or 
rapamycin (R), and allowed to mature for ~44 h until they were mature schizonts. SDS-
fractionated schizont extracts were then probed with an anti-RhopH3 antibody, then 
stripped and re-probed with anti-AMA-1 antibodies to act as a loading control. The 
expected molecular mass of wild type RhopH3 (~110 kDa) was reduced to ~70 kDa 
following rapamycin-treatment, consistent with the expected mass of the internally 
truncated RhopH3Δ4-6 product. Positions of molecular mass markers are indicated. (B) 
Representative IFA images indicating that rapamycin- (Rapa) induced internal 
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truncation of RhopH3 leads to mislocalisation of RhopH3Δ4-6 in RhopH3loxP clone 
5F5 parasites. Localisation of RAP2 is unaffected by rapamycin-treatment. Samples 
were probed with anti-RhopH3 and anti-RAP2 antibodies, and nuclei stained with 
DAPI; scale bar, 5 µm. (C) Representative IFA images indicating that, following 
rapamycin-treatment, anti-RhopH3 staining changes from apical and punctate to MSP1-
like. Samples were probed with anti-RhopH3 and anti-MSP1 antibodies, and nuclei 
stained with DAPI. (D) Representative IFA images of naturally released free merozoites 
of RhopH3loxP clone 5F5 indicate that the internally truncated RhopH3Δ4-6 product 
appears to accumulate in a subcellular location external to the parasite. Samples were 
probed with anti-RhopH3 and anti-MSP1 antibodies, and nuclei stained with DAPI; 
scale bar, 2 µm.  
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3.2.6 Disruption of individual rhoptry proteins is a lethal event 

The IFA images shown in Figure 3.7 and Figure 3.8 indicate that, despite rapamycin-

treatment either silencing protein expression (for RON3 and RAMA) or leading to 

protein mislocalisation (in the case of RhopH3), all the rapamycin-treated parasites 

were able to develop to mature schizonts, as indicated by the presence of multiple 

nuclei in DAPI-stained smears. It was concluded that conditional knockout of RhopH3, 

RON3 or RAMA proteins does not appear to prevent schizont development in the cycle 

in which the parasites were treated with rapamycin (referred to henceforth as cycle one). 

It is possible that disruption may result in a phenotype in later cycles.  

3.2.6.1 Growth assays indicate that RhopH3, RON3 and RAMA are all required 

for parasite replication  

To assess whether RhopH3, RON3 or RAMA are essential for viability of asexual blood 

stage parasites, flow cytometric-based replication assays were performed on DMSO and 

rapamycin-treated cultures of RhopH3loxP clones 5F5 and 4B11, RON3loxP clones 

3E10 and 7C4, and RAMAloxP clones 9C10 and 12C7. Parental 1G5DC parasites were 

also included in each assay to control for any off-target effects of rapamycin. A non-

excisable RhopH3loxP clone, RhopH3NE (see section 3.2.6.3) was also included to 

ensure that rapamycin-induced excision was DiCre-dependent. Parasite cultures were 

diluted to a desired parasitaemia of ~0. 1% during cycle one (the same cycle as 

DMSO/rapamycin treatment) and a starting sample taken. Samples for measuring 

parasitaemia were then taken every ~48 h over the course of the ensuing three 

erythrocytic cycles and parasite replication assessed by flow cytometry following 

Hoechst-staining. As shown in Figure 3.9, dramatic reductions in the parasite 

replication rate was observed in rapamycin-treated RhopH3loxP, RON3loxP and 

RAMAloxP parasites. It was concluded that severe C-terminal truncation of RON3 and 

RAMA and the internal truncation of RhopH3 all produce defects in parasite growth 

over subsequent erythrocytic cycles.  
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3.2.6.2 Passaging rapamycin-treated cultures over multiple cycles confirms wild 

type RhopH3, RON3 and RAMA proteins are required for long-term 

parasite growth 

Although indicating a clear phenotype, the above assay only assessed the ability of 

parasites to replicate over the (relative) short term, so one could hypothesise that 

conditional truncation of the proteins resulted in a slowed growth phenotype rather than 

a complete loss of viability. Indeed, in each of RhopH3loxP clones 5F5 and 4B11, 

RON3loxP clones 3E10 and 7C4 and RAMAloxP clones 9C10 and 12C7, parasites could 

be detected, by flow cytometry, in the rapamycin-treated cultures even at cycle three 

(Figure 3.9). Two possible hypotheses were considered to explain this occurrence. 

First, it was considered possible that rapamycin-treated parasites harbouring the excised 

locus of the gene of interest are capable of long-term growth, but do so at a slower rate 

than wild type or non-excised parasites. Alternatively, the appearance of replicating 

parasites might reflect the expansion of a minor population of normally replicating non-

excised parasites in the rapamycin-treated culture.  

 

To distinguish between these two hypotheses, it was decided to assay long-term parasite 

viability. DMSO and rapamycin treated cultures of each clone were passaged in parallel 

for up to nine erythrocytic cycles (~18 days), ensuring the parasitaemia always 

remained below 10%. gDNA was extracted from cultures every cycle and analysed by 

PCR in order to estimate the relative proportion of excised and non-excised loci. The 

results are presented in Figure 3.10. At the end of cycle one, the diagnostic PCR 

showed that the non-excised locus was undetectable in rapamycin-treated cultures, 

confirming efficient excision of the floxed regions as previously observed. However, 

diagnostic PCR analysis of gDNA extracted from subsequent cycles revealed that the 

initially small fraction of non-excised parasites co-existing in each rapamycin treated 

culture (assumed to be <2% (Christine Collins and Michael Blackman, personal 

communication)) gradually outgrew the excised parasites in all three cases. This 

indicated that parasites expressing RhopH3Δ4-6, RON3Δ2-6 or RAMAΔE2 began as 

the majority population but were gradually and completely outcompeted by parasites 

expressing wild type RhopH3, RON3 or RAMA proteins, such that parasites harbouring 

the excised locus were undetectable by PCR upon completion of the experiment. As 
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well as acting to qualitatively confirm the results of the flow cytometry based 

replication assay above, this longer-term assay showed that the resultant growth defects 

were so severe that the mutant parasites are incapable of productive replication. 

Interestingly, in all the rapamycin-treated samples, the amplicon corresponding to the 

‘excised’ product was detectable up to at least cycle five. Whilst this could indicate that 

a small proportion of excised parasites are capable of long-term growth, it was 

considered more likely to be because excised parasites die in the initial cycles and 

release their (excised) DNA into the culture supernatant, where it would likely remain 

in solution and remain detectable by PCR for some time. Due to the large-scale death, 

rapamycin-treated cultures did not need to be passaged until ~cycle four, whereupon 

this DNA would be diluted, eventually becoming undetectable by PCR.  
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Figure 3.9 RhopH3, RON3 and RAMA are required for asexual blood stage P. falciparum 

growth.  

A standard flow cytometry-based replication assay was used to generate growth curves 
which illustrate the replication of parasites of RhopH3loxP (A), RON3loxP (B) and 
RAMAloxP (C) clones following DMSO or rapamycin (Rapa-) treatment of 
synchronous ring-stage cultures, over the course of four or five RBC cycles. Black lines 
represent Rapa-treated parasites, grey lines represent DMSO-treated parasites. Data 
were averaged from three biological replicate experiments performed using blood from 
different donors, and are presented as the mean ± one standard deviation. A three-way 
ANOVA revealed evidence of Cycle:Line:Treatment terms (pA =  6.81 x 10-9, pB = 
0.0011, pC = 0.0011) i.e. there was evidence of a difference in the gradient of the growth 
curves within each experiment. As such, post-hoc pairwise comparisons were 
performed. For the RhopH3loxP lines, the post hoc tests suggested that rapamycin 
treatment led to specific differences in lines 5F5 (p = 1.46 x 10-6) and 4B11 (p = 
0.000475) but, as expected, not in IG5DC (p = 0.994) or the rapamycin insensitive 
RhopH3NE (p = 0.999) lines. Similarly, for RON3loxP parasites, there were rapamycin-
specific treatment differences in clones 3E10 (p = 0.00974) and 7C4 (p = 0.00904) but 
not for the 1G5DC parental line (p = 0.999). A significant and specific difference 
between DMSO and rapamycin treated samples was also present for RAMAloxP clones 
9C10 (p = 0.00995) and 12C7 (p = 0.00860), but not for the parental 1G5DC line (p = 
0.998).  
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Figure 3.10 Parasites deficient in wild type RhopH3, RON3 or RAMA protein are 

incapable of long-term growth.  

Diagnostic PCR analyses of gDNA extracted from DMSO (D) or rapamycin (R) treated 
cultures of RhopH3loxP clone 5F5 (A), RON3loxP clone 3E10 (B) and RAMAloxP 
clone 9C10 (C) parasites showed the non-excised parasites rapidly outgrew parasites 
expressing RhopH3Δ4-6, RON3Δ2-6 or RAMAΔE2 proteins. Diagnostic PCR was used 
to determine the relative abundance of parasites in rapamycin-treated cultures that 
harboured the intact versus the excised locus of interest. gDNA samples were taken 
every cycle over the course of seven (A) or nine (B and C) erythrocytic cycles. In each 
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case, signals corresponding to PCR amplicons demonstrating the presence of the 
excised locus became less intense with time, eventually disappearing. In contrast, PCR 
amplicons demonstrating the presence of the non-excised locus appear and increase in 
intensity until becoming the sole amplicon detectable, by cycle seven (A and C) or 
cycle nine (B). PCR primers used are indicated in Figure 3.6A, C and E, and Error! R
eference source not found..   
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3.2.6.3 Plaque assay confirms that individual RhopH3-, RON3- and RAMA- 

deficient parasites are incapable of productive growth 

Multicycle passaging monitored by PCR analysis allows a qualitative, population-level, 

examination of the parasite genotypes present after rapamycin-treatment. However, 

even though the DiCre enzyme was integrated into the genome of the parental 1G5DC 

clone used for all the gene manipulations, DiCre mediated gene-excision does not occur 

in 100% of rapamycin-treated parasites. As a result, rapamycin treatment results in a 

genetically heterogeneous population in which the majority of parasites undergo 

excision but a small proportion of parasites will remain non-excised and thus effectively 

wild type. The P. falciparum plaque assay is a technique recently developed in the 

Blackman laboratory (Thomas et al., 2016) which allows a quantitative assessment, at 

the clonal level, of the impact of gene disruption upon parasite viability. For this 

analysis, parasites are dispensed at limiting dilutions into 96 well flat-bottomed well 

microplates and allowed to replicate under static conditions for 14 days providing 

sufficient time for viable parasites to undergo at least six rounds of invasion, replication 

and egress. Successful parasite replication is then assessed by visualisation of zones of 

RBC clearance (‘plaques’) resulting from localised lysis of host RBCs by sequential 

rounds of egress and invasion (Figure 3.11A). Statistical analysis has confirmed that, 

under such limiting dilution conditions, each P. falciparum-infected RBC results in only 

one microscopically discernible plaque (and conversely, each plaque derived is from a 

single infected RBC in the starting population) (Thomas et al., 2016). This assay 

therefore represents a relatively simple method of examining the growth capability of 

single parasites, avoiding any ambiguities that derive from the above population-level 

methods (see sections 3.2.6.1 and 3.2.6.2).  

 

It was hypothesised that a lethal phenotype would result in a decrease in plaque-forming 

capability. To assess this for the three rhoptry protein mutants, highly synchronous 

cultures of RhopH3loxP clones 5F5 and 4B11, RON3loxP clones 3E10 and 7C4, and 

RAMAloxP clones 9C10 and 12C7 were divided into two and treated, at early ring stage, 

with either DMSO or rapamycin. Cultures were then diluted similarly to a density of 

~50 to 100 infected RBC per mL (10 – 20 parasites per 200 µL and a HCT of 0.75%), 

before being seeded into the microplates. These were incubated undisturbed until 
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plaques were scored 14 days later. For each experiment, the RPFA was calculated, 

reflecting the number of plaques in wells seeded with rapamycin-treated culture relative 

to the number of plaques formed in the equivalent wells containing DMSO-treated 

parasites. As shown in Figure 3.11B, C and D, rapamycin-treatment of the 

RhopH3loxP, RON3loxP and RAMAloxP clones resulted in each case in a large-scale 

reduction in the RPFA. For the RhopH3loxP clones, the mean RPFA for rapamycin-

treated parasites was 1.55% (standard error of the mean (SEM) = 0.187, n = 3) i.e. for 

every 10,000 plaques produced by the DMSO-treated culture, only 155 were formed in 

the same number of rapamycin-treated culture-containing wells. There was a similar 

effect for the RON3loxP (RPFA of 2.57%, SEM = 0.359, n = 4) and RAMAloxP (RPFA 

of 3.39%, SEM = 0.833, n = 3) lines. These figures all correspond well with the 

expected ~2% of non-excised parasites in 1G5DC-derived lines. In all cases, plaques 

that formed in rapamycin-treated cultures were significantly less numerous than those in 

DMSO-treated cultures, as shown by statistics from multiple unpaired two-tailed t-tests 

(RhopH3loxP: t = 527.2, d.f. = 4, p = 7.77 x 10-11; RON3loxP: t = 271.4, d.f. = 6, p = 

1.69 x 10=13; RAMAloxP: t = 115.9, d.f. = 4, p = 3.32 x 10-8). It was concluded that 

rapamycin-induced disruption of RhopH3, RON3 and RAMA results in a significant 

reduction in parasite viability.  

 

These observations confirmed the fitness defect associated with truncation of RhopH3, 

RON3 and RAMA. To examine the defect in more detail, it was decided to assess the 

status of the parasites responsible for the small number of plaques formed in wells 

containing rapamycin-treated parasites from each of the RhopH3loxP, RON3loxP and 

RAMAloxP lines. As it is known that DiCre excision is not 100% at the population 

level, it was assummed likely that these represented parasites that had failed to undergo 

excision upon rapamycin treatment i.e. it is only non-excised parasites which produce 

plaques upon rapamycin-treatment. To test this, parasites from wells containing single 

plaques from rapamycin-treated wells were independently expanded before their gDNA 

was extracted and analysed by PCR. As predicted, all the parasites that could be 

cultured possessed intact (non-excised) RhopH3, RON3 or RAMA loci (Figure 3.12A, C 

and E). Further analysis of several of these clones indicated, in all cases, that lack of 

excision was due to loss of the DiCre cassette at the SERA5 locus (Figure 3.12B, D, F 
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and G). One DiCre-deficient RhopH3loxP clone, called RhopH3NE, was retained in 

culture as it served as a useful control line to show that rapamycin-mediated excision 

requires all three components (the DiCre proteins, rapamycin and incorporated loxP 

sites) for excision.  

 

Together, these experiments convincingly demonstrate that RhopH3Δ4-6, RON3Δ2-6 

and RAMAΔE2 parasites cannot replicate in in vitro culture, in turn indicating that the 

intact genes are essential for P. falciparum asexual blood stage viability. 
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Figure 3.11 Disruption of RhopH3, RON3 or RAMA results in a dramatic reduction in 

parasite survival as illustrated by plaque assay.  

(A) Images of representative wells seeded with equivalent densities of DMSO or 
rapamycin (RAPA) treated parasites. In DMSO-treated parasites, visible plaques (three 
of which are indicated by white arrowheads) form in the RBC layer of a static culture of 
parasites in a 96 well flat-bottomed microplate. The inability of rapamycin-treated 
parasites to proliferate is indicated by the absence of detectable plaques. Representative 
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image for RhopH3loxP, RON3loxP and RAMAloxP parasites. (B, C & D) Plots showing 
the RPFA of DMSO and rapamycin-treated parasites of RhopH3loxP clones 5F5 and 
4B11 (B), RON3loxP clones 3E10 and 7C4 (C), and RAMAloxP clones 9C10 and 12C7 
(D). DMSO and RAPA-treated cultures were dispensed at equivalent parasite densities. 
Plaques were scored and documented after 14 days of static incubation and RPFA 
values calculated. Error bars shown represent ± one standard deviation from two 
independent experiments in blood sourced from different donors. A total of 180 wells 
were used for each treatment in each replicate of the assay. 
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Figure 3.12 Parasites expressing RhopH3Δ4-6, RON3Δ2-6 or RAMAΔE2 proteins cannot 

proliferate.  

Diagnostic PCR was used to genotype the small number of clones isolated from wells 
seeded with rapamycin-treated cultures of RhopH3loxP clone 5F5 (A), RON3loxP clone 
3E10 (C) and RAMAloxP clone 9C10 (E) parasites. In each case, the size of the 
amplicon indicates that no clones isolated from rapamycin-treated (R) wells had 
undergone excision. All isolated clones were non-excised, indicating that RhopH3, 
RON3 and RAMA are essential and the knockouts cannot proliferate. Primers used 
were those used to detect excision (Figure 3.6A, C and E; Error! Reference source not f
ound. ). (B, D & F) PCR analysis was used to demonstrate the absence of the DiCre 
cassette in isolated clones from rapamycin-treated wells (representative images shown, 
where RR1 refers to a rapamycin-resistant plaque derived from RhopH3loxP parasites, 
RR2 is from RON3loxP parasites and RR3 is from RAMAloxP parasites). This likely 
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explains the outgrowth of a non-excised population within each rapamycin-treated 
culture. As expected in the 1G5DC parental line, PCR amplification of the integrated 
DiCre locus with primers P21 and P22 produces a PCR product of ~1900 bp. Under the 
PCR conditions used, no product was expected to be amplified from the integrated locus 
with primers P21 and P23, due to the very large size of the predicted amplicon (>10 
kbp). PCR amplification of the revertent or wild type SERA5 locus with primers P21 
and P23 produces an amplicon of ~1700 bp. (G) The DiCre locus is integrated into 
chromosome 2 in the P. falciparum clone 1G5DC (non-reverted DiCre locus) but can 
revert to a wild type SERA5 locus by an intrachromosomal recombination event which 
effectively reverses the single crossover event used to integrate the DiCre cassette. 
Binding sites of the primers used for diagnostic PCRs assessing DiCre integration are 
shown by coloured half arrows.  
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3.3  Conclusions 

The overarching aim of this thesis was to characterise the function of three P. 

falciparum proteins that reside in the rhoptries. Previous attempts to disrupt genes 

encoding rhoptry proteins have been met with varying degrees of success (see e.g. 

(Cowman et al., 2000) for a review), which indicates that whilst some rhoptry proteins 

are dispensable for the asexual blood stage cycle of Plasmodium parasites, other rhoptry 

proteins may well be essential for parasite survival, growth or propagation. The 

importance of categorising a parasite protein as ‘essential’ or ‘non-essential’ derives 

from the fact that proteins that are to be critical to parasite survival are more likely to 

represent promising targets for future drug development. 

 

Previous attempts to disrupt the rhoptry proteins RhopH3 and RAMA were 

unsuccessful, suggesting, but not proving that, these proteins are essential in the asexual 

blood stages. No published attempts to disrupt the RON3 gene of P. falciparum existed, 

so the essentiality of this gene was unknown. These observations gave rise to the two 

main hypotheses that were tested in this chapter: (1) that the postulated essentiality of 

RhopH3 and RAMA could be confirmed and (2) that it is possible to unambiguously 

determine whether RON3 is essential in the asexual blood stages. The work presented in 

this chapter provides evidence of the essentiality of each of these three rhoptry proteins, 

since disruption of each of these proteins was lethal. No parasites expressing truncated 

forms of the RhopH3, RON3 or RAMA proteins could be recovered from growth and 

plaque assays. Subsequent chapters will probe the function of these genes, assessing the 

consequence(s) of removing the target protein.  

 

This project commenced during an exciting time for P. falciparum molecular research. 

The adaption of the DiCre system to this parasite has proven to be transformational in 

terms of probing gene function, offering several theoretical and experimental 

advantages over other methods of genetic manipulation. This study used the DiCre 

system to study potentially deleterious mutations within a single blood stage cycle, 

enabling their phenotypic characterisation. Combining the DiCre methodology with use 

of the Cas9 system to flox gene segments of choice in a marker-free manner clearly has 
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enormous potential in experimental approaches to probing gene function. For example, 

although the strategy used here for conditional disruption of each of RhopH3, RON3 

and RAMA relied upon a relatively large-scale disruption of the protein (i.e. removal of 

large regions), the Cas9 and DiCre systems could be combined to make more subtle 

gene modifications, enabling greater insights into which precise regions of the proteins 

are essential for function. Mimicking the strategy used here to identify the region of 

RhopH3 to truncate, this could potentially be guided by bioinformatics analyses of 

conserved regions within the gene or protein of interest.  

  

The 1G5DC P. falciparum line used for these studies was generated by using SCO HR 

to integrate the DiCre cassette. The consequence of this was that two identical targeting 

sequences are present within the 1G5DC genome, providing the potential for 

recombination between these two sequences to occur, excising the DiCre cassette from 

the genome. If this occurs, it means that that parasites no longer express the fragments 

encoding the DiCre enzyme, so floxed DNA segments will fail to be excised upon 

rapamycin treatment, leading to a heterogeneous population in which varying 

proportions of the population will have the gene of interest excised. This means that 

population-level analysis may not establish the full phenotypic consequence of gene 

disruption. Whilst this is a known disadvantage of the 1G5DC line, unpublished work in 

our laboratory has indicated that its overall impact can be minimised by the regular 

thawing of frozen parasite stocks in order to avoid extended passage in culture 

(Christine Collins, unpublished). This may be because reversion of the DiCre locus 

confers a slight fitness advantage, meaning that revertent parasites will spread through 

the population by selection. As a result, limiting the time 1G5DC-derived parasites are 

grown in culture helps to ensure that the majority of the parasite population can undergo 

excision upon rapamycin treatment, therefore diminishing the impact of DiCre 

reversion upon data interpretation. However, as the extent and timing of reversion is 

unpredictable, periodic assessment of reversion status of each parasite line is necessary. 

Following initiation of the work described in this thesis, this problem has been 

circumvented by the development of two novel DiCre-expressing P. falciparum lines. 

In the modified B11DC line, the duplicated targeting sequence has been removed by 

Cas9-mediated genome editing, thereby efficiently preventing reversion (Christine 
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Collins and Michael Blackman, personal communication). In a second approach, Cas9-

mediated genome editing was also used to stably integrate the DiCre cassette into the 

Pfs47 genomic locus (Knuepfer et al., 2017), disruption of which is known to have no 

effect upon the asexual blood stage cycle. It is important to note that non-excision upon 

rapamycin treatment can result from factors other than loss of the DiCre cassette: for 

example, small sequence changes due to random mutation in inserted loxP sites may 

prevent excision of the floxed sequence upon rapamycin treatment. Non-synonymous 

mutations in the DiCre cassette also have the potential to ablate DiCre activity, despite 

the enzyme still being integrated into the genome. Finally, one must consider whether it 

is desirable to have a population-level rapamycin-mediated excision rate of 100%. For 

example, this study has proved the RhopH3NE clone, created by virtue of reversion at 

the DiCre locus, to be a useful experimental control in examining RhopH3 function. 

 

One way of positively identifying gene knockout parasites would be to modify the 

cKO-generation strategy to ensure that excised parasites specifically express a 

fluorescent protein such as green fluorescent protein (GFP). This strategy, which has 

been successfully used by members of Edgar Deu and Moritz Treeck’s laboratories, 

enables knockout parasites to be definitively identified by IFA and/or sorted by flow 

cytometry, resulting in a homogenous population of knockout parasites.  

 

One potential criticism of the above study could be that the loss of viability of cKO 

parasites may result from gene modification other than specific gene silencing. For 

example, off-target activity of both Cre-recombinase and Cas9 may lead to unintended 

alterations in the genome. This could be avoided by genetic complementation 

experiments designed to assess whether expression of the wild type protein in mutant 

parasites rescues the growth defects. This can be achieved either episomally or by 

integrating the construct into the genome, with the latter having the advantage that 

expression of the complementing alleles would be more stable and consistent.  

 

In conclusion, the work presented in this chapter shows that RhopH3, RON3 and 

RAMA appear to be essential for long-term viability of asexual blood stage P. 

falciparum parasites. One interesting observation made was that the pattern of the 
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growth curves appeared to differ between the three conditional mutants. Whilst 

rapamycin-treated RhopH3loxP and RAMAloxP mutant parasites showed no growth in 

the early cycles, the growth curve for rapamycin-treated RON3loxP parasites appears to 

mirror that of DMSO-treated parasites at the cycle one-to-two transition. This was taken 

to indicate that disruption of each gene results in a specific phenotype, a fact that 

warranted further investigation as described in the following chapter.  
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Chapter 4. Rhoptry proteins are involved in invasion: 

phenotypic analysis of the RAMA and RhopH3 mutant 

parasites 

4.1 Introduction to invasion 

Plasmodium parasites reside intracellularly for the vast majority of their life cycle. 

However, there is a short period where the parasite is extracellular, following egress but 

before the merozoite enters into the protected niche of the RBC. This brief window 

represents a point where the parasite is directly exposed to the host immune system and 

therefore vulnerable to the effects of soluble effectors such as antibodies and 

complement. As a result, many of the molecules required for the precise merozoite-

RBC interactions involved in invasion have been targets of therapeutic intervention. 

Preventing entry of merozoites into RBCs would prevent both the clinical disease and 

the transmission of the parasite.  

 

Most of our early understanding of invasion derives from light and electron microscopic 

studies, which led to invasion to be broken down into a defined sequence of three main 

phases: pre-invasion, merozoite internalisation and echinocytosis (Dvorak et al., 1975; 

Aikawa et al., 1978) (Figure 4.1). Each of these phases comprises of multiple steps, the 

precise ordering of which has been elucidated further by two relatively recent studies 

(Riglar et al., 2011; Weiss et al., 2015). An overarching commonality throughout many 

of the steps is a reliance upon an ordered series of interactions between parasite ligands 

and host RBC surface receptors. As discussed below, molecular studies have 

functionally characterised some of the molecules – both host and parasite – required for 

invasion, but there are still many gaps in our understanding.  
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Figure 4.1. Invasion can be divided into three phases 

The pre-invasion step consists of egress, initial attachment and re-orientation phases. 
This is followed by tight junction formation and sealing to form a parasitophorous 
vacuole, stages in merozoite internalisation. The final step is echinocytosis, after which 
the RBC returns to its pre-invasion biconcave shape and contains a ring-stage parasite.  

4.1.1 Pre-invasion 

Although many discussions of merozoite invasion commence with descriptions of initial 

merozoite-RBC attachment, it is important to realise the role of processes which occur 

whilst the merozoites are still in their previous host cell. Merozoites are non-motile so 

rely on the physical process of egress to eject them into the blood stream. The molecular 

processes of egress are also crucial in preparing merozoites for invasion. Parasites 

secrete a subtilisin-like protease called SUB1 into the PV from exonemes (Yeoh et al., 

2007), leading to proteolytic cleavage events (Koussis et al., 2009) which are essential 

for generating invasion-competent merozoites (Child et al., 2010).  

 

Primed merozoites are then released into the bloodstream, where contact with a new 

potential host RBC is thought to be a chance event facilitated by the laminar flow of 

blood in the vasculature (Dvorak et al., 1975). Initial contact and attachment of the 

merozoite to the RBC surface can occur in any orientation i.e. apically, posteriorly or 

sideways. The parasite can be seen to dissociate and ‘roll’ along the RBC membrane 

(Dvorak et al., 1975), indicating that the molecular interactions at this stage are 

reversible and the merozoite is not yet committed to invading the RBC. These dynamic 

interactions have been often assumed to be weak; however, recent biophysical studies 

using of optical tweezers to show that this adhesion is as strong as subsequent adhesion 
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events (Crick et al., 2014). These reversible interactions are also specific in that 

parasites show tropism in terms of both host species and host cell type (Miller et al., 

1979). Such specificity is thought to be conferred by molecular interactions between 

RBC receptors and molecules on the merozoite surface. Indeed, by EM, free merozoites 

appear uniformly covered with an electron dense coat (Bannister et al., 1986b) of 

MSPs, the most abundant of which is MSP1. Proteolytic processing of this GPI-

anchored protein is an essential process (Child et al., 2010), generating four fragments 

which also associate with MSP6 and MSP7 to form the macromolecular MSP1 complex 

(Pachebat et al., 2001; Trucco et al., 2001). This complex has been speculated to play a 

key role in invasion, perhaps through interaction with the RBC protein band 3 (Goel et 

al., 2003). However, recent work has shown that merozoites lacking surface-bound 

MSP1 are competent for RBC invasion (Das et al., 2015). There are other proteins on 

the merozoite surface that are likely to represent ligands that mediate these initial 

recognition stages (Cowman and Crabb, 2006). The candidate ligands were initially 

thought to be sensitive to blockade by heparin (Boyle et al., 2010b) but it is now known 

that merozoite attachment can still occur in the presence of heparin (Weiss et al., 2015). 

Therefore, the precise identity of these molecules that mediate the initial merozoite-

RBC interactions remains unknown.  

 

An interesting phenomenon which also occurs during the initial attachment phase is that 

the RBC membrane deforms, appearing to ‘wrap around’ the merozoite (Dvorak et al., 

1975). These waves of deformation are thought to play a role in the second, re-

orientation stage of pre-invasion in which the apical pole of the merozoite repositions to 

abut the RBC membrane and the merozoite becomes committed to invasion. 

Reorientation occurs passively, possibly by virtue of a gradient of parasite-secreted 

proteins which are secreted from the apical organelles and are therefore most 

concentrated at the apical tip. Upon egress, the merozoite transitions from the cossetted 

PVM to the bloodstream, exposing it to a decrease in K+ ion concentration. This leads to 

an increase in cytosolic Ca2+ levels which in turn triggers the secretion of micronemes 

(see section 1.6.1.1) (Singh et al., 2010). A key protein family secreted from the 

micronemes are the erythrocyte binding-like proteins (EBL), characterised by their 

cysteine-rich Duffy binding-like domain. EBLs bind to host-encoded molecules on the 
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RBC surface. In contrast to initial contact for which receptor-ligand pairs remain 

unknown, several of the EBL-receptor pairs responsible for reorientation and binding 

have been identified. This includes EBA175 to glycophorin A (Sim et al., 1994), EBL1 

to glycophorin B (Mayer et al., 2009) and EBL140 to glycophorin C (Maier et al., 

2003). All these molecules use sialic acid (SA) moieties to mediate binding to 

glycophorin molecules on the RBC surface, in SA-dependent invasion. EBA181 and 

Rh1 have also been shown to be involved in SA-dependent invasion, although their 

receptors are yet to be identified.  

 

Neuraminidase treatment of RBCs removes surface SA moieties, thwarting SA-

dependent invasion. However, in several parasite strains, no decrease in invasion 

efficiency is seen. This is due to alternative invasion pathways in Plasmodium that 

permit SA-independent invasion through pathways mediated by another protein family 

called the Rh proteins. In contrast to the micronemal location of EBL proteins, Rh 

proteins localise to the rhoptry neck. Reciprocal experiments have been performed to 

illustrate the redundancy and reversibility of SA-dependent and SA-independent 

invasion pathways. For example, genetic ablation of EBA175 or EBA181 triggers a 

switch to SA-independent invasion, a process dependent on the Rh4 protein (Stubbs et 

al., 2005). It was subsequently elucidated that Rh4 protein binds to CR1 on the RBC 

(Tham et al., 2010). Interestingly, as well as its interaction with Rh4, CR1 is also 

known to bind to PfEMP1, indicating that this host protein may be involved in both 

invasion and rosetting (Rowe et al., 1997). Equally, genetic disruption of Rh4 was 

possible, but only in the presence of normal (non-neuraminidase treated) RBCs, 

indicating that Rh4 is key for SA-independent, but not SA-dependent, invasion (Stubbs 

et al., 2005). Although individually dispensable in vitro, EBA175 and Rh4 are 

collectively indispensable, as shown by the potent invasion inhibition resulting from 

combining anti-EBA175, Rh2a/b (Rh proteins also thought to be involved in SA-

independent invasion) and Rh4-specific antibodies (Lopaticki et al., 2011). This clearly 

has obvious consequences for therapeutic intervention strategies.  

 

Such redundancy in invasion pathways is thought to have evolved to assist the parasite 

in immune evasion (Wright and Rayner, 2014). The presence of multiple pathways may 
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also facilitate a host range expansion by overcoming potential RBC receptor 

polymorphisms. Therefore, although of little apparent consequence in vitro, disruption 

of one or other of these redundant invasion pathways may have in vivo significance by 

reducing the ability of parasites to deal with RBC receptor polymorphisms and the host 

immune response. Comparative whole genome sequencing of P. falciparum and P. 

reichenowi parasites showed them to be highly related but with strong sequence 

divergence at EBL and Rh loci (Otto et al., 2014).  This indicates that, in addition to 

expanding host range within humans, these receptors may also be key for host species 

restriction.  

 

Another key feature of the reorientation and binding step is a shift from weak RBC 

membrane deformation to strong deformation of the RBC. Experiments using 

cytochalasin D (Weiss et al., 2015) and the recent conditional genetic disruption of the 

actin-1 gene of P. falciparum (Das et al., 2017) indicated this strong deformation to be 

actin-dependent. Whilst it was known that the merozoite acto-myosin motor was 

involved in invasion, these studies indicate this molecular machine to also play a role in 

pre-invasion steps. As well as requiring the acto-myosin motor, it is also thought that 

merozoite-derived signals trigger molecular and biophysical changes in the RBC 

cytoskeleton (Zuccala and Baum, 2011). This is thought to be the case for both SA-

dependent and SA-independent invasion. For example, interactions with CR1 trigger 

increased calcium ion flux, which, via a kinase, phosphorylates β-spectrin of the RBC 

cytoskeleton, leading to increased membrane deformation (Glodek et al., 2010). 

Similarly, EBA175 binding to glycophorin A has recently been shown to modulate the 

tension of the RBC cytoskeleton (Koch et al., 2017).  

 

In contrast to other Rh proteins, which have been shown to be non-essential in the 

context of SA-positive RBCs, Rh5 is the sole Rh protein which is essential in the 

asexual blood stage (Baum et al., 2009a). Another point of contrast with the other Rh 

family members is that Rh5 lacks a transmembrane region. The parasite-encoded 

CyRPA protein and another protein called RIPR (Chen et al., 2011) form a complex 

with Rh5. Initially CyRPA was thought to have a GPI anchor and so function to anchor 

Rh5 to the merozoite membrane (Reddy et al., 2015). However, it is now known that 
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CyRPA is actually a secreted protein, with another parasite-encoded protein called P113 

thought to be crucial for tethering the Rh5 complex to the merozoite surface through 

interacting with the N-terminus of unprocessed Rh5 (Galaway et al., 2017). A 

combination of the avidity-based extracellular interaction screening (AVEXIS) screens, 

protein inhibition studies and genetic disruption indicated the host-encoded binding 

partner of Rh5 to be basigin (also known as CD147) (Crosnier et al., 2011). Structural 

determination of the Rh5-basigin interaction (Wright et al., 2014) may explain the 

unique essentiality of this interaction. This is because Rh5 contacts basigin primarily 

along the peptide backbone of the host molecule. The fact that this interaction is not 

reliant upon side chain residues means that polymorphisms in basigin are unlikely to 

affect Rh5 binding. The essential nature of Rh5 may be explained by virtue of its 

tolerance to receptor polymorphism.  As for the EBL and other Rh proteins, the Rh5-

basigin interaction may also play a role in host species tropism. Supporting this notion, 

the binding affinity of Rh5 for human basigin is much higher than for the basigin 

orthologues of non-human primates (Wanaguru et al., 2013). 

 

A recent study has indicated that another rhoptry protein, RAP2, interacts independently 

with basigin (Zhang et al., 2018). This work based on the discovery of some potent 

invasion inhibitory anti-basigin antibodies which appear not to affect Rh5-basigin 

binding (Douglas et al., 2014), used co-IPs, a surface plasmon resonance (SPR) assay 

and specific anti-basigin antibodies in a humanised mouse model to elucidate the 

RAP2-basigin interaction. However, this discovery does not align with the fact that 

prevention of RAP2 trafficking (by disruption of RAP1) does not result in invasion 

defects (Baldi et al., 2000). Further studies are therefore required to confirm whether 

the proposed RAP2-basigin interactions are functionally relevant.  

 

Whilst the Rh5-basigin interaction is essential for invasion, antagonising this with 

antibodies does not affect merozoite attachment and RBC deformation (Weiss et al., 

2015). This observation indicates that Rh5 acts at a different part of the invasive process 

from other EBL and Rh proteins, with these acting further upstream in attachment and 

deformation. The Rh5-basigin interaction is now thought to function in facilitating 
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rhoptry release, enabling the discharge of proteins required for the next phase of 

invasion.  

4.1.2 Merozoite internalisation 

A defining feature of the second, RBC entry phase of invasion is creation of the tight 

(or moving) junction. Visible as an electron dense area (Aikawa et al., 1978), the TJ 

represents a point of high-affinity adhesion between the merozoite and RBC. 

Functionally, the TJ is thought to act as an anchoring point or structural foothold from 

which internalisation can occur. In T. gondii, it has been proposed that the TJ also 

functions as a molecular sieve, excluding host cell proteins from the site of invasion 

(Mordue et al., 1999). Whether this is the case in Plasmodium still hinges upon 

unanswered questions including those regarding the origin of the Plasmodium PVM 

(see section 1.6.1.2.1).  

 

In the pre-invasion phase, the parasite exploits host-encoded proteins as receptors. In 

contrast, in forming the TJ, Plasmodium parasites secrete a multi-pass transmembrane 

protein called RON2 from the rhoptries into the RBC membrane, where it binds to the 

inside face of the RBC membrane with a C-terminal loop spanning the membrane. This 

in turn acts as a receptor for another parasite-encoded protein called AMA-1, a 

transmembrane protein secreted from micronemes onto the merozoite surface during 

egress (Riglar et al., 2011; Lamarque et al., 2011). This may represent a strategy 

evolved by the parasite to overcome potential evolutionary adaptions of RBC surface 

proteins. As well as binding to AMA-1, RON2 is also thought to act as a nucleus for 

formation of a wider RON protein complex which includes RON4 and RON5. Creation 

of a TJ appears to represent an ancient phylum-wide strategy for host cell (rather than 

RBC specific)-entry by apicomplexan parasites, as evidenced by the presence of AMA-

1 and RON2 homologs in T. gondii and other apicomplexans (Alexander et al., 2006).  

 

Several studies indicate that merozoite invasion can be inhibited by disrupting the 

RON2-AMA-1 interaction (Yap et al., 2014; Richard et al., 2010; Srinivasan et al., 

2011). In these cases, attachment and RBC membrane deformation are still able to 

occur, but invasion is incomplete. This confirms that TJ formation occurs after 
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completion of the pre-invasion phase. Experimental blocking of the RON2-AMA-1 

interaction by a small peptide called R1 also provides support for the TJ functioning as 

a molecular sieve, since in the presence of this inhibitory peptide, rhoptry-derived 

proteins are seen distributed over the circumference of the RBC rather than being 

confined within the region of invasion (Riglar et al., 2011). That said, whether AMA-1 

is universally required for TJ formation is yet to be confirmed. Conditional knockdown 

of AMA-1 has no effect upon the invasion of hepatocytes by P. berghei sporozoites 

(Giovannini et al., 2011). Similarly, whilst AMA-1-deficient P. berghei merozoites and 

T. gondii tachyzoites replicate at a significantly reduced rate, host cell penetration and 

PVM formation can still occur (Bargieri et al., 2013). Therefore, it is possible that 

AMA-1 functions not primarily as a structural anchor point but also or instead in 

signalling, perhaps triggering release of rhoptry bulb proteins once the TJ has formed.  

 

RBC entry is a process which appears specialised to mammalian Plasmodium parasites. 

Whilst intracellular pathogens usually exploit host signalling pathways to subvert 

endocytic pathways for host cell entry, this strategy is not available to Plasmodium 

merozoites, by virtue of the fact that mature mammalian RBCs are not usually 

endocytic. Therefore, merozoites induce endocytosis in host RBCs, actively invading by 

virtue of their acto-myosin motor which acts to propel the merozoite into the nascent 

PV.  For many years, the role of the RBC was seen just as a passive bystander, with 

invasion occurring without RBC involvement. However, this paradigm is now shifting. 

For example, in T. gondii, many components of the acto-myosin motor can be disrupted 

whilst still permitting invasion (Shen et al., 2014). Moreover, in both P. berghei 

sporozoites and T. gondii tachyzoites, it has been shown that the parasite induces 

rearrangement of host cell actin, meaning that components of the host cell cytoskeleton 

are not passive, but instead may be playing a key role in parasite invasion (Gonzalez et 

al., 2009).   

 

Whilst the components of the TJ and acto-myosin motor are broadly understood, one 

missing link is the factor which transmits the intracellular force generated by the acto-

myosin motor to host and parasite cell membranes (i.e. the TJ), allowing cell entry. 

Proteins of the thrombospondin-related anonymous protein (TRAP) family have been 
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posited to act as this indirect molecular bridge (Uchime et al., 2012), but further 

characterisation of this is required.  

 

As the merozoite uses the TJ and acto-myosin motor to propel itself into the RBC 

cytosol, the TJ is maintained, expanding to create a ring-shaped structure which 

migrates from anterior to posterior. The merozoite continues to enter, and the TJ 

eventually pinches off at the posterior end, resulting in an intracellular parasite sealed 

within a PV (Aikawa et al., 1978). The mechanism by which this sealing occurs is 

thought to involve fusion (or, more correctly, scission) of the RBC and PV membranes, 

but the molecular contributors to this process remain undetermined.  

 

An important process which is essential for and occurs concomitantly with RBC entry is 

the shedding of the ‘fuzzy’ coat of the merozoite. Several proteins involved in both pre-

invasion and TJ formation are eventually proteolytically cleaved off the merozoite 

surface (Harris et al., 2005). Parasite encoded sheddases, subtilisin-like enzymes and 

rhomboid proteins are all thought to play a role in this process (Harris et al., 2005; 

Howell et al., 2003; Baker et al., 2006). 

4.1.3 Echinocytosis 

The final event of invasion is a temporary but dramatic and morphologically visible 

change in shape of the infected RBC. In this process, named echinocytosis, the infected 

RBC rapidly transforms from its normal biconcave disc to a spiky and uneven shaped 

cell. This morphology generally persists for around ten minutes, before the RBC reverts 

to its canonical shape. It is thought echinocytosis is a calcium-dependent process which 

results due to osmotic water loss from the RBC, triggered by the efflux of potassium 

and chloride ions (Gilson and Crabb, 2009).  

 

Echinocytosis can occur independently of the function of the acto-myosin motor and TJ 

formation, as demonstrated by the fact that it often occurs following merozoite-RBC 

interaction, even in the presence of cytochalasin D and inhibitory peptides that interfere 

with the RON2-AMA-1 interaction (Weiss et al., 2015). This has led to the hypothesis 

that, despite representing the final phase of invasion, the events leading to echinocytosis 
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begin in the pre-invasion phase (see section 4.1.1). This notion is supported by the fact 

that echinocytosis appears to be dependent on the Rh5-basigin interaction (Weiss et al., 

2015). Rh5-basigin interactions are postulated to be required for rhoptry release, a 

process which can also able to occur in the presence of cytochalasin D and inhibition of 

the AMA-1-RON2 interaction (Riglar et al., 2011; Miller et al., 1979). Therefore, it is 

most likely that as-yet unidentified rhoptry contents trigger the events of echinocytosis.  

 

Having established that RhopH3, RAMA and RON3 are clearly essential for parasite 

viability (Chapter 3), the work described in this chapter examined whether any of these 

protein function in RBC invasion.  

4.2 Results 

4.2.1 P. falciparum parasites do not require RON3 to infect red blood cells 

Parasites lacking full-length RON3 showed a severe growth defect, as displayed by 

growth (Figure 3.9B; Figure 3.10B) and plaque assays (Figure 3.11C). One 

explanation for this could be the inability of mutant parasites to invade a new host RBC. 

To investigate a potential invasion phenotype in RON3Δ2-6 parasites, synchronised 

cultures of 3E10 and 7C4 parasites were divided in two and treated with either DMSO 

or rapamycin at early ring stages. Parasites were allowed to mature to schizont stage 

where they were Percoll purified before being added to an equal number of fresh RBCs. 

Parasites were incubated for a further four hours, to allow egress and invasion to occur, 

before samples were stained with Hoechst 33342 and examined by flow cytometry. The 

parental 1G5DC clone was also included in these experiments to assess whether 

rapamycin treatment per se affects invasion. As shown in Figure 4.2, there was no 

detectable difference in the ring-stage parasitaemias generated by rapamycin-treated 

RON3loxP parasites versus their DMSO treated counterparts. This lack of difference 

was confirmed by a two-tailed t-test: for clone 3E10, t = 0.705, d.f. = 4, p = 0.519, and 

for clone 7C4, t = 2.48, d.f. = 4, p = 0.0680. This confirms that loss of full-length RON3 

does not affect the invasion capacity of parasites: RON3 is not necessary for P. 

falciparum parasites to invade RBCs.  
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Figure 4.2 Loss of RON3 does not affect RBC invasion.  

Rapamycin-treated RON3loxP parasites do not show decreased invasive capacity 
compared to DMSO-treated parasites of the same clone. Parasites of the indicated 
clones were DMSO or Rapa treated and purified schizonts allowed to undergo egress 
and invasion of fresh RBC for 4 h before ring-stage parasitaemia was determined by 
flow cytometry. Data were averaged from three biological replicate experiments, using 
blood from different donors. Error bars depict ± one standard deviation. Statistical 
significance was determined by a two-tailed t-test where p>0.05 is considered non-
significant (ns). Rapamycin treatment had no effect on the invasive capacity of the 
parental 1G5DC line (t = 2.40, d.f. = 4, p = 0.0750). 
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4.2.2 P. falciparum parasites require RAMA to invade RBCs 

As for RON3, the severe growth defect shown by parasites lacking RAMA (Figure 

3.9B, Figure 3.10B, Figure 3.11D) could potentially be explained by the inability of 

the mutants to invade host RBCs. To investigate a potential invasion phenotype in 

RAMAΔE2 parasites, synchronised cultures of 9C10 and 12C7 parasites were divided 

in two and either DMSO or rapamycin-treated. Mature schizonts were then Percoll 

purified and washed before being added to an equal number of fresh RBCs. Cultures 

were Hoechst 33342 stained after 4 h and the percentage of ring-stage parasites was 

determined by flow cytometry. The results consistently showed that rapamycin-treated 

parasites of clones 9C10 and 7C4 had a severe invasion defect, with their invasive 

capability just ~10% of that of DMSO-treated parasites (Figure 4.3). The significance 

of this reduction in invasion capacity was confirmed by a two-tailed t-test. Rapamycin-

treated parasites of clones 9C10 (t = 31.6, d.f. = 4, p = 6.01 x 10-6 ) and 12C7 (t = 46.5, 

d.f. = 4, p = 1.28 x 10-6) showed statistically significantly reduced invasion. 

Importantly, invasion by the parental 1G5DC parasites was unaffected by rapamycin 

treatment (t = 0.507, d.f. = 4 , p = 0.639). It was concluded that the absence of wild type 

RAMA prevents parasites from invading new host RBCs.  
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Figure 4.3 Disruption of RAMA affects RBC invasion.   

Rapamycin-treated (Rapa) RAMAloxP parasites show significantly decreased invasion 
compared to DMSO-treated parasites of the same clone. Parasites of the indicated 
clones were DMSO or Rapa treated and purified schizonts added to fresh RBCs for 4 h. 
Ring-stage parasitaemia was then determined by flow cytometry. Data were averaged 
from three biological replicate experiments, using blood from different donors. Error 
bars depict ± one standard deviation. Statistical significance was determined by a two-
tailed unpaired t-test where p≤0.0001, **** and p>0.05, ns. 
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4.2.2.1 RAMA does not function in egress of parasites from the RBC  

As discussed above (see section 4.1.1), egress and invasion are intimately linked; an 

inability to egress from the host RBC will be reflected as a lack of RBC invasion in the 

subsequent cycle. Therefore, it was considered important to investigate the capacity of 

RAMAΔE2 parasites to undergo egress. To do this, time-lapse DIC video microscopy 

was used to monitor schizont egress in DMSO- and rapamycin-treated parasites of 

RAMAloxP clones 9C10 and 12C7. The protein kinase G (PKG) inhibitor compound 2, 

which potently but reversibly blocks parasite egress at a very late stage, was exploited 

for these experiments. Washing away compound 2 from stalled schizonts allows rapid 

egress, usually within in less than 20 minutes. Highly synchronised early ring-stage 

cultures of clones 9C10 and 12C7 were divided, DMSO- or rapamycin-treated, then 

were allowed to mature for ~ 45 h to schizont stage before being incubated in 

compound 2-containing culture medium for four to five hours. The compound 2 was 

then removed by washing and the egress capacity of the parasites immediately 

examined using time lapse DIC video microscopy These experiments revealed no 

detectable differences in the efficiency, kinetics or morphology of egress of rapamycin-

treated parasites compared to DMSO-treated parasites (Figure 4.4). It was concluded 

that the disruption of RAMA does not affect egress and therefore that the observed 

reduction in ring formation in RAMAΔE2 parasites is likely due to a defect in invasion.  
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Figure 4.4 Egress is unaffected by a lack of full-length RAMA.  

DIC images for experiments monitoring egress of merozoites by time lapse microscopy 
of mature DMSO- and rapamycin (Rapa)-treated RAMAloxP clone 9C10 schizonts. 
Highly synchronous cycle 1 schizonts (~45 h following DMSO or rapamycin treatment) 
were Percoll purified, then compound 2 treated for 4 h. Immediately after washing away 
the compound 2 the parasites were examined by time lapse DIC video microscopy for 
30 minutes. No delay in egress was observed, and there were no discernible differences 
in egress efficiency or morphology. Time in minutes from commencement of 
microscopy is indicated. Scale bar, 10 µm. Images shown are from clone 9C10 replicate 
2, but are representative of three replicates each of clones 9C10 and 12C7.  
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4.2.2.2 Rhoptry neck but not rhoptry bulb protein localisation is affected by 

RAMA disruption  

The above data showed that, although unable to invade fresh RBCs (section 4.2.2), 

RAMAΔE2 parasites undergo normal egress (section 4.2.2.1). Preliminary 

morphological characterisation of the cycle 1 RAMAΔE2 schizonts by light 

microscopic examination of Giemsa-stained thin blood smears indicated normal 

morphology (data not shown). However, given the clear invasion phenotype and the 

rhoptry bulb localisation of RAMA (Topolska et al., 2004b), it was considered desirable 

to examine the RAMAΔE2 parasites at a higher level of detail in order to assess the 

possible impact of RAMA disruption upon the contents and morphology of the 

rhoptries. This appeared particularly important given previous work suggesting that 

RAMA interacts with RhopH3 and RAP1 (Richard et al., 2009) and plays a key role in 

their trafficking to the rhoptries. 

 

To determine the effects of RAMA disruption on the expression and trafficking of other 

rhoptry proteins, DMSO and rapamycin-treated RAMAloxP schizonts were probed with 

a suite of antibodies against rhoptry proteins. IFA analysis showed that the localisation 

and staining intensity of RAP1 and RAP2 is unaffected by RAMA disruption (Figure 

4.5A). Similarly, RhopH1/CLAG3.1, RhopH2 and RhopH3 also appeared to maintain 

their characteristic apical punctate rhoptry staining in rapamycin-treated RAMAloxP 

schizonts (Figure 4.5A). Rh5 is the only Rh protein which has been confirmed to be 

essential for RBC invasion (Baum et al., 2009a), so the trafficking and expression of 

Rh5 was also examined. However, IFA analysis showed that RAMA disruption also has 

no impact upon Rh5 localisation (Figure 4.5A). ARO is a rhoptry-associated protein 

that is thought to be localised to the outer membrane of the rhoptry bulb (Cabrera et al., 

2012). IFA analysis showed that ARO localisation and staining is unaffected also by 

RAMA disruption (Figure 4.5A). Collectively, these results suggested that truncation 

of RAMA does not affect the localisation of established rhoptry bulb proteins.  

 

As well as those of the rhoptry bulb, proteins of the rhoptry neck are known to be 

important for invasion. Therefore, we next aimed to determine the effects of RAMA 

truncation upon the subcellular localisation of rhoptry neck proteins. DMSO and 
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rapamycin-treated RAMAloxP schizonts were probed with an antibody against a rhoptry 

bulb protein, as well as either anti-RON2 (Cao et al., 2009), anti-RON3 or anti-RON4 

(Alexander et al., 2006) antibodies. This showed that although RhopH protein 

localisation was unaffected by RAMA disruption as described above, the localisation of 

all three of the RON proteins were disrupted (Figure 4.5B). The precise effect of 

RAMA disruption upon RON protein localisation depended upon parasite maturity 

(Figure 4.5C). Specifically, for all three RON proteins, signal was still detectable in 

early schizonts, although it was mislocalised and lacked the punctate, apically-disposed 

pattern typical of rhoptries. In contrast, in very mature schizonts, signals for RON2, 

RON3 and RON4 were completely absent, indicating complete absence of the proteins. 

Together, these results indicated that disruption of RAMA results in selective 

mislocalisation and possibly degradation of rhoptry neck proteins.  

 

Although RAMA had not previously been suggested to localise to, or interact with 

proteins of, the micronemes, IFA was performed to investigate the impact of RAMA 

disruption upon biogenesis and protein content of these apical organelles. As discussed 

above, AMA-1 forms the TJ in concert with RON proteins at invasion. AMA-1 is 

discharged from micronemes onto the merozoite surface during egress. To investigate 

the impact of RAMA disruption on the fate of AMA-1, DMSO and rapamycin-treated 

RAMAloxP schizonts were probed with an anti-AMA-1 antibody (Collins et al., 2009) 

as well as an antibody against MSP1. As shown in Figure 4.5D, upper panel, AMA-1 

localisation and staining in the majority of mature schizonts was unaffected by RAMA 

disruption, maintaining its characteristic punctate apical staining pattern typical of 

micronemes. In highly mature schizonts, the AMA-1 signal presented as a 

circumferential merozoite surface pattern which co-localised with the merozoite plasma 

membrane surface marker MSP1 (Figure 4.5D, lower panel), typical of that 

corresponding with microneme discharge. These results indicated that AMA-1 

expression and relocalisation to the merozoite surface was unaffected by RAMA 

disruption. 
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Together, these results indicate that disruption of RAMA results in selective 

mislocalisation of a specific set of rhoptry-neck proteins whilst having no detectable 

impact on the expression and trafficking of rhoptry bulb and micronemal proteins. 
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Figure 4.5 Truncation of RAMA leads to selective mislocalisation of rhoptry neck but not 

rhoptry bulb or micronemal proteins. 

(A) IFA showing that staining of RAP1, RAP2, RhopH1/CLAG3.1, Rh5, RhopH2, 
ARO and RhopH3 is unchanged between DMSO- and rapamycin (Rapa)-treated 
RAMAloxP clone 9C10 schizonts. Scale bar, 2 µm. (B) IFA showing that, whilst 
RhopH3 and RhopH1/CLAG3.1 staining is unaffected by RAMA disruption, RON2, 
RON3 and RON4 staining is disrupted in Rapa-treated RAMAloxP clone 9C10 
schizonts. In all cases, the staining is much weaker and has lost the characteristic 
punctate, apically-disposed, pattern of rhoptry staining. Scale bar, 2 µm (C) The extent 
of RON protein mistrafficking appears to depend on the maturity of the Rapa-treated 
RAMAloxP schizonts. Whilst some signal is still detectable, but mislocalised, in less 
mature schizonts (those with fewer nuclei visible), the RON2, RON3 and RON4-
specific signal appears to disappear in rapamycin-treated mature segmented schizonts. 
Scale bar, 10 µm (D) Schizonts of DMSO- and Rapa-treated RAMAloxP clone 9C10 
were probed with a polyclonal antibody against AMA-1 as well as anti-MSP1 
antibodies. IFA showed that AMA-1 protein localisation (upper panel) and discharge 
(lower panel) was unaffected by RAMA disruption. Scale bar, 2 µm. Parasite nuclei 
were visualised throughout by staining with DAPI.  
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4.2.2.3 RAMA disruption affects rhoptry morphology but not rhoptry number 

(Work in this section was carried out in collaboration with the Electron Microscopy 

Science Technology Platform at the Francis Crick Institute. Samples were prepared for 

EM by Matt Russell).   

 

Previous studies of RAMA have suggested that the protein plays a role in rhoptry 

biogenesis (Topolska et al., 2004b). This, combined with the above discovery that some 

rhoptry proteins become mislocalised upon RAMA disruption (section 4.2.2.2), 

suggested that it might be important to examine the impact of RAMA disruption on 

rhoptry biogenesis. To do this, mature, cycle one DMSO or rapamycin-treated 

RAMAloxP schizonts were examined by TEM. To quantify rhoptry formation, the 

number of rhoptry profiles visible in individual merozoites in 70 nm thin sections was 

recorded. There was no statistically significant difference in the total number of visible 

rhoptry profiles between DMSO and rapamycin-treated RAMAloxP 9C10 clone 

parasites (glm fit with Poisson model, predicting rhoptry count from status, non-zero 

status coefficient test p-value = 0.232). This suggested that RAMA and RAMAΔE2 

parasites appear to make equal numbers of rhoptries (Figure 4.6A), in accordance with 

the above observation that the localisation of several rhoptry proteins appears 

unaffected by RAMA disruption. In addition to counting the number of rhoptry profiles 

within each schizont, the shape of these rhoptries was also examined. To attempt to 

perform this analysis in a semi-quantitative manner, rhoptry images were categorised as 

being either circular or club-shaped. All observations where zero rhoptry profiles were 

reported for a merozoite were deemed ‘failed’ observations for the purposes of this 

analysis and were not included in the analysis. As shown in Figure 4.6B, whilst 

rhoptries of both shapes were observed in merozoites of DMSO and rapamycin-treated 

RAMAloxP parasites, there was a significant difference in the absolute number of club-

shaped rhoptries between RAMA and RAMAΔE2 schizonts (two-way analysis of 

deviance p-value = 5.975 x 10-6), with the proportion of club-shaped rhoptries being 

significantly less in the rapamycin-treated parasites compared with the DMSO treated 

parasites (Figure 4.6C), as confirmed by an unpaired two-tailed t-test (t = 5.92, d.f. = 4, 

p = 0.0041). 
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Approximately 150 rhoptry profiles were assessed for each sample set described above. 

Since these profiles represent random section planes through rhoptries, it was thought 

unlikely that the overall differences in shape noted were a chance result of random 

variation in the section plane obtained during sample preparation. However, to further 

examine this point, electron tomography was performed on serial 200 nm thick sections 

of a single DMSO-treated RAMAloxP schizont and a rapamycin-treated RAMAloxP 

schizont. This allowed computational three-dimensional modelling of the entire set of 

schizont rhoptries by segmentation of the tomograms (Figure 4.6D). The resulting 

models support the view that the statistically significant differences recorded in the thin 

section TEM images reflect differences in the overall three-dimensional shape of the 

rhoptries; the non-spherical shape of rhoptries in the DMSO-treated schizonts was 

clearly distinct from the more spherical nature of the RAMAΔE2 rhoptries. Some of the 

RAMAΔE2 rhoptries were observed to possess an apical projection but these appeared 

qualitatively different to that of the wild type rhoptries, being relatively short and 

stubby compared to the elongated projections typical of the latter. This difference in 

shape was confirmed by quantifying the aspect ratio (the ratio of the longest to shortest 

diameter) in thin section electron micrographs of all non-circular rhoptries from both 

DMSO and rapamycin treated parasites. The resulting data (Figure 4.6E) clearly 

indicated that the length of the rhoptry neck projections in DMSO treated parasites 

(mean aspect ratio = 1.73) were significantly longer than those of rapamycin-treated 

parasites (mean aspect ratio = 1.21) (t = 5.29, d.f. =58, p <0.0001). 

 

Together, these EM data indicate that disruption of full-length RAMA does not affect 

the number of rhoptries formed, but instead has a significant effect on their 

morphology. It was concluded that full-length RAMA is required for generation of 

canonical club-shaped rhoptries, and disruption of RAMA leads to more spherical and 

‘neckless’ rhoptries.  
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Figure 4.6 Disruption of RAMA leads to defective rhoptry morphology.  

Tightly synchronised cultures of DMSO- and rapamycin (Rapa)- treated RAMAloxP 
clone 9C10 parasites were allowed to mature to late schizont stage before being 
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harvested by Percoll purification and fixed for electron microscopy. Three sections from 
each sample were taken, and 20 schizonts examined per section. (A) TEM images of 60 
DMSO-treated and 60 rapamycin (RAPA)-treated schizonts were obtained and the 
mean number of visible rhoptry profiles per schizont was calculated. There was no 
statistically significant difference in the number of rhoptry profiles visible in the DMSO 
and RAPA-treated parasites.  Data were averaged from three different regions of each 
experimental sample. Error bars depict ± one standard deviation. p>0.05, ns. (B) 
Representative TEM images from DMSO and Rapa-treated RAMAloxP schizonts 
indicating that both spherical and club-shaped rhoptry profiles can be detected in both. 
(C) The proportion of club-shaped rhoptry profiles visible in DMSO-treated schizonts 
was statistically greater than those visible in RAPA-treated schizonts, as determined by 
an unpaired t-test. Error bars depict ± one standard deviation. p≤0.01, **. (D) Two 
dimensional cross sections and three-dimensional models derived from 200 nm thick 
section tomograms acquired from a DMSO-treated (upper two panels) and a Rapa-
treated RAMAloxP schizont (lower two panels). This allowed further analysis of rhoptry 
morphology. Cross sections of the tomograms and two- and three-dimensional models 
derived from these indicate that the non-spherical rhoptries within the DMSO-treated 
schizonts are truly club-shaped, in contrast to those of rapamycin-treated parasites 
which have stubby projections that are non-conoid and less elongated. Rhoptries are 
depicted in various colours to easily distinguish individual structures. Scale bar, 500 nm 
(E) The aspect ratio (longest diameter divided by shortest diameter) was calculated from 
thin section electron micrographs for all rhoptries (both DMSO and RAPA-treated) 
classified as non-spherical. There was a statistically significant difference, as 
determined by a two-tailed t-test, with non-spherical rhoptries from DMSO-treated 
schizonts having a greater aspect ratio (i.e. more elongated) than those from RAPA-
treated RAMAloxP schizonts. Error bars depict ± one standard deviation. p≤0.0001, 
**** 
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4.2.3 Disruption of RhopH3 leads to an invasion defect  

To investigate whether internal truncation of RhopH3 affects invasion, cultures of 

RhopH3loxP clones 4B11 and 5F5 were tightly synchronised then divided in two at the 

early ring stage before being treated with either DMSO or rapamycin. Parasites were 

then allowed to mature to schizont stage, before being Percoll purified and added to an 

equal number of fresh RBCs. Cultures were incubated for a further 4 h to allow 

merozoite egress and RBC invasion, and the percentage of RBCs infected with cycle 

two ring-stage parasites then quantified by flow cytometry. The results showed that in 

the case of both clones, rapamycin-treatment reduced cycle two ring-stage parasitaemia 

values by ~50% compared to that of their DMSO-treated counterparts (Figure 4.7). In 

contrast, invasion by parental 1G5DC and control RhopH3NE parasites was unaffected 

by rapamycin treatment, with their being no statistically significant difference in 

resulting parasitaemias, as indicated by an unpaired t-test (p>0.05 in both cases). These 

results indicated that disruption of RhopH3 from rhoptries significantly but 

incompletely reduces the capacity of P. falciparum parasites to undergo the transition 

from schizont stage to ring stage.  
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Figure 4.7 Loss of RhopH3 leads to a halving of invasion capacity.  

The capacity of rapamycin-treated RhopH3loxP parasites to produce rings following 
addition of schizonts to fresh RBCs was ~50% of that of DMSO-treated parasites of the 
same clone. Parasites of the indicated clones were DMSO- or rapamycin (Rapa)- treated 
and allowed to mature to schizonts which were purified and allowed to invade fresh 
RBC. Ring-stage parasitaemias was determined after 4 h by flow cytometry. Data were 
averaged from three biological replicate experiments, with invasion into blood from 
three different donors. Error bars depict ± one standard deviation. Statistical 
significance was determined by a two-tailed t-test where p≤0.01, ** and p>0.05, ns.  
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4.2.3.1 RhopH3 does not function in egress of parasites from the RBC 

As was discussed above for RAMA, a reduction in apparent invasion capacity of 

RhopH3Δ4-6 parasites may actually be reflective of an egress defect. To distinguish 

between these two possibilities, the ability of RhopH3Δ4-6 parasites to egress was 

examined by time lapse DIC video microscopy. Cultures of RhopH3loxP clones 4B11 

and 5F5 were tightly synchronised, then divided in half and DMSO or rapamycin 

treated at the early ring stage. The parasites were then allowed to mature until they were 

schizonts, then were incubated in compound 2-containing media for 4 h. Compound 2 

was removed by washing and the parasites immediately examined by DIC video 

microscopy. As for RAMA, these experiments revealed no discernible differences in 

egress (kinetics, efficiency or morphology) between DMSO and rapamycin-treated 

RhopH3loxP parasites (Figure 4.8). It was concluded that the RhopH3Δ4-6 mutation 

does not impact egress. The ~50% decrease in cycle two parasitaemia for RhopH3Δ4-6 

parasites was therefore considered likely to be a consequence of a deficiency in the 

invasive capacity of released merozoites.  
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Figure 4.8 Parasite egress is unaffected by disruption of RhopH3.  

Tightly synchronised ring-stage cultures of RhopH3loxP clone 4B11 parasites were 
treated with DMSO or rapamycin (Rapa) then allowed to mature to schizont stage 
before being further synchronised by a 4 h incubation in compound 2-containing 
medium. The compound 2 was washed away and egress of the schizonts was 
immediately monitored by time lapse DIC video microscopy. The RhopH3Δ4-6 
parasites released merozoites with an efficiency and morphology indistinguishable from 
that of parasites expressing wild type RhopH3, showing normal rounding up, PVM 
rupture, merozoite movement, RBC membrane rupture and merozoite release. Time 
from commencement of live video microscopy is indicated in minutes. Scale bar, 10 
µm. Images shown are from clone 4B11 replicate 3, but are representative of three 
replicates each of clones 4B11 and 5F5.  
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4.2.3.2 Disruption of RhopH3 results in mislocalisation of other RhopH proteins 

As RhopH3 is a member of the heterotrimeric HMW RhopH complex, it was next 

considered important to examine the effects of its internal truncation upon other 

members of the RhopH complex. To do this, schizonts of DMSO and rapamycin-treated 

RhopH3loxP parasites were probed in IFA with anti-RAP2, a marker of the rhoptry 

bulb, as well as either anti-RhopH1/CLAG3.1 (Kaneko et al., 2005) or anti-RhopH2 

antibodies (Holder et al., 1985). As expected, in the DMSO-treated RhopH3loxP 

schizonts, RhopH1/CLAG3.1 and RhopH2 both co-localised with RAP2, localising 

them to the rhoptry bulb. RAP2 staining was unchanged in schizonts of rapamycin-

treated RhopH3loxP parasites. In contrast, however, signals specific to both 

RhopH1/CLAG3.1 and RhopH2 showed a loss of colocalisation with RAP2 in the 

RhopH3Δ4-6 schizonts, strongly suggesting a loss of rhoptry localisation of these 

proteins (Figure 4.9A). This indicated that the RhopH3Δ4-6 mutation leads to the 

mistrafficking of at least two other components of the RhopH complex. To investigate 

whether all three RhopH proteins (RhopH1/CLAG3.1, RhopH2 and RhopH3) 

mislocalised to the same compartment within the parasite, parasites were co-stained 

with various combinations of antibodies against proteins of the HWM complex. 

Interestingly, this showed that there was no colocalisation of either RhopH1/CLAG3.1 

or RhopH2 with the mutant RhopH3Δ4-6 protein (Figure 4.9B) and only limited 

colocalisation between RhopH1/CLAG3.1 and RhopH2 proteins in RhopH3Δ4-6 

schizonts (Figure 4.9B).  

 

One potential explanation for the mislocalisation of all three components of the HMW 

RhopH complex in the RhopH3Δ4-6 mutant is that full-length RhopH3 is required for 

formation of the HMW complex. This was tested by IP analysis of extracts of DMSO or 

rapamycin-treated RhopH3loxP schizonts, using a mAb specific for RhopH2 (Holder et 

al., 1985). As expected, both RhopH3 and RhopH1/CLAG3.1 were both co-precipitated 

with RhopH2 from lysates of DMSO treated RhopH3loxP parasites. Similarly, the anti-

RhopH2 antibodies were able to co-precipitate the RhopH1/CLAG3.1 protein from 

extracts of rapamycin-treated RhopH3loxP schizonts (Figure 4.9C). This indicated that 

truncation of RhopH3 does not abolish interactions between RhopH2 and 

RhopH1/CLAG3.1 proteins. In contrast, however, RhopH3Δ4-6 could not be detected 
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in the anti-RhopH2 precipitate from lysates of the RhopH3Δ4-6 parasites (Figure 

4.9C). This result suggests that internal truncation of RhopH3 inhibits its interaction 

with RhopH2. It is likely that it is the loss of association between RhopH3 and other 

proteins of the RhopH complex that leads to the mistrafficking of the other RhopH 

proteins. 

 

In the context of RBC invasion, it was considered necessary to consider that the ~50% 

reduction of invasion observed in the RhopH3Δ4-6 mutants might not be solely due to 

internal truncation of RhopH3 but potentially also a consequence of mislocalisation of 

other RhopH proteins and/or due to disruption of the HWM RhopH complex.   
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Figure 4.9 Internal truncation of RhopH3 leads to mistrafficking of RhopH1/CLAG3.1 

and RhopH2 proteins, likely caused by disruption of HMW RhopH complex formation.  

(A) IFA showing colocalisation of RhopH1/CLAG3.1 and RhopH2 with RAP2, a 
rhoptry marker, in schizonts of DMSO-treated RhopH3loxP clone 5F5 parasites. In 
contrast, there was a distinct loss of colocalisation of both RhopH1/CLAG3.1 and 
RhopH2 with RAP2 following rapamycin-(Rapa) treatment. Scale bar, 5 µm (B) As 
expected, RhopH1/CLAG3.1, RhopH2 and RhopH3 co-localised in DMSO treated 
RhopH3loxP parasites. Colocalisation of each of these members of the HMW RhopH 
complex was lost in schizonts that were Rapa-treated at ring stage. Parasite nuclei were 
visualised throughout by DAPI staining. Scale bar, 5 µm. (C) IPs using an anti-RhopH2 
antibody were followed by immunoblotting with either an anti-CLAG3.1 (left panel) or 
anti-RhopH3 antibody (right panel), confirming that RhopH2 forms complexes with 
RhopH1/CLAG3.1 and RhopH3 in DMSO-treated RhopH3loxP schizonts. 
RhopH1/CLAG3.1 was seen to still be associated with RhopH2 in schizont-stage 
lysates of rapamycin-treated RhopH3loxP clone 5F5. In contrast, neither the full-length 
or internally truncated form of RhopH3 was co-precipitated with RhopH2 in rapamycin-
treated parasites. Red arrows indicate the expected migration positions of full-length 
RhopH1/CLAG3.1, full-length RhopH3 and truncated RhopH3Δ4-6. 
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4.2.3.3 The C-terminal segment of RhopH3 directly binds RBCs  

As the above results showed, internal truncation of RhopH3 leads to mistrafficking of 

both RhopH1/CLAG3.1 and RhopH2. In light of these data, it was possible to 

hypothesise that the invasion phenotype was due to mislocalisation of these other 

proteins, rather than due to a loss of RhopH3 function per se. Countering this notion, 

however, are previous studies showing that antibodies against RhopH3 inhibit invasion 

both in vitro and in vivo (Doury et al., 1994; Yang et al., 1996) and by studies that 

showed that fragments of RhopH3 bind to mouse RBCs (Sam-Yellowe and Perkins, 

1991). To address whether RhopH3 might play a direct role in interactions between the 

merozoite and host RBC, it was decided to produce a recombinant polypeptide and 

assess it in RBC binding assays.  

4.2.3.3.1 Recombinant expression of the C-terminal 178 amino acids of residues of 

RhopH3  

(Work in this section was carried out in collaboration with the Laboratory of Malaria 

Immunology and Vaccinology (LMIV) and the RTB of NIAID, NIH. Recombinant 

protein production and purification was done alongside Richard Shimp (LMIV); reverse 

phase HPLC and CD spectrometry was performed by Karine Reiter (LMIV), ESI mass 

spectrometry by Glenn Nardone (RTB) and N-terminal sequencing by Brian Martin 

(RTB)) 

 

To examine the role of RhopH3 in invasion, a recombinant polypeptide corresponding 

to the C-terminal 178 amino acids of RhopH3 was produced in Escherichia coli. This 

domain, corresponding to the Ag44 cDNA clone (Coppel et al., 1987) was selected for 

two reasons: first, because previous studies had postulated it to play a role in RBC 

binding, and second because anti-Ag44 antibodies have been shown to inhibit invasion 

of RBCs by P. falciparum in vitro (Topolska et al., 2004b) 

 

An E. coli optimised gene encoding amino acid residues 719 to 897 was used for the 

expression of this C-terminal domain of RhopH3 (Figure 4.10A), as per the above 

Materials and Methods (section 2.2.3.1). Following purification using nickel-, size 
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exclusion- and Q- columns (see section 2.2.3.2), the integrity and purity of the 

recombinant polypeptide was examined by SDS-PAGE and Coomassie blue-staining 

(Figure 4.10B). The identity of the polypeptide was confirmed by N-terminal protein 

sequencing, which showed the expected and observed N-terminal amino acid sequences 

to be in complete agreement (MQDVLYETDKPQTMD). The integrity of the peptide 

fragment was further analysed by reverse phase HPLC and the primary elution peak 

obtained analysed by ESI-MS (Figure 4.10C). The calculated mass obtained from this 

analysis was 21447 Da (Figure 4.10D). Given an instrument error of ~±2 to 3 Da 

(David Narum, personal communication), the observed mass is somewhat larger than 

the theoretical predicted mass of 21346 Da. However, the integrity of the polypeptide 

was still considered still likely to be very good, with the 21447 Da peak most likely due 

to methylation (+ 14 Da) or oxidation (+16) of residues in the fragment. It was also 

possible to see a minor peak at 21545 Da, likely representing a phosphate adduct (+ 98 

Da).  

 

CD spectroscopy allows quantification of secondary structural elements of proteins and 

polypeptides in solution. This technique was therefore used for further biophysical 

characterisation of the recombinant RhopH3 C-terminal polypeptide fragment. The CD 

spectrum for this peptide showed a negative peak maximum at ±199 nm (Figure 

4.10E), indicating significant random coil structure within the protein (Greenfield, 

2006). This was supported by analysis with the DICHROWEB server (Whitmore and 

Wallace, 2004) which, averaging results from the SELCON3, CONTINLL and 

CDSSTR algorithms (Sreerama and Woody, 2000), indicated the peptide to have a 

composition of 50.0% (SD = 15.2) random coil, 27.4% (SD = 11) β-sheet, 14.7% (SD = 

6.2) β-turn and 7% (SD = 4.8) ⍺-helix. 

4.2.3.4 Production of RhopH3-specific antisera 

Rat antisera were generated to the recombinant C-terminal RhopH3 polypeptide. To 

characterise these polyclonal antibodies, they were examined for reactivity within 

schizonts derived from DMSO and rapamycin treated rings of the RhopH3loxP 

parasites. In DMSO-treated schizonts, the antibody produced the typical apical punctate 

staining expected from a rhoptry protein (Figure 4.10F). The specificity of this staining 
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was nicely confirmed by IFA analysis of the RAPA-treated schizonts, showing the 

expected mislocalisation of this signal.   

4.2.3.4.1 An RBC binding assay confirms that the C-terminal fragment of 

RhopH3 binds human RBCs 

Using a standard RBC binding assay (as in Uchime et al. (2012)), the recombinant C-

terminal RhopH3 polypeptide was observed to bind human RBCs (Figure 4.10G). The 

assay was performed using recombinant His6-tagged 25 kDa sexual stage protein Pfs25 

as a negative control. These results suggested that the C-terminal Ag44 region of 

RhopH3 may bind to a specific receptor on the RBC surface. 
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Figure 4.10 Purification and RBC-binding capacity of a recombinant C-terminal segment 

of RhopH3. 

(A) Schematic showing the primary structure of RhopH3. The recombinant fragment 
produced in E. coli is represented as a solid black line. Numbers represent amino acid 
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positions of the native P. falciparum RhopH3 protein (accession number 
XP_001351928). SS, signal sequence. (B) The purified C-terminal fragment of RhopH3 
was analysed by SDS-PAGE and Coomassie Blue staining. (C) Characterisation of the 
purified recombinant protein by reversed phase HPLC. AU, absorbance units. (D) ESI-
MS was used to determine the intact mass of the major peak (outlined by red box). A 
second, minor but larger, peak (outlined by blue box) which is thought to correspond to 
a phosphate adduct of the major product. (E) CD spectrum of the recombinant 
polypeptide indicating few discernible secondary structural features. (F) Representative 
IFA images indicating that the anti-Ag44 antisera produced in rats specifically stains 
RhopH3. Schizonts of DMSO and rapamycin (Rapa)-treated RhopH3loxP clone 5F5 
parasites were probed with the rat polyclonal antibody and nuclei were stained with 
DAPI. Scale bar, 5 µm. (G) The purified recombinant C-terminal RhopH3 polypeptide 
binds to human RBCs. The eluates resulting from the RBC binding assay were 
separated by SDS-PAGE and tested by immunoblotting with a mouse anti-His6 
antibody. -, absence of polypeptide or RBCs; +, presence of polypeptide or RBCs; M, 
molecular weight marker proteins. 
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4.3 Conclusions 

The involvement of rhoptry proteins in invasion has long been proposed, strongly 

supported by the widely documented observation that rhoptry release temporally 

coincides with invasion. All three of the rhoptry proteins examined here – RhopH3, 

RAMA and RON3 – were previously hypothesised to be involved in P. falciparum 

blood stage invasion (Pinzón et al., 2008b; Topolska et al., 2004b; Zhao et al., 2014), 

but the evidence for this was incomplete. Through the use of the conditional DiCre 

system, the work described in this chapter conclusively demonstrates that RON3 plays 

no role in invasion, whilst both RAMA and RhopH3 are required for invasion. The 

varying degrees of involvement of these proteins in invasion likely explains the 

differences in the growth curves observed upon analysis of rapamycin-treated 

RhopH3loxP and RAMAloxP, and RON3loxP parasites (Figure 3.9). In those 

experiments, whilst there appeared to be no perceptible increase in parasitaemia 

between cycle one and two for RhopH3 and RAMA deficient parasites, the parasitaemia 

of RON3-deficient parasites clearly increased between those time points, indicating that 

cycle one to cycle two invasion is unaffected in RON3Δ2-6 parasites.  

 

A role for RON3 in RBC invasion by P. falciparum was first theorised due to its 

apparent interaction with RON2 and RON4, molecules known to be involved in the TJ 

formation stage of RBC invasion (Ito et al., 2011). The fact that recombinant RON3 

was subsequently shown to be able to bind to RBCs provided further support for this 

proposed function in RBC invasion (Zhao et al., 2014). Immune sera from individuals 

living in malaria endemic areas was found to contain antibodies that recognise RON3 

(Zhao et al., 2014), and it was shown that anti-RON3 antibodies significantly inhibit the 

ability of merozoites to invade RBCs. (Zhao et al., 2014). An independent study also 

showed RON3 to bind to heparin with high affinity (Zhang et al., 2013); as heparin-

binding is associated with inhibiting invasion (Boyle et al., 2010a), this again seemed to 

indicate that RON3 may function in invasion. All these findings clearly contradict the 

conclusion of the above work, showing that parasites lacking RON3 are able to invade 

just as well as wild type parasites. One potential explanation for this apparent 

discrepancy is functional redundancy in invasion ligands; RON3 may indeed function in 
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invasion, but its removal might be fully compensated for by another invasion ligand-

receptor interaction, meaning that no invasion defect is visible. One way to test this 

would be to examine the invasion of RON3Δ2-6 parasites into neuraminidase, trypsin 

and chymotrypsin-treated RBC, since it might be hypothesised that treatment with these 

enzymes may remove a receptor involved in a functionally compensating invasion 

pathway, meaning that RON3 deficient parasites could no longer invade. Another, 

possibility is that the N-terminal 50 amino acid residues of RON3 that are likely 

expressed in RON3Δ2-6 parasites may be sufficient to perform its function in invasion. 

However, this might be considered unlikely for several reasons, including the small size 

of the region, that fact that nearly 50% of those residues probably function as a 

secretory signal sequence (and so are probably removed from the mature protein), and 

the fact that the region of RON3 previously identified as being able to bind RBCs is not 

included within these residues (Zhao et al., 2014). The interaction of RON3 with 

heparin may also have alternative explanations. Firstly, the same study showed that 

RhopH2 showed very strong heparin binding (Zhang et al., 2013); it has since been 

shown that RhopH2 plays no function in RBC invasion (Counihan et al., 2017). This 

strongly indicates that heparin binding does not definitively indicate a protein’s role in 

invasion. Indeed, for proteins that form part of a complex whose other members are 

involved in invasion (RhopH2 in the RhopH complex, RON3 with RON2 and RON4), 

it may instead be that heparin-mediated interactions lead to disassociation of these 

polypeptide complexes. Similarly, inhibition of RBC invasion by RON3 specific 

antibodies or peptides may simply reflect steric hindrances of other essential receptor-

ligand interactions. These contrasting conclusions, with several lines of evidence 

indicating RON3 to be involved in invasion whilst direct gene knockout is indicating 

RON3 to play no role, will clearly require further work to resolve. 

 

For both the RAMA and RhopH3 deficient parasites generated here, it was necessary to 

rule out that an egress defect was not manifesting as deficient invasion, even though 

there was no a priori reason for thinking that rhoptry proteins, which are thought to be 

secreted after egress has commenced, would be involved in egress. The work described 

in this chapter clearly confirms that these two rhoptry proteins indeed play no role in 

egress. 
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Disruption of RAMA essentially ablated RBC invasion. Similar to RON3, RAMA has 

been previously proposed to act as an invasion ligand due to the fact that anti-RAMA 

antibodies were observed to inhibit merozoite invasion of RBCs (Topolska et al., 

2004a) and the fact that recombinant peptides of RAMA could apparently bind to RBCs 

and inhibit in vitro invasion (Pinzón et al., 2008a). Whilst these observations are in 

agreement with the >90% reduction in invasion upon RAMA-disruption observed in the 

present study, we propose that RAMA plays a more indirect role in invasion, rather than 

acting as a ligand which interacts with the RBC surface. An ordered series of 

interactions between parasite ligands and receptors on the host RBC are crucial to 

invasion; we propose that RAMA is fundamental in ensuring these happen, rather than 

being directly involved in invasion. The IFA and EM analyses carried out in this work 

indicate that RAMA deficiency leads to defective rhoptry morphology, which in turn 

leads to mislocalisation of proteins of the RON family. It is also possible that RAMA 

may itself interact with rhoptry neck proteins to ensure their correct trafficking. RON2 

and RON4, both of which both mislocalise upon RAMA disruption, are key for TJ 

formation. If these proteins are mislocalised in the developing merozoite, this is likely 

to lead to a defect in their discharge, perhaps preventing TJ formation. One way to test 

this model would be by in-depth comparison of the phenotype of RAMA mutant 

parasites to parasites in which the RON2-AMA-1 interaction is disrupted. An identical 

phenotype would indicate that the invasion deficit shown by RAMA-deficient parasites 

is indeed due to mislocalisation of RON2 and RON4, meaning a TJ cannot form. The 

application of high resolution DIC live video microscopy to visualise invasion events is 

likely to be crucial in this. Although there are inherent challenges to this method, the 

techniques which facilitate it are constantly being improved. More generally, 

visualisation of invasion by RAMA-deficient parasites would indicate whether any 

stages of invasion are still able to occur. For example, echinocytosis is thought to be 

triggered by discharge of rhoptry contents (Weiss et al., 2015), but the precise proteins 

involved in this remain unknown. If echinocytosis was able to occur in RAMAΔE2 

parasites, this would indicate that proteins which are not mislocalised in mutant 

parasites are involved in this process. Similarly, if it was confirmed that the TJ could 

not form during interactions between RAMAΔE2 parasites and target RBCs, this might 
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be a useful tool to confirm whether the TJ functions simply as a structural anchor point, 

or, as proposed for T. gondii, also as a molecular sieve (Mordue et al., 1999).  

 

In the face of the previously proposed role of RAMA in rhoptry biogenesis (Topolska et 

al., 2004b), one hypothesis we tested was that all rhoptry proteins would be 

mislocalised upon rhoptry disruption. This was not the case; we were able to determine 

that rhoptry biogenesis still occurs in RAMAΔE2 parasites, and the localisation of 

several rhoptry proteins remained unchanged. This acts as supporting evidence for the 

existence of subclasses of rhoptry proteins, some of which require RAMA for correct 

trafficking whilst others do not. Interestingly, the latter group included proteins of the 

RhopH and RAP complexes, localisation of which appeared to be unaffected by RAMA 

disruption. This is somewhat in contrast to previous suggestions that RAMA interacts 

with RhopH3 and RAP1, escorting these proteins to the rhoptries (Richard et al., 2009). 

In those and other studies, RhopH3-RAMA and RAP1-RAMA interactions were 

proposed based on FRET and IP experiments (Topolska et al., 2004b; Richard et al., 

2009). The possibility of an interaction is not necessarily precluded by the work in this 

thesis; RAMA may indeed interact with RhopH3 and RAP1, but it is possible that this 

interaction is not required for the schizont-stage localisation of these proteins. It is 

conceivable that RAMA may function in aiding these proteins to form their respective 

complexes instead, whilst other factors regulate localisation of these rhoptry bulb 

proteins to the body of the rhoptry. 

 

This work was able to determine that RON2, RON3 and RON4 are mislocalised upon 

RAMA disruption. This is interesting given the perception that the term RON3 is a 

misnomer, as, in schizonts, RON3 was observed to localise to the rhoptry bulb, rather 

than to the rhoptry neck. However, the position of RON3 within the RON family of 

proteins may have been cemented by this study – it may be that all proteins of the RON 

family share some sort of common sequence characteristic which facilitates their 

interaction with RAMA, with this, rather than their suborganellar localisation, being the 

unifying factor. Interestingly, interactions between RAMA and RON proteins were not 

identified in previous IP studies by others. Again, however, this does not preclude an 
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interaction from occurring – it may be that the interaction is transient or easily disrupted 

and therefore is not detected under the experimental conditions of IP.  

 

RON5, RON6 and RON12, together with RON2, RON3 and RON4 represent all known 

P. falciparum orthologues of T. gondii RON proteins. It would be interesting to 

examine the impact that RAMA disruption has upon the subcellular localisation of these 

other RON proteins. The availability of specific antibodies would greatly facilitate such 

studies and allow one to address the question of whether RAMA is important for protein 

localisation across the entire RON family. Combined with the disruption of rhoptry 

morphology in RAMA-mutants our leading hypothesis is that RAMA is required for 

generating the neck sub-compartment of the rhoptries; without this region, the RON 

proteins have no subcellular destination and so mislocalise.  

 

IFA analyses of AMA-1 indicated that microneme formation and secretion is unaffected 

by RAMA disruption. The observation that disruption of one type of organelle does not 

appear to affect the other acts to further confirm the rhoptries and micronemes as being 

independent and distinct structures. By extension, because egress was unaffected in the 

RAMAΔE2 mutant, it is also assumed that exoneme formation and discharge occurs 

normally.   

 

Similar to the case for RAMA, disruption of RhopH3 also had a negative impact upon 

invasion. This is interesting because all previous rhoptry proteins assigned a role in 

invasion localise to the rhoptry neck; indeed, as discussed extensively above, release of 

rhoptry neck proteins to form the TJ is widely considered the commitment point of 

invasion. The data presented in this study suggest that RhopH3 may be directly 

involved in invasion. If correct, this would be the first evidence for an important 

invasion factor which localises to the rhoptry bulb.   

 

Previous evidence supporting a direct role of RhopH3 in invasion includes the 

observation that RhopH3 peptides can bind to liposomes and murine RBCs (Sam-

Yellowe and Perkins, 1991). Interestingly, this was found to occur in the absence of 

other RhopH proteins, indicating that RhopH3 may not require the other members of the 
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HMW complex for its function in invasion (Sam-Yellowe and Perkins, 1991). Similar 

to RON3 and RAMA, anti-RhopH3 antibodies were shown to be able to inhibit RBC 

invasion (Doury et al., 1994). As illustrated by the above results indicating that neither 

RON3 or RAMA play direct roles as ligands in invasion, it is necessary to be cautious 

when interpreting antibody inhibition of invasion. Antibodies are relatively large 

molecules and can sterically hinder other essential receptor-ligand interactions, 

confounding interpretation of the data.   

 

One curious observation made in the present work was that, whilst invasion was 

reduced in both RAMAΔE2 and RhopH3Δ4-6 parasites, the severity of the invasion 

phenotype was far greater in the former. One possible explanation for this is the 

proposition that RAMA is acting upstream, as more of a master regulator so its 

disruption is likely to affect many, rather than just one, other proteins. Nonetheless, it is 

curious why about half of RhopH3Δ4-6 merozoites were able to invade RBCs. One 

possibility is that the internally truncated form of the protein retains sufficient 

functional activity to allow a proportion of the parasites to invade. Alternatively, 50% 

of the parasites within the population may be capable of invading via a RhopH3-

independent pathway. It would be interesting to examine whether invasion pathways 

currently thought to be redundant (e.g. EBL-mediated versus Rh-mediated pathways) 

become essential when RhopH3 is disrupted.  

 

Whilst the results of the RBC binding assays indicated that RhopH3 may act as an 

invasion ligand, further work is required to elucidate its partner receptor. Several 

previous publications indicate RhopH3 to interact with a variety of host-encoded 

proteins, including band 3 (Pinzón et al., 2008b), cyclophilin B (Prakash et al., 2017) 

and calmyrin (Miura et al., 2018), as well as parasite-encoded proteins including MSP1 

(Pinzón et al., 2008b). It is interesting that these multiple independent studies have all 

indicated various different proteins as binding to or interacting with RhopH3. This 

could be explained by some inherent ‘stickiness’ of RhopH3 as a protein (Anthony 

Holder, personal communication), casting doubts on the physiological relevance of the 

binding. Analysis by SPR assay using recombinant polypeptide produced in this study 

together with a BiacoreTM system, such as that commonly used by the laboratory of 
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Gavin Wright (Sanger Institute, Cambridge UK), may help resolve these disparities and 

identify a biologically relevant interacting partner of RhopH3. An alternative possibility 

is that RhopH3 does not function directly as an invasion ligand, but rather assists in an 

alternative process such as coordinating other receptor-ligand interactions or 

functioning in the internalisation of the parasite. The generation as part of this project of 

a recombinant C-terminal RhopH3 polypeptide corresponding to the C-terminal 

segment of RhopH3, as well specific antibodies against this, will hopefully act as a 

useful resource for future studies of RhopH3 function and invasion.  

 

The impact of RhopH3 disruption upon formation of the RhopH complex was defined 

in some detail in this work. Interestingly, the fact that anti-RhopH2 antibodies were 

observed to be able to IP RhopH1/CLAG3 protein in RhopH3Δ4-6 parasites may 

indicate that RhopH1/CLAG33 and RhopH2 form an initial complex, which is in 

subsequently bound by RhopH3. Two independent previous studies used Blue Native 

PAGE to identify a ~670 kDa complex which included RhopH1/CLAG and RhopH2, 

but not RhopH3, supporting the above observations (Counihan et al., 2017; Zainabadi, 

2016).  

 

As is the case of the RAMA mutant parasites, the application of video microscopy 

would enable further characterisation of the effects of RhopH3 disruption on invasion, 

in particular as it would enable detailed dissection of the stage at which invasion arrests. 

On the other hand, the 50% decrease in invasion observed in the mutants suggests 

considerable heterogeneity in the invasion phenotype, so interpreting conclusions from 

invasion microscopy will be more challenging for parasites expressing internally 

truncated RhopH3 than for RAMA cKO parasites.  

 

In conclusion, the data described in this chapter suggests that the lethality of RAMA 

disruption can be explained through a direct impact upon rhoptry biogenesis, and a 

resulting indirect impact upon invasion. Further phenotypic characterisation was 

warranted for RON3 and RhopH3 mutant parasites, since in both cases, (some) invasion 

was possible, suggesting the involvement of other factors that prevent long-term growth 

of the mutants. Chapters 5 and 6 describe work focused on this question.  
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Chapter 5. Rhoptry proteins are involved in protein 

export: phenotyping RON3 and RhopH3 mutants 

For both RON3 and RhopH3 mutant parasites, invasion defects cannot fully explain the 

lack of long-term growth shown by mutant parasites. It is known that export of parasite-

derived proteins is an important part of the asexual blood stage cycle. Therefore, the 

work of this chapter examines whether a lack of long-term growth by mutant parasites 

can be explained by deficiencies in protein export.  

5.1 Introduction to protein export 

Despite providing a relatively cosseted and immunoprivileged site for replication, the 

host cell of choice for the asexual blood stages of P. falciparum has its limitations. This 

is because mature human RBCs are terminally differentiated, lack organelles including 

a nucleus, and have lost the capability to synthesise proteins and lipids (see (Moras et 

al., 2017) for a recent review). Therefore, to facilitate their development and replication 

within the RBC, Plasmodium parasites have evolved to extensively modify and remodel 

their host cell. The main way by which this goal is achieved is the creation of an 

extensive exomembrane system (Sherling and van Ooij, 2016) (see Appendix section 

8.3), followed by the export of parasite-derived proteins into the host cytosol, across 

parasite-derived internal membrane compartments, to the RBC cytoskeleton or 

membrane surface. The inability of mature RBCs to synthesise or traffic proteins means 

that the below discussion can be restricted to an examination of the export of parasite-

derived proteins.   

5.1.1 The Plasmodium exomembrane system 

As a eukaryote, Plasmodium parasites possess many typical membranous compartments 

including a nucleus, a mitochondrion, ER and a Golgi apparatus. The parasites also 

harbour compartments unique to the apicomplexan phylum. It is important to consider 

this parasite-derived exomembrane system as it presents both challenges and solutions 

to protein export. 
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The best studied parasite-induced membranous compartments of the RBC are the MCs. 

These narrow structures, located in the RBC cytosol, are bounded by an electron-dense 

membrane surrounding a more electron-lucent lumen (Trager et al., 1966). Although 

initially thought to be produced in the later stages of the asexual erythrocytic life cycle, 

it is now known that MCs are synthesised shortly after invasion (Grüring et al., 2011). 

Grüring and colleagues (2011) also showed that, in contrast to previous assumptions, all 

of the MCs within the cell (usually numbering around 15), are established at this very 

early stage. MCs, or MC-like organelles, have been found in all Plasmodium species 

and no mutations that result in loss of MCs have been reported, suggesting a vital role 

for these structures.  

 

Several MC-resident proteins have been identified, including ring exported protein 

(REX) 1, SBP1 and membrane-associated histidine rich protein (MAHRP) 1. Despite 

all displaying similar localisation in the MCs of late-stage parasites, only some of these 

markers, such as REX1, are also present in newly formed MCs, with others, such as 

SBP1, only appearing in mature parasites (Grüring et al., 2011). This indicates that 

there is trafficking of proteins to the MCs after their synthesis, illustrating that protein 

export is a continual process within blood cycle stage parasites.  

 

Although located in the RBC cytosol, MCs are usually found in close apposition to the 

cytoplasmic face of the RBC membrane (or the RBC cytoskeleton) to which they 

appear to be attached by tether-like structures (Hanssen et al., 2007) which include the 

essential protein MAHRP2 (Pachlatko et al., 2010). This close proximity to the RBC 

membrane is thought to provide support for the main function of MCs: the sorting and 

trafficking of parasite-derived proteins to the RBC surface (see section 5.1.2.5). 

Although tethered to the RBC membrane, the lumen of MCs is not directly connected 

with the RBC membrane. There therefore must be an additional mechanism which 

performs in the transport of transmembrane proteins from the MC lumen to the RBC 

surface. Vesicular structures with unique characteristics may be responsible for this step 

(Cyrklaff et al., 2011).   
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Other unusual parasite-derived membranous networks in infected RBCs include the 

tubovesicular network (TVN), J-dots, the digestive vacuole, the apicoplast and the 

PVM. The TVN is the least well defined of all exomembrane compartments, but it is 

known that this structure is contiguous with the PVM (van Ooij et al., 2008) and may 

function in nutrient acquisition (Lauer et al., 1997) (see section 6.1.2). In contrast to the 

static MCs and TVN, J-dots are motile exomembrane compartments (Külzer et al., 

2010) but their function remains uncertain. Both the digestive vacuole and the 

apicoplast are crucial for parasite survival, with the former involved in haem 

detoxification (see section 1.3.2) and the latter required for isoprenoid synthesis. 

Finally, whilst the origin of the PVM is still debated (see section 1.6.1.2.1), it is 

generally accepted that this membrane is at least partially parasite derived. The PVM is 

of great consequence to any discussion of protein export, as it represents a barrier that 

all parasite-derived proteins must cross en route to the host cell cytoplasm, membrane 

or surface. 

5.1.2 The multiple stages of protein transport  

Investigation of the pathways of protein export within the parasite commenced over two 

decades ago, facilitated by the development of technologies to fluorescently tag parasite 

proteins (VanWye and Haldar, 1997). This made it possible, for the first time, to follow 

the journey of a – selected – protein from the parasite ribosome to its final destination. 

All exported proteins are secreted proteins (but not all secreted proteins are exported to 

the host cell), meaning that there are two broad aspects of protein transport that must be 

considered: secretion, which is trafficking of proteins from the parasite to the PPM, and 

export, which is the passage of a protein beyond the PPM to its final destination within 

the RBC.  

5.1.2.1 Plasmodium protein secretion resembles classic eukaryotic secretion 

pathways 

In common with secreted proteins of other eukaryotes, most secreted Plasmodium 

proteins have a hydrophobic N-terminal signal sequence. The Plasmodium genome also 

contains orthologues of other components required for the early secretory pathway 

including the signal recognition particle (Gardner et al., 2002) and the ER translocator 
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Sec61 (Couffin et al., 1998). However, whilst classical eukaryotic signal sequences are 

located at the extreme N-terminus of the protein, many Plasmodium proteins have their 

signal sequence recessed by up to 50 amino acid residues. This is especially the case for 

soluble proteins that are exported to the RBC cytosol. In contrast, the majority of 

proteins exported to the RBC membrane have a more typical signal sequence (Deponte 

et al., 2012). Whilst the significance of this is not yet understood, it may indicate that 

sorting of exported proteins begins at an early stage in the secretory pathway.  

 

In addition to these typical and atypical signal sequences, there is a third category of 

secreted Plasmodium proteins which lack any discernible hydrophobic domain 

resembling a signal sequence. One example of this is the adenylate kinase protein 2 of 

P. falciparum (PfAK2). PfAK2 is found in the PV, a location which contrasts with the 

fact that neither a canonical nor recessed signal sequence is found in this protein. It was 

recently shown that the ability of PfAK2 to be targeted to, and eventually cross, the 

PPM depends upon the presence of three motifs contained within the first 37 amino acid 

residues of PfAK2 (Thavayogarajah et al., 2015). This combination of N-myristolation 

and S-palmitoylation sites, together with a stretch of positively charged amino acids, is 

thought to be necessary, but not necessarily sufficient, for PfAK2 secretion.   

 

Having passed through the secretory pathway, proteins are contained within transport 

vesicles which fuse with the PPM. For integral membrane proteins, this releases the 

proteins onto the plasma membrane. Other proteins are released into the PV lumen. A 

proportion of these then continue their journey, being exported to the host RBC cytosol, 

membrane or surface.  

5.1.2.2 Protein sorting  

Studies with BFA and low temperature confirm that all secreted and exported P. 

falciparum proteins are trafficked via canonical processes that involve passage through 

the parasite ER and Golgi apparatus. However, as there are a multitude of different 

destinations for these parasite-encoded proteins, it is important to consider how the 

parasite is able to distinguish between and sort these proteins. Two major models have 

been proposed to explain how this may occur. The two-step-one-vesicle hypothesis is 
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described above, where proteins are transported through the ER in vesicles which are 

not specific for a particular protein type or destination. Sorting then occurs in the PV, 

where proteins to be exported to the host cell are selectively recognised by the PVM 

translocation machinery. A proposed alternative is the one-step-two-vesicle model, in 

which fusion of the parasite plasma membrane and the PVM enables proteins to be 

translocated into the RBC cytosol in a single step. In this case, protein sorting occurs 

very early on, with proteins destined for beyond the PVM carried in distinct vesicles to 

specialised regions of the PV. It is proposed that the translocation machinery is present 

only at these ‘export zones’, allowing the separation of exported proteins from PV-

resident proteins. This latter hypothesis lost some support upon discovery of the 

Plasmodium translocon of exported proteins (PTEX) complex (see section 5.1.2.4), 

although the fact that this molecular machinery appears in distinct foci as a rather than 

evenly distributed throughout the PVM (Riglar et al., 2013) and the fact that 

fluorescently tagged exported proteins appear as a punctate ‘necklace of beads’ in the 

PV lumen (Wickham et al., 2001) both bolster this theory. Support for the ‘one-vesicle’ 

hypothesis, in addition to the discovery of PTEX, is derived from the fact that adding an 

exogenous ‘SDEL’ tag leads to ER retrieval of both secreted and exported proteins 

(Külzer et al., 2009). This seems to indicate that all proteins traffic together at least as 

far as the Golgi apparatus.  

5.1.2.3 To the PV or beyond: Plasmodium export elements and Plasmodium 

export element negative proteins  

As a general rule, whether a secreted protein is destined for export to the host cell or not 

depends on the number of signal sequences present. Those which contain only the N-

terminal signal sequence described above (see section 5.1.2.1) appear to follow a 

‘default’ pathway into the PV lumen (Wickham et al., 2001). Others (up to 10% of the 

entire Plasmodium proteome) contain a sequence referred to as the Plasmodium export 

element (PEXEL) motif, located about 20 residues downstream of the N-terminal signal 

sequence. This motif comprises the sequence RxLxE/D/Q (where x is any amino acid) 

(Hiller et al., 2004; Marti et al., 2004), which, after proteolytic processing and 

acylation, is converted to a dipeptide motif of Ac-XE/D/Q (Chang et al., 2008). This 

acts to traffic the protein beyond the PV, into the host cell. One area of controversy 
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surrounds the role of phosphatidylinositol-3-phosphate (PI3P) in the export of PEXEL-

containing proteins. One study proposed that this phospholipid interacts with the 

PEXEL motif in the ER, directing target proteins to export pathways (Bhattacharjee et 

al., 2012). However, subsequent research indicating that PI3P does not bind the PEXEL 

motif has cast doubts on this hypothesis (Boddey et al., 2016).  

 

Although many exported proteins such as KAHRP, ring-infected erythrocyte surface 

antigen (RESA), REX3 and histidine rich protein 2 (HRP2) possess PEXEL motifs, 

there are many other exported proteins that lack a PEXEL sequence. One example of 

such a PEXEL-negative exported protein (PNEP) (Spielmann and Gilberger, 2010) is 

PfEMP1. Characteristic of a PNEP, in addition to lacking a PEXEL motif, PfEMP1 also 

is devoid of a classical hydrophobic signal sequence. In PNEPs, this hydrophobic region 

is thought to be internal and several hundred amino acids downstream of the N-

terminus. The fact that treatment with BFA acts to inhibit PfEMP1 transport (Wickham 

et al., 2001) indicates that PfEMP1 does pass through the secretory pathway. It is also 

known that PfEMP1 is exported beyond the PVM, indicating that PEXEL motifs do not 

represent the sole mechanism by which proteins are recognised for export. It has been 

postulated that the similarity between the N-terminal sequence of PNEPs and that of 

mature (post-processing) PEXEL proteins may enable both protein types to converge on 

a similar strategy for export (Grüring et al., 2012), but this remains to be confirmed.  

5.1.2.4 Crossing the PVM 

After secretion across the PPM into the PV, PEXEL-containing proteins and PNEPs 

must cross the PVM. Early experiments hypothesised that such translocation across the 

PVM was likely to be direct and ATP-dependent, probably occurring through a 

membrane-spanning ‘translocon’ (Ansorge et al., 1996; Wickham et al., 2001) and to 

require unfolding of the proteins (Gehde et al., 2009; Mesén-Ramírez et al., 2016). 

These qualities were all fulfilled upon the discovery of the PTEX complex (de Koning-

Ward et al., 2009). This molecular machine was originally thought to consist of five 

components – exported protein 2 (EXP2), HSP101, thioredoxin 2 (TRX2), PTEX88 and 

PTEX150 (Figure 5.1). It was later shown that the parasitophorous vacuole protein 1 

(PV1) is also a component of PTEX (Chu et al., 2011). Of these components EXP2, 
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HSP101, PTEX150 and PV1 have been shown to each be essential in the blood stage 

whilst TRX2 and PTEX88 can be disrupted in P. berghei (Matz et al., 2013). It was 

thus concluded that at least four proteins are central to PTEX function. Subsequent 

conditional disruption studies confirmed that HSP101, which is a ClpA/B type AAA+ 

ATPase, is absolutely required for protein export through mediating protein unfolding 

(Beck et al., 2014), whilst C-terminal truncation studies indicated PTEX150 is vital for 

overall complex stability (Elsworth et al., 2016). In both cases, the resulting non-

functional PTEX complex was able to export neither PEXEL-containing proteins nor 

PNEPs, indicating that PTEX is required for export of proteins of both these classes. 

Weak structural similarity between EXP2 and the pore forming bacterial toxin 

haemolysin E led to the proposal that EXP2 forms the central pore of the PTEX (de 

Koning-Ward et al., 2009) whilst PV1 is thought to bind to PV1 high affinity regions in 

proteins to be exported (Morita et al., 2018). Parasites lacking TRX2 or PTEX88 show 

a severe growth disadvantage, indicating that these proteins may play accessory roles in 

the efficient protein export needed for wild type parasite growth. For example, TRX2 is 

thought to increase the efficiency of export through cleavage of disulphide bonds 

(Matthews et al., 2013). 
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Figure 5.1 The PTEX spans the PVM and is responsible for transport of unfolded proteins 

across the membrane.  

Schematic indicating the localisation and possible composition of the PTEX. EXP2 was 
postulated to be the pore which spans the PVM, with the four other components present 
inside the PV.  

5.1.2.5 Reaching the final destination  

Having already crossed the PPM and PVM, exported proteins find themselves in the 

RBC cytosol. Whilst this is the final destination for some parasite-encoded proteins 

such as HRP2, others function at the RBC membrane or on the RBC surface. Therefore, 

it is necessary to examine the mechanism by which such proteins travel through the 
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RBC cytosol to their final destination. RBCs do not possess any protein export 

machinery which the parasite could potentially exploit to transport its proteins. Instead, 

it is thought that the parasite evolved MCs for this process (Lanzer et al., 2006). The 

centrality of MCs to protein export is indicated by the fact that many known exported 

proteins, including KAHRP and PfEMP1 (Wickham et al., 2001), pass through the 

MCs. MC-resident proteins are likely to play a role in this stage of transport, either 

through maintaining the structural integrity of the MCs, or by directly functioning in 

export. For example, SBP1 is thought to be responsible for the loading of proteins into 

MCs, in support of which is the fact that disruption of SBP1 prevents PfEMP1 from 

being transported to the RBC membrane (Maier et al., 2007). Whilst it is generally 

accepted that MCs are crucial structures in ensuring that RBC membrane proteins reach 

their ultimate destination, there are several hypotheses as to how exported proteins 

selectively enter and exit these structures. One hypothesis is that this occurs via 

vesicular transport (Wickham et al., 2001), which is corroborated by the presence of 

vesicle structures which, in electron tomograms, appear to localise close to MCs 

(Cyrklaff et al., 2011). Many of these vesicles are seen attached to actin filaments, 

tread-milling of which is thought to allow their transport from the MCs towards the 

RBC surface. However, it is a possibility that these vesicles are not physiological 

structures and simply represent artefacts of the tomography preparation protocol 

(Hanssen et al., 2007). The same study proposed an alternative model: the high 

resolution provided by the electron tomography indicated that MCs are far-reaching 

structures which extend all the way from the parasite to the RBC membrane (Hanssen et 

al., 2007). If this is the case, this would negate the requirement for a vesicular transport 

mechanism through the RBC cytosol. A third model invokes molecular chaperones that 

guide proteins through the RBC cytosol. Support for this idea derives from the detection 

of electron-dense protein clusters in the cytosol which appear to be associated with 

HSPs that function as chaperones (Külzer et al., 2012). In the particular case of 

PfEMP1, six P. falciparum proteins involved in trafficking of PfEMP1 (PfPTPs) have 

been identified (Maier et al., 2008), with different members of this group functioning in 

either the PVM-to-MC or the MC-to-RBC surface transport of PfEMP1.  
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5.1.3 The importance of exported proteins  

Several studies examining the consequences of blocking the export of parasite proteins 

have indicated this process to be essential in the parasite (see section 5.1.2.4). Whilst it 

is therefore appreciated that wholesale protein export is vital (Maier et al., 2008), it is 

also important to dissect the functions of individual exported proteins.  

 

One previously-mentioned exported protein of crucial in vivo importance is PfEMP1 

which is exported to the infected RBC membrane. This ~300 kDa protein, which plays a 

key role in the vascular cytoadhesion exhibited by P. falciparum-infected RBCs, is 

presented on the surface of the infected RBC membrane, clustering at electron dense 

‘knob’ structures. These membrane protrusions, which can number over 10,000 per cell, 

are thought to act as platforms, facilitating cytoadhesion even under the challenging 

conditions of physiological blood flow (Crabb et al., 1997). Another exported protein, 

KAHRP, has been proposed to be the main proteinaceous component of knobs (Pologe 

et al., 1987). It was initially thought that KAHRP was required for trafficking of 

PfEMP1 to the RBC surface, but it is now known that PfEMP1 localisation is unaltered 

when KAHRP is genetically disrupted (Rug et al., 2006). KAHRP-deficient parasites 

show deficient knob formation, in addition to drastically reduced cytoadhesion in vivo. 

Together, these observations confirm that KAHRP and knobs function in the structural 

presentation, rather than the export, of PfEMP1 (Rug et al., 2006). In addition to 

interacting with parasite-encoded proteins such as PfEMP1, KAHRP also interacts with 

host-derived cytoskeletal proteins such as spectrin (Pei et al., 2005). This may account 

for the observed reduction in RBC membrane deformability in infected cells (Glenister 

et al., 2002). Thus, a single exported protein may play multiple important roles in the 

asexual blood stage parasite.  

5.1.4 Protein export in other Plasmodium parasites and in other life cycle stages 

Whilst most studies of protein export have examined P. falciparum, probably because 

of the clinical importance of this parasite and its cytoadherence phenotype, host-cell 

remodelling and protein export occurs across the Plasmodium genus (Pasini et al., 

2013a). Similarly, whilst most is known about protein export in the asexual blood stages 
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of P. falciparum, it is known that it is also an important process in both the liver and 

sexual (gametocyte) stages (reviewed in (Ingmundson et al., 2013)). This is in part 

evidenced by the existence of at least some of the components of PTEX in sexual and 

liver stage parasites, as well as in non-falciparum species (Vaughan et al., 2012; 

Matthews et al., 2013; Matz et al., 2013). In terms of sexual stages, one of the defining 

features of stage I gametocyte formation is the extensive export of a subset of proteins, 

termed P. falciparum Gametocyte Exported Proteins (PfGEXPs), to the RBC cytoplasm 

(Silvestrini et al., 2010). Some of these proteins are stage-specific (e.g. Pf11.1 is only 

expressed in gametocytes (Scherf et al., 1992)), whereas others, such as proteins of the 

STEVOR family, appear to be expressed and exported in both asexual and sexual blood 

stages (McRobert et al., 2004). Parasite-derived proteins exported in hepatocytes, 

although far fewer than in the blood stages, have also been identified, including CSP 

(Hollingdale et al., 1983) and IBIS1 (Ingmundson et al., 2012). One possible 

explanation for the relative paucity of parasite-encoded exported proteins in hepatic 

stages is that hepatocytes have many host cell characteristics that are absent from RBCs. 

These characteristics, such as the ability to synthesise proteins and lipids, likely allow 

hepatic-stage parasites to exploit endogenous host cell processes rather than having to 

synthesise and export proteins to create de novo versions of essential processes. 
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5.2 Results 

5.2.1 The RhopH complex is required for intracellular parasite development 

The results of the invasion assays described above with the RhopH3Δ4-6 parasites 

(section 4.2.3) clearly indicate that parasites expressing truncated RhopH3Δ4-6 protein 

(and hence with mislocalised expression of RhopH1/CLAG3.1 and RhopH2) show a 

severe RBC invasion defect. However, it was unclear whether this effect upon invasion 

is sufficient to explain the results of longer term growth and plaque assays, which 

indicated zero long term growth of RhopH3Δ4-6 parasites. This is because, despite a 

50% reduction in invasive capacity, the mutant parasites should still be capable of long-

term growth, assuming a constant growth rate. For example, if a fivefold increase in 

parasitaemia each cycle is assumed for wild type parasites, the parasitaemia of cultures 

of parasites with a 50% reduction in invasive capacity would be expected to increase by 

~2.5-fold each cycle (Figure 5.2A). Over the relatively lengthy duration of both the 

flow cytometry and plaque assays, parasites with just a 50% reduction in invasion 

capacity would therefore be expected to show some indication of long-term growth. 

Therefore, the apparent absence of any parasite replication strongly suggested that 

RhopH3 mutagenesis results in other defects in addition to a reduction in invasive 

capacity.  

 

To explore this, growth and development of DMSO and rapamycin-treated RhopH3loxP 

parasites was examined by light microscopic visualisation of Giemsa-stained cultures. 

This indicated that rapamycin-treated RhopH3loxP parasites appeared morphologically 

normal at the end of cycle one, as well as forming apparently normal (albeit fewer) 

rings in cycle two. However, whilst DMSO-treated RhopH3loxP parasites progressed 

normally through the trophozoite stage of cycle two, ultimately forming multinucleated 

schizonts at around 94 h, the cycle two parasites derived from rapamycin-treated 

RhopH3loxP parasites stalled at the mononuclear trophozoite stage (Figure 5.2B). To 

confirm this developmental block, flow cytometry was used to assess the DNA content 

of parasites in cycle two. This confirmed that cycle two rings derived from rapamycin-

treated RhopH3loxP parasites did not increase their DNA content during cycle two. In 

contrast, the DMSO-treated parasites developed through to schizonts, with a 
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concomitant increase in intracellular DNA content (Figure 5.2C). Taken together, these 

data indicate that full-length RhopH3 is essential for intracellular parasite growth, and 

specifically for the trophozoite-to-schizont developmental transition.  

 
Figure 5.2 RhopH3Δ4-6 parasites do not complete cycle 2 development.  

(A) Modelling the effects of a 50% reduction in invasion indicates that this defect alone 
is insufficient to account for the inability of parasites expressing RhopH3Δ4-6 to grow 
long-term. Assuming a wild type growth rate of a fivefold increase per cycle, a 
population of parasites displaying a 50% invasion defect can be modelled to reach 20% 
parasitaemia less than two cycles later. This indicates that internal truncation of 
RhopH3 has other phenotypic consequences in addition to the invasion defect. (B) 
Microscopic evidence for a developmental block in rapamycin-treated RhopH3loxP 
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parasites. Giemsa-stained thin blood smear micrographs of DMSO- and rapamycin 
(Rapa) treated RhopH3loxP clone 5F5 parasites were sampled periodically from the end 
of cycle one to the end of cycle two. The number of hours indicated reflects time since 
cycle one commenced. The time point of DMSO or Rapa treatment is indicated in the 
schematic timeline. Images are representative of at least 3 independent experiments (C) 
Flow cytometry analysis of Hoechst 33342 stained DMSO-treated and Rapa-treated 
RhopH3loxP clones 5F5 and 4B11 at the end of cycle two (~92 h post DMSO or Rapa 
treatment). The intensity of Hoechst staining provides a measure of the DNA content of 
the parasites, indicating the Rapa-treated 5F5 and 4B11 parasites do not develop into 
multinuclear schizonts.  
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5.2.2 RON3 is required for intracellular parasite development  

As demonstrated in Chapter 4, RON3Δ2-6 parasites showed a complete inability to 

grow but showed no discernible invasion defect. This is in contrast to RhopH3Δ4-6 and 

RAMAΔE2 parasites which both show at least some reduction in invasive capability. 

To examine the reasons behind the apparent lack of long-term growth of RON3Δ2-6 

parasites , microscopic examination of Giemsa-stained cultures of DMSO and 

rapamycin-treated RON3loxP parasites was used to assess growth and development of 

RON3 mutants. As shown in Figure 5.3, cycle one schizonts and cycle two early rings 

were broadly indistinguishable between DMSO and rapamycin treated parasites. 

However, whilst the DMSO-treated parasites progressed normally through cycle two, 

developing via trophozoites (indicated by the appearance of haemozoin crystals) into 

schizonts, rapamycin-treated RON3loxP parasites stalled at the ring stage, with no 

detectable formation of haemozoin (Figure 5.3A). This stall in development was 

maintained; even by ~ 94 h following the commencement of cycle 1, when 

multinucleated schizonts were clearly present in the DMSO-treated cultures, the  

RON3Δ2-6 parasites retained the distinct morphology of ring-stage parasites. Analysis 

by flow cytometry to assess the DNA content of DMSO and rapamycin-treated cycle 

two parasites confirmed that the RON3Δ2-6 parasites suffered from a complete 

developmental block, with no increase in their DNA content during cycle two. This was 

in clear contrast to the observed increase in the Hoechst staining intensity indicative of 

increased intracellular DNA content in the control DMSO treated parasites (Figure 

5.3B). Taken together, these data indicated that RON3 plays an indispensable role in 

intracellular parasite development.   
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Figure 5.3 Parasites lacking full-length RON3 stall as rings in cycle 2 and do not develop 

to schizonts. 

(A) Evidence for a developmental block in rapamycin-treated RON3loxP parasites. 
Microscopic images from examination of Giemsa-stained thin blood smears of DMSO- 
and rapamycin (Rapa)-treated RON3loxP clone 7C4 parasites; images were taken at the 
end of cycle one and throughout cycle two, indicating that intracellular development 
stalls in the mutant parasites. The number of hours indicated reflects time since cycle 
one commenced. The time point of DMSO- or Rapa-treatment is indicated in the 
schematic timeline. Images are representative of at least three independent experiments 
(B) Flow cytometric analysis of Hoechst 33342 staining intensity in cycle two 
RON3loxP parasites (clones 3E10 and 7C4) following treatment at the start of cycle 1 
with DMSO (red plots) or rapamycin (blue plots), with samples for flow cytometry 
taken at ~92 h. Parasites expressing wild type RON3 (all 1G5DC parasites, DMSO-
treated parasites of clones 3E10 and 7C4) develop into multinuclear schizonts in cycle 
two, as indicated by an increased intracellular DNA content. 
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5.2.3 A block in intracellular development can be explained by deficient protein 

export  

As discussed in section 5.1.3 export of parasite derived proteins is critical for both the 

virulence and survival of P. falciparum parasites. Experimental ablation of the function 

of HSP101, one of the key components required for export of proteins across the PVM, 

leads to a complete block in parasite growth (Beck et al., 2014), and rather than 

developing to multinuclear schizonts, parasites stall as mononuclear trophozoite stages. 

This was also observed in P. berghei in vivo following knockdown of HSP101 

expression using the Tet-OFF system. A similar growth arrest was displayed by these 

Pbi101KD parasites (Elsworth et al., 2014). Knockdown using the glmS ribozyme 

system in P. falciparum of another component thought to be important for protein 

export, PTEX150, also indicated that export-deficient parasites undergo growth arrest 

prior to schizogony (Elsworth et al., 2014).  

 

Based on the phenotypic similarity of RhopH3Δ4-6 and RON3Δ2-6 parasites to PTEX 

knockdown parasites it was hypothesised that deficient protein export might explain the 

inability of RhopH3Δ4-6 and RON3Δ2-6 parasites to undergo long-term growth and 

accumulate at the late ring or trophozoite stage. To address this possibility, it was 

decided investigate whether these mutant parasites were capable of exporting various 

classes of parasite-encoded proteins. 

5.2.3.1 Protein export occurs normally in RhopH3Δ4–6 mutant parasites 

To examine whether the developmental arrest of RhopH3Δ4-6 parasites was reflective 

of a generalised defect in protein export, the subcellular localisation of two parasite 

proteins commonly used as markers for protein export was examined. Both KAHRP 

and MAHRP1 are parasite-encoded proteins which are exported to either the RBC 

membrane (KAHRP) or the MCs (MAHRP1). KAHRP staining, especially in younger 

parasites, often appears as diffuse staining throughout the RBC cytosol whilst MAHRP 

staining appears punctate and distributed throughout the host RBC. IFAs of cycle two 

trophozoites showed no discernible differences in either KAHRP or MAHRP1 staining 

between DMSO and rapamycin-treated RhopH3loxP parasites (Figure 5.4A), 
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suggesting that RhopH3Δ4-6 parasites were able to export proteins to the RBC surface 

and to parasite-derived membranous structures within the RBC. This conclusion was 

further supported by TEM images which indicated that rapamycin-treated RhopH3loxP 

parasites were capable of forming knobs on the host RBC surface (Figure 5.4B). 

Collectively, these findings indicate that protein export by asexual blood stage P. 

falciparum parasites does not require full-length RhopH3. By extension, it can be 

tentatively concluded that the RhopH complex does not function in protein export.  
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Figure 5.4 Disruption of RhopH3 does not ablate export of P. falciparum asexual blood 

stage proteins.  
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(A) IFA of DMSO and rapamycin (Rapa)- treated RhopH3loxP parasites of clone 5F5, 
~72 h post DMSO or Rapa treatment. Parasites were probed with antibodies to EXP2, a 
marker of the PVM which acts to indicate the location of the parasite within the RBC, 
as well as with antibodies specific to either KAHRP (top panel) or MARHP1 (bottom 
panel). The staining pattern of DMSO-treated parasites was indistinguishable from that 
of Rapa-treated parasites. Scale bar, 5 µm. (B) Transmission electron micrographs of 
DMSO or Rapa treated RhopH3loxP clone 4B11 parasites, ~92 h post DMSO/Rapa 
treatment. As well as indicating the developmental block in RhopH3Δ4-6-expressing 
parasites, the presence of knobs (indicated by black arrows) on the RBC surface in both 
cases confirms that protein export occurs in mutant parasites. The mutant parasites 
appeared ultrastructurally identical to wild type trophozoites of a similar developmental 
stage (data not shown). Labels indicate the cytostome (C), the digestive vacuole (DV), 
haemozoin (H), the nucleus (N), the PVM and the PPM.  Scale bar, 1 µm.  
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5.2.3.2 Protein export is deficient in RON3 mutant parasites 

As for RhopH3 deficient parasites (see section 5.2.3.1), the impact of RON3 disruption 

upon protein export was determined by examining the localisation, by IFA, of a panel of 

exported proteins. To assess the overall export competence of RON3Δ2-6 parasites, 

proteins differing in solubility states (e.g. soluble HRP2 versus integral membrane 

proteins such as SBP1), expression profiles (e.g. RESA which is exported in very early 

ring stages vs PfEMP1 which is exported in the trophozoite stage (McMillan et al., 

2013)), targeting motifs (e.g. PEXEL-containing KAHRP versus MAHRP1 which is a 

PNEP) and host cell destinations (e.g. SBP1, a MC-resident protein, versus HRP2 that 

resides in the RBC cytosol, versus KAHRP and PfEMP1 which localise to the RBC 

membrane or surface respectively) were examined. 

 

In complete contrast to the situation with the RhopH3Δ4-6 mutants, IFA analysis 

indicated a broad-scale inability of RON3-deficient parasites to export proteins (Figure 

5.5). For example, DMSO-treated RON3loxP rings and trophozoites clearly exported 

RESA and KAHRP, respectively, to the RBC surface. In contrast, the RON3Δ2-6 

parasites displayed no export of either of these proteins; instead, both RESA and 

KAHRP appeared to accumulate in a subcellular zone surrounding the parasite (as 

indicated by staining close to that of DAPI staining) (Figure 5.5, top panel). A similar 

disparity between DMSO and rapamycin-treated RON3loxP parasites was also seen for 

HRP2 staining; export to the RBC cytosol was evident in DMSO-treated parasites but 

the protein remained close to the parasite in the RON3Δ2-6 mutants (Figure 5.5, 2nd 

panel). As well as this inability to export PEXEL-containing proteins, the RON3Δ2-6 

parasites also appeared unable to export PNEPs. For example, rather than localising to 

MCs with the characteristic multiple punctate foci of signal throughout the RBC, both 

MAHRP1 and SBP1 staining (Figure 5.5, 3rd and 4th panels) appeared as a single point 

close to the parasite in the rapamycin-treated RON3loxP parasites. Finally, it was 

considered important to examine whether RON3Δ2-6 parasites could export PfEMP1 as 

the export of this protein is essential for in vivo virulence of P. falciparum parasites 

(Maier et al., 2008). Under conditions of normal export in wild type parasites, some 

PfEMP1-specific IFA antibody signal is always observed surrounding the parasite (as 

indicated by colocalisation of RON3 and PfEMP1 staining). At the same time however, 
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PfEMP1 is also seen to be exported to the RBC periphery in DMSO-treated RON3loxP 

parasites. In contrast, in the rapamycin-treated RON3loxP parasites the PfEMP1-

specific IFA signal remained as a single parasite-associated point, assumed to be 

bounded by the PVM, with no signs of export into the RBC or towards the infected 

RBC periphery (Figure 5.5, bottom panel).  

 

Together, the IFA data indicated that RON3Δ2-6 parasites are incapable of exporting 

parasite-encoded proteins. This was the case for both PEXEL-containing proteins as 

well as PNEPs, supporting the notion that both these classes of proteins exploit a 

common mechanism for protein export. Furthermore, as well as being unable to export 

proteins such as HRP2 and KAHRP which are synthesised in the ring stages, the 

RON3Δ2-6 parasites are also unable to export RESA which is synthesised in the 

preceding cycle and discharged, upon merozoite invasion, from dense granules into the 

PV. One caveat regarding these conclusions is that the absence of haemozoin formation 

in the cycle two RON3Δ2-6 parasites indicates that these parasites stall at an early stage 

within the RBC cycle. It is therefore possible that for proteins such as PfEMP1, the 

block in export may be an indirect effect resulting from an arrest in parasite 

development at a time point prior to initiation of PfEMP1 export. Further examination 

of the function of RON3 will be required to establish whether it plays a direct or 

indirect role in protein export.   
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Figure 5.5 RON3 is required for export of a diverse set of parasite-encoded exported 

proteins. 

IFA images of cycle two stage RON3loxP clone 7C4 parasites. Parasites were DMSO or 
Rapa-treated at ring stage, then allowed to mature to schizonts and reinvade fresh RBCs 
before samples were fixed at ~3 to ~18 h post invasion in cycle two. A similar export 
block, with proteins appearing to accumulate closely apposed to the parasite periphery, 
was observed in each case in the Rapa-treated parasites, whereas in the DMSO-treated 
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parasites the signal was detected in the expected RBC location, indicating normal 
export. Images are representative of three independent experiments. Scale bars, 2 µm. 
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5.2.3.2.1 RON3 may be a component of the PTEX 

When it was first described, the PTEX was thought to comprise five proteins: EXP2, 

HSP101, PTEX150, PTEX88 and TRX2 (de Koning-Ward et al., 2009). Subsequent 

work has indicated that PTEX may contain additional proteins including PV1, Hsp70x 

(exported Hsp70 protein) and Pf113 (Elsworth et al., 2016). It is possible that further 

novel components of PTEX may be elucidated in due course. Based on the dramatic 

effects of RON3 disruption on protein export (see section 5.2.3.2), an extensive 

literature search was performed to investigate whether RON3 may too represent a 

component of the PTEX.  

 

Whilst the PTEX was first described in 2009, P. falciparum RON3 remained 

unannotated until late 2011 (de Koning-Ward et al., 2009; Ito et al., 2011). However, on 

reviewing the mass spectrometry data from analysis of IPs performed with anti-HA 

antibodies on lysates of PTEX150-HA tagged parasites, it is possible to identify 3 

peptides (none of which were present in control IPs from wild type parasites) derived 

from the hypothetical protein Q814R5 (de Koning-Ward et al., 2009). Interestingly, 

Q814R5 was subsequently annotated as RON3. These results are compatible with the 

possibility that RON3 may form a complex with PTEX150, one of the key components 

of the PTEX complex. This possibility is further supported by independent IP 

experiments on PTEX150-HA tagged parasites. In those studies, 92 RON3-specific 

peptides were identified, none of which were identified in the non-HA-tagged 3D7 

control parasites (Bullen et al., 2012). Whilst the actual peptide sequences resulting 

from the LC/MS-MS analysis were not provided, preventing a calculation of the total 

percentage coverage of the protein, the ratio of the number of peptides to protein size 

(in amino acids) could be calculated. For RON3, this ratio was 92/2215 = 0.04. By 

comparison, the figures for TRX2 and PTEX88, both confirmed PTEX components, 

were 0.02 and 0.04 respectively. Thus, again, these data are compatible with the 

possibility that RON3 may be part of the PTEX.   

 

Further support for this interesting model comes from two additional very recent 

studies. Mesén-Ramirez and colleagues generated a P. falciparum line expressing a 

triple HA-tagged EXP2. These EXP2-3xHA parasites were treated with dithiobis 
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succinimidylpropionate to cross-link proteins, then extracts analysed by IP with anti-

HA beads. Mass spectrometry of the resulting eluates identified 20 peptides, reported 

after ISOQuant processing, which derived from RON3, representing a sequence 

coverage of RON3 exceeding 10% (Mesén-Ramírez et al., 2016). This provides 

suggestive evidence that, as well as interacting with PTEX150, RON3 may also interact 

with the EXP2 component of PTEX. The same authors suggested that RON3 interacts 

with Hsp70x, another newly identified PTEX component. Confirming the localisation 

of Hsp70x within the PTEX complex, four unique HSP101 peptides (corresponding to 

6.5% coverage) were identified upon analysis of IPs performed using anti-HSP70x 

antibodies. In a separate study, these anti-HSP70x antibodies also specifically pulled 

down proteins, analysis of which identified 9 unique peptides covering 5.6% of the 

sequence of RON3 (Zhang et al., 2017). Together, these studies therefore indicate that 

RON3 may interact with up to three distinct PTEX components: PTEX150, EXP2 and 

Hsp70x. RON3 might also interact with other PTEX components such as TRX2. For 

example, whilst over 25 proteins were detected in anti-HA IPs from a TRX2-HA 

parasite line, details of those proteins not previously characterised as ‘PTEX proteins’ 

were not provided (Matthews et al., 2013). Examination of the raw data from this study 

(not shown) again indicates that RON3 may also interact with TRX2. Final evidence in 

support of the concept of RON3 being part of the PTEX complex comes from a 

proteomic analysis of a high molecular weight (~1236 kDa) Blue Native PAGE species 

identified as the PTEX. LC-MS/MS analysis of tryptic digests of that complex 

identified 16 peptides corresponding to RON3, independently indicating that RON3 

may be part of the PTEX complex (Elsworth et al., 2016). 

 

One possible hypothesis for the role of RON3 in this putative complex is that it might 

function as a structural component that is crucial for formation of the PTEX. To test this 

idea, IFA was performed on cycle two rings and trophozoites of DMSO and rapamycin-

treated RON3loxP parasites. As shown in Figure 5.6, the results indicated that 

localisation of two of the PTEX components that RON3 may interact with – EXP2 and 

PTEX150 – is unchanged between the control and RON3Δ2-6 parasites. These results 

suggest that RON3 is not required for the interaction between EXP2 and PTEX150.   
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Figure 5.6 Disruption of RON3 does not affect EXP2 or PTEX-150 localisation.  

IFA of DMSO or rapamycin (Rapa)-treated RON3loxP clone 7C4 parasites indicates 
that the presence and localisation of the canonical PTEX components EXP2 and 
PTEX150 is not altered by RON3 disruption. This suggests PTEX150 and EXP2 remain 
located at the PVM even when protein export is blocked. Images representative of the 
majority of parasites over several fields. Scale bar, 2 µm.  
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5.2.3.2.2 RON3 may form a pore 

(Work described in this section was carried out in collaboration with the colleagues at 

the Francis Crick Institute. Chrislaine Withers-Martinez (Malaria Biochemistry 

Laboratory) assisted with the structural modelling of RON3, whilst Ellen Knuepfer 

(Malaria Parasitology Laboratory) performed the analysis of RON3 solubility). 

 

As described in detail above, RON3Δ2-6 mutant parasites show greatly reduced export 

of various classes of proteins (see section 5.2.3.2). Moreover, immunoprecipitation and 

native PAGE experiments performed by other groups indicate that RON3 itself may 

form part of the PTEX complex (see section 5.2.3.2.1). To further explore the putative 

function of RON3, it was decided to perform an in silico structural analysis of P. 

falciparum RON3 to determine whether this could provide further insights into its 

precise function. SignalP 4.1 (Petersen et al., 2011) was first used to identify a putative 

signal sequence comprising the extreme N-terminal 21 amino acid residues of RON3, 

consistent with it being secreted. Due to the large size of the predicted primary 

sequence, it was then necessary to divide RON3 into multiple domains before 

continuing to analyse the protein sequence. The DomPred protein domain prediction 

server (Marsden et al., 2002; Bryson et al., 2005) was used to investigate domain 

boundaries. Although the boundaries varied slightly, RON3 was always shown to 

consist of three domains (Figure 5.7A). The central domain, which was larger than 

1000 amino acids, was submitted again to DomPred, creating three subdomains for this 

region (Figure 5.7A). Each individual domain was then fed into the PSIPRED v3.3 

server (Buchan et al., 2013), which indicated the protein to show an overall high helical 

content. Transmembrane and pore-forming regions can be formed of both ⍺-helices and 

β-sheets, or from structural conversion to one of these secondary features. Some 

structures capable of pore-forming tend to have a high number of ⍺-helices, and 

formation of an ⍺-helical pore requires more than one helix. This may derive from the 

molecule itself, in which case the pore stoichiometry will equal one. Alternatively, the 

multiple helices can come from different molecules that assemble to form a pore. In this 

case, the pore stoichiometry will exceed two. The pore identification tool within the 

membrane helix prediction software MEMSAT-SVM (Nugent and Jones, 2009; Jones 
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et al., 1994), predicted RON3 to possibly contain seven pore-forming helices, in 

addition to a single non-pore-forming transmembrane helix (Figure 5.7A).  

 

Whilst PSIPRED and its associated servers analyse the protein at the amino acid level, 

Phyre2.0 is used to analyse protein structure at a higher, structural, level (Kelley et al., 

2015). This tool relies on a database of Hidden Markov models (HMM) for all protein 

databank (PBD) entries which is screened against an amino acid sequence of interest to 

indicate any regions of homology or analogy to known structures. For RON3 – for both 

the full-length protein as well as the three individual domains – Phyre2.0 did not 

provide any significant results (data not shown). This indicates that the PDB does not 

contain anything of a similar structure. This might be because there are novel folds in 

RON3 which are yet to be identified, or because the protein may dynamically fold in 

multiple confirmations.  

 

Despite the lack of success of analyses at the structural level, analyses at the amino acid 

level seems to indicate RON3 may be capable of forming a pore. The predicted 

topology of the identified transmembrane regions suggests that both the N and C 

termini of RON3 are extracellular (i.e. likely within the PV lumen) (Figure 5.7B). 

 

To experimentally address whether RON3 is an integral membrane protein, the 

solubility of RON3 in ring stages was examined. For this, proteins of newly-invaded 

ring-stage parasites were differentially extracted using hypotonic, high-salt and 

carbonate buffers, followed by SDS-PAGE and immunoblotting to determine which 

subcellular fraction the protein resides within. Soluble proteins, such as RON12 

(Knuepfer et al., 2014), tend to be released by hypotonic lysis. In contrast, those 

proteins associated with membranes (either as peripheral or integral membrane proteins) 

are not extracted readily by hypotonic or high salt buffers. This appeared to be the case 

for RON3, indicating it to be strongly membrane-associated (Figure 5.7C). Further 

analysis showed that RON3 was not solubilised by sodium carbonate treatment at high 

pH, conditions that typically lead to disintegration of protein complexes including 

peripheral membrane-associated proteins (Counihan et al., 2017). The fact that RON3 

was restricted to the carbonate insoluble fraction is consistent with it being an integral 
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membrane protein (Figure 5.7C, final column). These immunoblot experiments 

included samples of total parasite SDS extract as an immunoblotting control. 

Interestingly, only a very weak signal was visible for RON3 (Figure 5.7C, first 

column). This result was analysed further by pre-treating the protein pellet with a high 

salt buffer before solubilising in SDS sample buffer. Remarkably, this treatment 

substantially improved the signal, perhaps suggesting that high salt pre-treatment 

disrupts ionic interactions and releases RON3 from the membrane (Figure 5.7D). The 

challenges of detecting RON3 in immunoblots of ring-stage parasites may explain, for 

example, why a recent bio-identification screen of P. falciparum PVM proteins did not 

identify RON3 as being localised to this membrane (Schnider et al., 2018).  

 

Taken together, the literature searches, structural analyses and the solubility profile of 

RON3 in ring stages are all consistent with the notion that RON3 is an integral 

membrane protein that could act as a pore which functions in protein export.  
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Figure 5.7 RON3 is a putative pore-forming integral membrane protein.  

(A) Due to the large size of the RON3 primary sequence, structural modelling 
necessitated subdivision into three domains (one of which was further divided into three 
subdomains). PSIPRED and MEMSAT analyses of these domains indicated full-length 
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RON3 to have a high helical content (indicated by pink regions) and relatively little β-
sheet content (indicated by yellow regions). These secondary structural features were 
modelled to give rise to seven pore-forming helices (blue regions) and a single 
transmembrane helix (orange region). (B) The topology of the predicted transmembrane 
helices indicates that the N and C termini of RON3 are likely to protrude into the PV 
space. (C) Sequential subcellular fractionation of RBCs infected with ring-stage P. 
falciparum parasites, followed by immunoblotting, indicates RON3 to be an integral 
membrane protein. RON12 was used as a control for a soluble protein, RhopH2 is a 
membrane associated protein and the 19 kDa fragment of MSP1 is an integral 
membrane protein. HLS, hypotonic lysis soluble fraction; HSS, high salt soluble 
fraction; CBS, carbonate buffer soluble fraction; CBP, carbonate buffer pellet fraction. 
(D) Pre-treatment of the parasite lysate with high salt buffer allows RON3 to be 
detected in immunoblotting by anti-RON3 antibodies. HLP, hypotonic lysis pellet 
fraction; HSP, high salt pellet.  
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5.3 Conclusions 

Disruption of protein export represents one explanation for a lack of long-term growth 

by a parasite. The work presented in this study shows that disruption of RhopH3 has a 

significant impact on invasion, resulting in a ~50% decrease in the invasive capacity of 

RhopH3Δ4-6 merozoites. Those parasites that do successfully invade then shown a 

replication defect, stalling in the second cycle. Previous work from several groups has 

shown that up to one quarter of exported proteins are essential to the parasite (Maier et 

al., 2008) so one possible hypothesis to explain the RhopH3Δ4-6 phenotype was that 

proteins of the RhopH complex might be involved in protein export. It was conceivable 

that, immediately following invasion, components of the RhopH complex localise to the 

RBC cytosol-facing side of the PVM, where they might act in concert with PTEX to 

translocate early exported proteins (Ling et al., 2004; Vincensini et al., 2008). However, 

the results presented here showing that export of two diverse proteins (KAHRP and 

MAHRP1) and the formation of knobs was unaffected by RhopH3 disruption does not 

support a role for RhopH3 or other members of the RhopH complex in protein export. It 

was concluded that the growth arrest phenotype was due to something other than a 

defect in protein export processes.  

 

In contrast, export of several parasite-encoded proteins differing in a variety of 

characteristics was uniformly blocked in RON3Δ2-6 parasites. Biosynthesis of these 

proteins was not prevented in the mutants, as in each case the protein was readily 

detectable in RON3Δ2-6 rings or trophozoites. However, rather than being exported as 

usual, in each case the protein appeared to accumulate on the parasite side of the PVM. 

This could be confirmed in future work by further expanding IFA experiments to assess 

colocalisation between the mislocalised exported proteins and markers of the PV or 

PVM. Co-localisation between these mislocalised proteins and markers of the PV or 

PVM would indicate that the defect is specific to protein export rather than also 

encompassing protein secretion. This is indeed thought to be the case, as evidenced by 

the fact that invasion, and presumably egress, was unaffected in the RON3-mutant 

parasites (see section 4.2.1). This indicates that other events required for egress and 

invasion at the end of cycle one e.g. regulated discharge of SUB1 from exonemes and 
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microneme discharge) are unaffected in the RON3Δ2-6 mutants, in turn suggesting that 

the defect is export-specific rather than a general block in secretion.  

 

The fact that protein export appears deficient in the RON3Δ2-6 mutants, but not in the 

RhopH3Δ4-6-mutant parasites is supported by the fact that the RON3Δ2-6 parasites 

appeared to stall at an earlier stage than their RhopH3Δ4-6 expressing counterparts. The 

strongest evidence for this was the clear presence of crystalline haemozoin structures in 

arrested cycle two RhopH3Δ4-6 parasites; these were never observed in the arrested 

cycle two RON3Δ2-6 parasites, indicating growth arrest prior to substantive 

haemoglobin digestion.   

 

The clear similarities between cycle two RON3Δ2-6 mutant parasites and other 

described mutants in which components of the PTEX or other important components of 

the export pathway such as Plasmepsin V, have been disrupted or down-regulated 

provides strong circumstantial evidence for a role for RON3 in protein export. 

However, direct proof of this is lacking. To test the hypothesis that RON3 may function 

as a part of PTEX, we performed in silico structural analysis of RON3. This indicated 

that it may indeed function as (part of) a transmembrane pore. This is somewhat in 

conflict with the prevailing dogma that EXP2 represents the pore component of PTEX. 

Whilst the essentiality of EXP2 is supported by the inability to disrupt it by 

conventional gene knockout approaches (in P. berghei) (Matthews et al., 2013), there is 

in fact, until recently, little structural evidence supporting a role for EXP2 as a pore. 

EXP2 was originally proposed to be a pore based on weak secondary structural 

homology with the bacterial pore-forming toxin haemolysin E (de Koning-Ward et al., 

2009). Subsequent biochemical studies also showed it to be membrane-associated 

(Bullen et al., 2012) but it is only relatively recently that EXP2 has undergone structural 

characterisation, which did confirm that recombinant EXP2 can form pores in lipid 

membranes (Hakamada et al., 2017). However, detailed functional characterisation of 

EXP2 remains lacking, meaning that the hypothesis that RON3 acts as a pore in the 

PTEX complex remains open for investigation. P. falciparum EXP2 has been shown to 

compensate for the lack of two pore-forming proteins in T. gondii called dense granule 

protein (GRA) 17 and GRA23 (Gold et al., 2015). Whilst this observation further 
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supports the notion that EXP2 forms pores in the parasite, it also raises doubts that these 

pores functions in protein export because the T. gondii GRA17 and GRA23 proteins 

function in enabling nutrients from the host cell to cross the PVM and access the 

parasite. Thus, one plausible hypothesis is that EXP2-based pores function in ensuring 

permeability of the PVM to small molecules (see Chapter 6) whilst a pore formed from 

RON3, or another molecule, functions as part of the PTEX. This model could be 

experimentally tested by exogenous expression of RON3, perhaps in Xenopus laevis 

oocytes, followed by patch clamping and fluorescent labelling experiments to assess 

whether the protein can form a pore. Expression of recombinant RON3 is likely to be 

challenging due to its large size, but would be useful in a number of ways: as well as 

allowing structural characterisation of the protein, it would also facilitate generation of 

specific anti-RON3 antisera which are currently in very limited supply. It could also be 

used to obtain experimental evidence for the stoichiometry of pore formation by RON3 

proteins. If oligomerisation of RON3 is required for its function, drugs which prevent or 

retard this could represent a promising novel class of antimalarials.  

 

Further work on RON3 function could make use of the RON3 cKO mutant parasites 

generated here, perhaps using patch clamping to evaluate whether there are differences 

in the trans-PVM conductivity between wild type and RON3 deficient parasites. 

However, patch clamping is usually successful only on Plasmodium parasites of late 

trophozoite stage or older (Henry Staines, personal communication), so as RON3 

deficient parasites stall as early rings, patch clamping these may not be a viable option. 

Another strategy would be to see if it was possible to visualise pores by comparative 

freeze fracture EM of cycle two DMSO and rapamycin-treated parasites. If no pores 

were visible at the PVM of RON3-deficient parasites, this would indicate that RON3 is 

indeed acts as a pore or is crucial in pore formation. Freeze fracture IEM, using 

antibodies against RON3 as well as those against other established PTEX components 

such as HSP101 and PTEX150, would also help determine whether RON3 forms part of 

the PTEX. However, the limited availability of antibody reagents is likely to make these 

approaches challenging.  
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Whilst the multiple independent IP experiments referred to above indicate that RON3 

interacts with the PTEX, it is of course possible that RON3 represents a non-pore 

component of PTEX. For example, RON3 may play an accessory role in PTEX 

function, analogous to PTEX88 or TXR2. Translocon systems across the prokaryote 

and eukaryote kingdom require multiple components in addition to the membrane 

spanning and energy components, such as receptors for cargo docking, chaperones, 

regulatory components and structural components. It is not currently possible to exclude 

the possibility that RON3 functions in this way.  

 

Many proteins that are currently accepted as being components of the PTEX are known 

to reside within the merozoite dense granules, before being secreted upon invasion 

(Bullen et al., 2012). The fact that RON3 localises to the rhoptry bulb does not 

necessarily preclude its involvement in this complex. For example, it is entirely possible 

that Plasmodium parasites may have evolved a strategy whereby they spatially separate 

components for protein export until they are required. By storing RON3 in the rhoptries 

and other PTEX components such as HSP101 and PTEX150 in the dense granules, this 

may be a mechanism to prevent potentially harmful permeabilisation of the merozoite 

membranes in a temporally inappropriate setting. The fact that many proteins with an 

ascribed function in protein export are synthesised in the preceding cycle and stored in 

apical organelles is unsurprising. Export of some parasite-encoded proteins, such as 

RESA, is known to occur extremely rapidly following invasion (within one to two 

hours) (Foley et al., 1991). Pre-synthesis of the PTEX components prior to merozoite 

egress means that the complex can be assembled very rapidly following invasion, 

allowing it to promptly establish its function in the new host RBC.  

 

This chapter has shown that parasites deficient in RON3, but not in RhopH3, show 

defects in protein export. Rhoptry proteins have also been proposed to play a role in 

nutrient import, a role examined in the final experimental chapter of this work.  
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Chapter 6. Rhoptry proteins are involved in nutrient 

import: phenotypic analysis of the RON3 and RhopH3 

mutants 

Whilst previous chapters indicate that defective invasion or protein export explain the 

lethality of RAMA and RON3 disruption, respectively, the reasons for a lack of long-

term growth by RhopH3 mutant parasites were still outstanding. As rhoptry proteins, 

and specifically other members of the RhopH complex, have been proposed to function 

in nutrient import, itself an essential process in the asexual blood stage cycle, this 

chapter describes work focused on examined the nutrient import capability of RhopH3 

mutant parasites.  

6.1 Introduction to nutrient import 

Following invasion of a fresh RBC, the P. falciparum parasite spends the next ~48 h 

growing, developing and replicating, before egressing from the infected cell and 

commencing a new erythrocytic cycle. This process of growth, development and 

replication by the parasite necessitates a supply of nutrients. One source of such 

nutrients is the RBC cytoplasm. It is known (see section 1.3.2) that the parasite, via its 

cytostome and digestive vacuole, takes up and degrades host cell haemoglobin, a 

process which supplies the parasite with essential amino acids. However, adult human 

haemoglobin is devoid of isoleucine (one of the 20 naturally-occurring amino acids), 

and the RBC cytosol provides little in the way of carbohydrate. The host RBC is 

terminally differentiated and lacks metabolic activity. This qualitative and quantitative 

nutrient limitation means that, in order to survive within their chosen host cell, 

Plasmodium parasites need to acquire many essential nutrients from the extracellular 

environment – the culture medium in vitro or the blood plasma in vivo. The laws of 

chemistry mean that only uncharged and non-polar compounds are able to cross lipid 

bilayer membranes by simple diffusion. Most biochemical substrates are charged and/or 

polar, meaning that proteinaceous channels, transporters and/or pumps are required to 

enable these molecules to pass across the barriers formed by membranes. The 
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appearance and/or activation of such conduits is accordingly required to increase the 

permeability of the host RBC membrane.  

 

Early experiments examining this question used flame photocytometry to show that 

RBCs of malaria-infected monkeys were more permeable to cations and anions 

compared with uninfected RBCs, and that such increases in permeability correlated with 

levels of parasitaemia (Overman, 1947). This was followed by application of various 

macroscopic methods using isoosmotic lysis and tracer flux to confirm that nutrient 

permeability increases when RBCs are infected by Plasmodium (Kutner et al., 1982; 

Homewood and Neame, 1974; Ginsburg et al., 1983; Ginsburg et al., 1985). These and 

other studies further characterised this increase in permeability, including determining 

which solutes were able to permeate and at which point in the RBC cycle the increase in 

permeability commences. It was eventually determined that molecules such as 

nucleosides, sugars and other polyols, vitamins, amino acids, cations and anions were 

able to cross the RBC membrane from about 18 h post infection, entering the RBC 

cytosol at a vastly increased rate compared with uninfected RBCs (Staines et al., 2001). 

Interestingly, whilst this phenomenon of a broad-specificity channel was ubiquitous 

across Plasmodium spp, it was found to be absent from cells infected with other 

apicomplexan parasites such as T. gondii (Lisk and Desai, 2005). This may indicate 

induction of host cell permeability to be a genus-specific adaptation, occurring in 

Plasmodium due to the specialised nature RBCs compared to fibroblasts and other 

nucleated host cells.  

 

In 1993, Kirk et al., identified two compounds which were able to inhibit increases in 

RBC membrane permeability, albeit with low-affinity. It was at this point that the 

phenomenon become more than just of academic interest, since it was realised that 

selective inhibition of uptake of nutrients that the parasite is dependent upon could 

represent an effective antimalarial strategy. However, many currently known inhibitors 

of nutrient import are non-selective as they inhibit a range of membrane transport 

processes. Such toxicity issues could potentially be circumvented by coupling 

antimalarial drugs to substrates that selectively enter parasitized cells. It is clearly 

crucial to further elucidate the biology of the nutrient import in Plasmodium. 
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6.1.1 New permeability pathways  

Due to their apparent uniqueness to parasite-infected cells, the mechanisms leading to 

increases in host cell membrane permeability in Plasmodium-infected RBCs were 

termed new permeability pathways (NPP) (Ginsburg et al., 1983), with ‘new’ referring 

to the fact their appearance correlates with the presence of the parasite.  

 

Initially, several hypotheses were advanced attempting to explain the observed increases 

in RBC membrane permeability. For example, a breach of the RBC membrane at the 

site of merozoite invasion was proposed to act as a point where nutrients could enter. A 

parasitophorous duct acting as a direct conduit between the extracellular medium and 

parasite cytosol was also proposed, based on studies which claimed to show that 

macromolecules such as dextran and desferrioxamine were capable of directly accessing 

the parasite from the culture medium (Pouvelle et al., 1991; Loyevsky et al., 1993). An 

alternate ‘metabolic window’ hypothesis was also proposed (Bodammer and Bahr, 

1973), which again suggested that solutes from the extracellular medium could enter the 

parasite directly without passing through the RBC cytosol and PV. However, a lack of 

morphological evidence and subsequent experiments examining macromolecule uptake 

indicated that any proposed membranous duct was likely an artefact resulting from the 

incubation of RBCs under non-physiological conditions (Fujioka and Aikawa, 1993). 

The characteristics of NPP-mediated transport (broadly specific, non-saturable and non-

stereoselective) indicated that a pore or channel was more likely than a membranous 

breach (Kirk et al., 1993). In addition to the NPP facilitating nutrient uptake, several 

Plasmodium-killing compounds have been shown to enter infected RBCs via the NPP. 

This includes the aspartic protease inhibitor pepstatin A (Saliba and Kirk, 1998), and 

fosmidomycin (Baumeister et al., 2011) amongst others.   

 

Further developments arrived with the advent of single channel patch clamping, a 

technique which isolates and quantifies, in real time, conductance through a single 

molecule. This electrophysiological technique led to the identification of new 

conductances across the RBC membrane, apparently mediated by a low-conductance, 

anion-selective, voltage-dependent inward-rectifying channel specific to the surface of 

infected RBCs, named the Plasmodial surface anion channel (Desai et al., 2000). This 
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channel was localised to the RBC membrane, somewhat in conflict with its initial 

nomenclature. This thesis will refer to the channel as the Plasmodial erythrocyte surface 

anion channel (PESAC), emphasising its location on the surface of Plasmodium-

infected RBCs.   

 

It is known that NPP function in nutrient uptake, enabling the intracellular parasite to 

access nutrients which are not readily available from within its host cell. However, it is 

important to consider other potential functions of NPP. This includes the removal of 

metabolic waste products, the maintenance of cell volume and ion regulation. Asexual 

blood stage malaria parasites obtain energy primarily via glycolysis, in which glucose is 

eventually converted, via pyruvate, to lactic acid. This must be removed from the 

parasite and RBC cytosol to prevent acidification. Although the RBC has its own 

transporters and exchangers of lactate, the increased lactate production of an infected 

RBC overwhelms the capacity of these endogenous proteins, meaning parasite-induced 

pathways must also play a role (Poole and Halestrap, 1993). The parasite digests large 

quantities of haemoglobin and it is thought that not all the resultant amino acids are 

used by the parasite in protein synthesis. The presence of these excess amino acids 

represents an osmotic challenge, which the parasite is thought to circumvent by 

recruiting the NPP to expel amino acids from the RBC cytosol into the blood plasma 

(Krugliak et al., 2002). Upon invading the RBC, the parasite transfers from the high 

Na+/low K+ environment of the plasma to the high K+/low Na+ environment of the RBC 

cytosol. As the parasite develops to a trophozoite, NPP (specifically the endogenous 

Na+/K+-ATPase) activity facilitates redistribution of Na+ and K+ ions across the RBC 

membrane, meaning the RBC cytosol becomes high Na+/low K+. However, experiments 

studying the effects of modifying the ionic composition of the extracellular medium, 

indicated that such cationic regulation is not crucial for parasite growth (Pillai et al., 

2013). It is also interesting to note that although Cl- permeability through the NPP is 

greater than for almost any other ion, the RBC cytosolic concentration of Cl- is 

unaffected by NPP induction, as the membrane potential maintains electrochemical 

equilibrium for this ion. Although the physiological function(s) of the NPP and their 

essentiality for parasite growth are well-characterised, there are two broad questions 
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which remain the subject of debate: the number of distinct pathways, and their origin 

i.e. whether they are parasite or host derived. 

6.1.1.1 One or many channels? 

Decades of studies from the Desai laboratory point to the PESAC existing as a single 

type of parasite-encoded channel. However, other researchers have theorised multiple 

different pathways to be involved in nutrient uptake across the membrane of the 

parasitized RBC. The limitations of electrophysiological patch clamping may explain 

this disparity. It is widely agreed that results of patch clamping experiments depend 

largely upon the instrumental setup and applied experimental conditions (Staines et al., 

2003). Under the conditions the Desai laboratory has used, it may be that additional 

channels were inactive or their ion flux was below detectable limits. Indeed, another 

group identified three distinct anion-selective channel types (Bouyer et al., 2006). The 

first, an inwardly-rectifying channel, shares some properties such as flickering-gating, 

with the PESAC, but its conductance is proposed to be several-fold greater. They also 

identified a small conductance anion channel and a third, outward-rectifying channel. 

Such conclusions were echoed by other whole-cell recordings which indicated the 

existence of an outwardly-rectifying anion channel in addition to the inwardly-

rectifying channel i.e. more than one type of induced conductance across the membrane 

of infected RBCs (Duranton et al., 2005). However, pharmacological data using various 

anion transport blockers shows such compounds result in broad and reproducible 

transport inhibition (Kirk et al., 1993), supporting the existence of a single pathway for 

transport of many different solutes. Whilst such queries have partially been ameliorated 

by high-throughput inhibitor and genetic studies, the existence of several different and 

distinct parasite-induced channels or channel activities remains a possibility.  

6.1.1.2 NPP are host-derived 

Osmotic lysis experiments and whole cell patch clamp studies indicated that the 

application of oxidative or other stresses to uninfected RBCs, or stimuli such as 

phosphorylation by protein kinase A, induced properties that mimic the permeability 

properties of a Plasmodium-infected RBC (Huber et al., 2002; Egée et al., 2002; 

Decherf et al., 2004). The fact that such NPP-like conductances could be induced in an 
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uninfected RBC led to the hypothesis that NPP are derived from the activation of host-

encoded transport proteins upon infection, rather than depending upon newly 

synthesised parasite-encoded molecules. Although the above studies applied artificially 

generated stimuli to the RBC, it is known that, for example, haemoglobin digestion by 

the parasite creates an oxidative stress upon the RBC, indicating that activation of 

endogenous RBC channel functionality may be a true physiological consequence of 

parasite infection. Whilst this initially appeared to negate NPP as drug targets, other 

studies proposed that the observed increased conductance was due to modulation of 

RBC-endogenous transporters, meaning that channels which were quiescent or basally 

active in normal uninfected RBCs were functional or activated only upon parasite 

infection. This quiescence in the uninfected state meant that inhibitors of these 

transporters would still be specific to infected cells only, rather than interfering with 

uninfected host cells.  

 

The fact that increases in solute permeability and conductance across the RBC 

membrane can be induced in the absence of Plasmodium parasites provides strong 

evidence for a host cell contribution to NPPs (Bouyer et al., 2006). Moreover, some 

NPP-inhibitors were found to have activity across phylogenetically divergent 

Plasmodium species (Lisk and Desai, 2005), again supporting the notion that the 

channels are RBC-, rather than parasite-, derived.  

 

There is a precedent for parasite presence influencing host cell channel activity. For 

example, the Cl- conductance of hepatoma cells, and specifically their volume regulated 

anion channel, was shown to increase seven-fold upon P. berghei infection (Prudêncio 

et al., 2009). The importance of RBC-encoded channels is further illustrated by P. 

berghei infection of mice deficient in aquaporin 9 (AQP9) (Liu et al., 2007). In wild 

type uninfected mice, this channel is present on the RBC surface. Removing AQP9 has 

no effect upon the RBC itself, indicating it plays no essential function in mature RBCs. 

However, growth of P. berghei is significantly reduced in AQP9-deficient mice, and 

this is thought to be because, when present, AQP9 facilitates glycerol permeability 

across the RBC membrane. Glycerol is required for the synthesis of glycerolipids and 

therefore is key in membrane biogenesis.  
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Not all transporters of the RBC membrane are quiescent in uninfected cells. For 

example, uninfected RBCs use the glucose transporter 1 (GLUT1) to take up glucose 

(Woodrow et al., 1999). Despite the glucose requirement of a Plasmodium-infected cell 

being two orders of magnitude greater than that of the uninfected cell, it is thought that 

the vast majority of glucose required by the parasite enters the RBC cytosol via 

GLUT1, rather than via a ‘new’ channel which was absent or inactive prior to parasite 

infection. This points towards Plasmodium parasites increasing the activity of 

endogenous RBC channels. Significant modulation of the activity of the RBC’s 

Na+K+ATPase (Staines et al., 2001) is also seen, but the fact that activity of both the 

RBC Na+K+Cl2 cotransporter and Ca2+-activated K+ channel is unchanged upon 

infection (Staines et al., 2001; Kirk et al., 1992) indicates a specific, rather than 

generalised, activation of host encoded channels and transporters.  

 

The parasite requires several nutrients, including vitamins and amino acids, to be taken 

up from the extracellular milieu (Divo et al., 1985). Whilst the RBC has known 

transporters for e.g. glucose (GLUT1) and nucleosides (the human equilibrative 

nucleoside transporter), uninfected RBCs are known to lack transporters or channels for 

other nutrients essential to the parasite. Whilst this may point to parasite-encoded 

channels, it is also possible that Plasmodium infection changes the properties of 

endogenous RBC channels, altering their solute permeability and mediating uptake of 

molecules that they are impermeant to in uninfected RBCs. Moreover, NPP increase 

RBC membrane permeability to a wide range of substrates, not all of which, are 

physiologically or metabolically relevant (e.g. fosmidomycin (Baumeister et al., 2011)). 

Therefore, it could be argued that NPP are simply side effects of Plasmodium infection 

rather than specific pathways that have been actively selected for.  

 

A key argument for the contribution of host-derived transporters to NPP is the fact that 

homology searches of the P. falciparum genome indicate very few parasite-encoded 

proteins that appear to be conventional transporters and channels (Gardner et al., 2002). 

Whilst malaria transport proteins may be atypical and therefore not detected by 

computational searches, it is also possible to argue that, rather than synthesising its own 
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channels, the parasite simply exploits and co-opts pre-synthesised host-encoded 

channels and transporters. An example of both a channel and a transporter are discussed 

in more detail below: the voltage dependent anion channel (VDAC) and the excitatory 

amino acid transporter 3 (EAAT3).  

6.1.1.2.1 The VDAC and EAAT3 

The VDAC is one of the three components that comprise tripartite peripheral-type 

benzodiazepine receptors (PBRs). PBRs are ligand gated channels present at the RBC 

membrane, and their gating and kinetic properties, as measured by patch clamping, 

appear very similar to those of NPP (Bouyer et al., 2011). The solute permeability 

profile of the VDAC mirrors that of the NPP (Shoshan-Barmatz et al., 2010), and 

although dormant in uninfected RBCs, VDAC has been shown to be activated upon P. 

falciparum infection (Bouyer et al., 2011). Diazepam and Ro5-4864 are compounds 

which are known to block PBRs. Exposure of P. falciparum cultures to varying 

concentrations of diazepam or Ro5-4864 over 72 h gave growth dependence curves 

which indicated that the effect of these ligands upon parasite growth was akin to that of 

5-nitro-2-3-phenylpropylamino benzoic acid (NPPB), an anion transport blocker, with 

fifty percent inhibitory concentration (IC50) values in a very similar range (Bouyer et 

al., 2011). To confirm that the growth inhibition conferred by diazepam or Ro5-4864 

was due to PBR inhibition, isoosmotic lysis experiments were performed, which 

showed a decrease in infected RBC membrane permeability to sorbitol, indicating 

inhibition of NPP activity. Patch clamping indicated decreased conductance in the 

presence of these PBR agonists, confirming that diazepam or Ro5-4864 inhibit parasite 

growth via a direct effect upon NPP activity, rather than by affecting another aspect of 

parasite fitness. 

 

As well as for channels such as VDAC, there is also evidence for parasite-dependent 

activation of endogenous transporters. For example, EAAT3, a glutamate transporter, is 

known to localise to the RBC membrane. This is curious because mature mammalian 

RBCs do not perform protein synthesis and thus have no requirement to take up 

glutamate (or any other amino acid). This is in contrast to P. falciparum- infected cells, 

which need to take glutamate up from the extracellular environment. EAAT3 is 
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quiescent in uninfected RBCs but can be chemically activated, by treating cells with 

sodium arsenite (Winterberg et al., 2012). This illustrates three key features of EAAT3 

– sodium dependence, high glutamate affinity, and stereoselectivity. Activation of this 

transporter has also been shown to occur upon P. falciparum infection and accounts for 

up to 40% of all L-glutamate uptake. Activation of EAAT3 thought to be 

phosphorylation-dependent (Winterberg et al., 2012). One of the several kinases 

exported by parasites into infected RBCs (Schneider and Mercereau-Puijalon, 2005) 

may act as a regulator, activating EAAT3 and so facilitating glutamate uptake across the 

RBC membrane of infected cells.  

6.1.1.3 NPP are parasite-derived: the Plasmodial erythrocyte surface anion 

channel 

Biochemical evidence indicates potential parasite-mediated contributions to the NPP. 

For example, chymotrypsin treatment of infected RBCs abolishes NPP activity, but this 

is reversible within hours of removal of the protease (Baumeister et al., 2006). This 

indicates protein synthesis must be occurring, inserting new channels into the RBC 

membrane. Because mature RBCs have no de novo protein synthesis capacity, so the 

proteins leading to a return of NPP activity must be parasite-derived. The importance of 

parasite-encoded transporters to NPP was also elegantly shown by experiments in 

which a single donor RBC type was simultaneously infected with two different P. 

falciparum strains. On a population level, the RBCs of this donor were assumed to be 

identical, so the appearance of varying, strain-specific, PESAC conductances (Alkhalil 

et al., 2004) and inhibitor sensitivities (Alkhalil et al., 2009) indicated the PESAC to be 

parasite-derived. This is conclusion was further supported by the fact that in vitro 

selection successfully generates PESAC mutants, indicating that the products of 

parasite-encoded genes appear to contribute, somehow, to NPP (Lisk et al., 2010).   

 

Studies with P. gallinaeceum, an avian malaria parasite, showed that RBCs of chickens 

fed on a pantothenate-free diet did not support successful intraerythrocytic parasite 

development (Brackett et al., 1946). This was the first indication that an external source 

of pantothenate, also known as vitamin B5, is an essential for Plasmodium parasites. 

Pantothenate is required by parasites, but not the mature RBC, because it is a coenzyme 
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A precursor. There is no endogenous i.e. RBC-encoded pantothenate transporter or 

channel, so the major route of uptake of this essential vitamin into infected RBCs is 

most likely to be NPP, via a parasite-encoded protein (Saliba et al., 1998).  

 

Parasite-encoded transport proteins seem to play a similar role in the uptake of 

isoleucine and methionine. RBCs have a functional, saturable mechanism for the uptake 

of these neutral amino acids (Tunnicliff, 1994). However, in infected RBCs, the 

maximal rate of isoleucine and methionine uptake through this heterodimeric L-system 

under physiological conditions is only one-quarter of that required for parasite protein 

synthesis (Martin and Kirk, 2007; Cobbold et al., 2011). Therefore, parasite-derived 

transporters are likely to be invoked to ensure sufficiently rapid influx of these amino 

acids.  

6.1.1.3.1 One channel but multiple routes? 

Inhibitor screening studies have provided much insight into NPP, indicating that if NPP 

derive from a single PESAC component, there are likely to be multiple routes of 

transport through this channel. Furosemide is an inhibitor which is qualitatively and 

quantitatively different to another class of NPP inhibitors, known as P[E]SAC residual 

transport inhibitors (PRIs). Treatment of infected RBCs with these structurally 

divergent inhibitors indicated that the PESAC seems to transport substrates via two 

different routes. Transport of alanine and sorbitol is furosemide-sensitive whilst uptake 

of other nutrients such as proline requires a pathway which is unaffected by furosemide 

but blocked by PRIs (Pain et al., 2016). It appears that solutes, including those which 

are structurally fairly similar, permeate through the PESAC via two distinct 

mechanisms. This is further evidenced by the fact that combining these inhibitor types 

has a synergistic, rather than additive, effect on in vitro parasite killing (Pain et al., 

2016). This synergy is abolished by nutrient restriction and re-established by exogenous 

isoleucine addition, indicating that both pathways are likely to be functional in nutrient 

acquisition.   
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6.1.1.3.2 ISPA-28 and CLAG3 

Isolate-specific P[E]SAC antagonist (ISPA)-28 has been a key small molecule for 

elucidating parasite-encoded components of NPP. As indicated by its name, different 

parasite lines show different sensitivity to ISPA-28. Solute restriction only leads to 

parasite growth inhibition in ISPA-28 sensitive strains (Pillai et al., 2012), indicating 

transport inhibition is against a parasite-defined component. 

 

ISPA-28 was identified when a set of 50,000 compounds were screened against four 

divergent P. falciparum strains (Nguitragool et al., 2011), with the aim of identifying 

compounds which inhibited PESAC-associated osmotic lysis. The vast majority of 

compounds were uniformly active across the strains, indicating that different parasite 

lines use conserved molecules to mediate RBC membrane permeability. However, some 

inhibitors including ISPA-28 showed highly specific and differential activity between 

strains. Whole cell and single channel patch clamping was used to show that ISPA-28 

was able to inhibit PESAC activity 800-fold better in DD2 P. falciparum parasites than 

in HB3 P. falciparum, indicating that the affinity of ISPA-28 for the PESAC varied 

between these strains. This was hypothesised to be either due to the existence of 

multiple PESACs, or to the existence of polymorphisms in a single PESAC. The ISPA-

28 sensitivity of progeny from a DD2xHB3 cross, generated via sexual recombination 

within mosquito vectors (Wellems et al., 1990), were used to further examine this 

phenomenon. As expected, most progeny resembled either the HB3 parent or the DD2 

parent. However, some progeny displayed an intermediate phenotype. Quantitative trait 

locus mapping of these parasites identified a region on chromosome 3 which could 

account for the difference (Nguitragool et al., 2011). Complementation with 14 genes 

from this region identified two loci that appeared to determine ISPA-28 affinity. The 

protein products of these genes, called clag3.1 and clag3.2, were shown via protease 

protection assays to span the RBC membrane (Nguitragool et al., 2011). Allelic 

exchange then confirmed the role of these genes in PESAC activity; replacing the HB3 

clag3 locus (where both genes are situated in tandem) with a chimeric HB3-DD2 clag3 

gene construct led to an increased affinity for ISPA-28, and consequently decreased 

osmotic lysis in the presence of this inhibitor (Nguitragool et al., 2011). As it was the 
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C-termini of the clag3 genes which were exchanged, this also indicated that the ISPA-

28 binding site lies within this region.  

 

Based on the above data, the differential ISPA-28 sensitivity of HB3 and DD2 parasites 

can be explained by the fact that expression of the clag3 genes is mutually exclusive. 

Single parasites express either the clag3.1 gene or the clag3.2 gene, with the other being 

epigenetically silenced (Cortés et al., 2007). DD2 parasites almost exclusively express 

clag3.1 whilst most cells in a HB3 population express clag3.2 (Kaneko et al., 2005). 

Expression switching does occur, which leads to phenotypic drift; some DD2 parasites 

will express the clag3.2 gene and appear relatively unaffected by ISPA-28. However, 

continued selection of such parasites with ISPA-28 treatment followed by osmotic lysis 

experiments reproducibly led to these cells switching back to clag3.1 expression 

because the ISPA-28 inhibition of CLAG3.1 confers a selective advantage under 

osmotic lysis pressure. Whilst ISPA-28 is specific to the clag3.1 allele, ISPA-43 is a 

different inhibitor which preferentially inhibits clag3.2. Reciprocal reverse selections 

with these two distinct ISPAs indicated it is possible to select for the high affinity form 

of the cognate gene, indicating these proteins are somehow involved in PESAC activity.  

Moreover, uptake of both blasticidin-S and leupeptin is thought to be PESAC-

dependent and in vitro selection with these compounds affects clag3 expression, either 

through epigenetic silencing (meaning resistance is rapidly reversible) or by selecting 

for non-synonymous (A1210T) mutations in clag3 genes (Mira-Martínez et al., 2013; 

Sharma et al., 2015). In either case, it is thought to reduce uptake through the PESAC, 

reducing toxin permeability. How this proposed decrease in PESAC activity under 

selection reconciles with the need for the parasite to acquire nutrients is unknown.  

 

Whilst the above studies do seem to indicate a role for CLAG3 in channel activity, the 

exact biochemical function of this protein remains unknown. Evidence for a single 

CLAG3 molecule forming the channel is lacking; CLAG proteins show little homology 

to known ion channels and hydrophobicity analysis algorithms indicate few 

conventional transmembrane sections, components that are crucial in membrane-

spanning channels. Biochemical solubility assays showing resistance of CLAG3 to 

carbonate extraction illustrate the flaws of transmembrane domain prediction algorithms 
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and indicate CLAG3 may indeed be an integral membrane protein (Nguitragool et al., 

2011). However, the hydrophobic region of CLAG3 most likely to be membrane 

spanning is flanked by negatively charged amino acids. This is challenging to reconcile 

with the known anion selectivity of the NPP. However, this effect could be 

circumvented by multiple CLAG3 molecules multimerising to form a stable pore. 

Alternatively, or in addition, heteromerisation with other parasite or host-encoded 

proteins may facilitate channel formation. A third model is that CLAG3 does not itself 

act as or contribute to a channel, but instead acts in trans in an auxiliary fashion to 

activate or regulate other, parasite- or host-derived, channels.  

 

It needs to be pointed out that some sources of evidence suggest that CLAG3 is neither 

necessary nor sufficient for nutrient import. For example, despite nutrient acquisition 

being generally accepted as an essential process, it has been possible to generate 

parasites in which both clag3.1 and clag3.2 are silenced, indicating that CLAG3 gene 

products are not essential for RBC survival (Comeaux et al., 2011). Whilst it is possible 

that functional compensation has occurred in these mutants, perhaps by another CLAG 

protein (see section 1.6.1.2.3.2), those experiments indicates that CLAG3 proteins are 

not absolutely necessary for all NPP. Moreover, there appears to be no CLAG3 ortholog 

in Babesia, a parasite which also requires nutrient uptake across differentiated 

mammalian RBCs (Alkhalil et al., 2006). 

6.1.1.4 Protein export, CLAG3 and nutrient import  

The generation of PTEX-mutant parasites (see section 5.1.2.4) has provided additional 

support for the involvement of parasite proteins in PESAC formation and/or activity. 

Lines in which either HSP101 or PTEX150 are disrupted are incapable of exporting a 

broad range of proteins beyond the PVM (Beck et al., 2014; Elsworth et al., 2016), in a 

phenotype reminiscent of RON3 mutant parasites (see section 5.2.3.2). Interestingly 

however, CLAG3 localisation is unchanged when HSP101 is rendered non-functional 

i.e. it is still seen to be localised to the RBC membrane (Beck et al., 2014). This may 

indicate that CLAG3 uses a PTEX-independent mechanism to cross the PVM, or that, 

in a similar fashion to RON2 (see section 4.1.2), CLAG3 is injected directly into the 

RBC membrane upon invasion. Intriguingly, despite their wild type localisation of 
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CLAG3, HSP101 knockdown proteins show deficient NPP activity as measured by 

osmotic lysis. This suggests that CLAG3 is unlikely to be the sole protein involved in 

the NPP. This does not preclude the possibility of parasite-encoded proteins establishing 

the NPP, but it does indicate that at least some of the essential components rely upon 

PTEX-dependent export. Alternatively, it may indicate that interactions between 

CLAG3 and PTEX-exported proteins are required for activation of endogenous RBC 

channels.  

6.1.1.5 A dual host and parasite contribution to NPP 

Endogenous RBC transporters or channels exist for many of the nutrients required by 

intraerythrocytic Plasmodium parasites. However, the capacity of these endogenous 

systems is often insufficient to meet the metabolic requirements of a developing parasite 

inside the RBC, meaning that parasite-encoded proteins are also likely to be important. 

These parasite proteins may form additional channels, as hypothesised for CLAG3 and 

the PESAC, or they may function in upregulating, activating or changing permeability 

properties of pre-existing but quiescent RBC membrane channels and transporters. 

 

One example of this is choline uptake. This quaternary ammonium cation permeates the 

RBC membrane via both a saturable endogenous choline carrier and a parasite-derived 

non-saturable broad specificity channel (Ancelin et al., 1991; Staines and Kirk, 1998), 

ensuring that the parasite requirement for choline can be met. A dual host-parasite 

contribution is also seen in waste efflux. Glutathione disulphide (GSSG), the oxidised 

form of glutathione (GSH), is created by oxygen and reactive haem in RBCs. High 

GSSH levels are deleterious for cells, leading to lipid peroxidation of cell membranes 

and glutathionylation of their proteins. Infection by Plasmodium represents an oxidative 

stress to RBCs, leading to higher GSSG levels. Uninfected RBCs are capable of GSSG 

efflux via host-encoded multidrug resistance proteins (MRPs) on the RBC surface, but 

their capacity becomes overwhelmed upon parasite infection, meaning that a parasite-

encoded GSSG-efflux system is required to remove additional GSSG (Barrand et al., 

2012).  
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6.1.2 Beyond the RBC membrane 

Whilst the work presented in this thesis focuses on nutrient import across the RBC 

membrane, it is important to realise that a primary, if not the sole, goal of NPP is to 

deliver necessary nutrients to the parasite. Therefore, nutrient import across the RBC 

cannot be considered in isolation (Figure 6.1); the mechanisms of nutrient import 

across the PVM and the PPM represent crucial parts of the overall process. The 

interdependence of these pathways is illustrated by examining the transport of small 

biotin derivatives. The RBC membrane is impermeable to such molecules, so these 

derivatives do not enter the RBC or the intracellular parasite. Streptolysin-O (SLO) 

creates pores in the RBC membrane, effectively permeabilising it, and allowing the 

biotin derivatives to enter. The permeabilising ability of SLO is limited to the RBC 

membrane i.e. it cannot also permeabilise the PVM. However, in the presence of SLO, 

exogenously-provided biotinylated compounds are detectable in the PV lumen 

(Nyalwidhe et al., 2002), indicating that transport across the RBC membrane is an 

important, but not the sole, step in nutrient import. Indeed, passive uptake mediated by 

the PESAC would not be possible if transport mechanisms across the PVM and parasite 

plasma membrane were not acting to maintain the necessary concentration gradients.  
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Figure 6.1 Imported nutrients and effluxed metabolites cross several membranes in their 

journey between intracellular parasite and extracellular milieu.  

Nutrients or products of metabolism (black circles) cross the RBC membrane, the PVM 
and the PPM. Once within the parasite, nutrients often undergo modifications (grey 
circles), such as phosphorylation within the parasite cytosol, to prevent them crossing 
back across the PPM.  Nutrients and waste also pass into and out of intracellular 
organelles such as the mitochondrion (M) or apicoplast (A). Haemoglobin and other 
molecules are taken up from the RBC, across the RBC and parasitophorous vacuole 
(PV) membranes, via the cytostome (C), before travelling in vesicles to the digestive 
vacuole (DV).   
 
 
 
 
 

The PVM is also a lipid bilayer membrane. However, unlike the RBC membrane, it is 

known that solutes of up to 1.4 kDa can freely pass through the PVM (Desai et al., 
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1993; Desai and Rosenberg, 1997) indicating there to be a channel permitting this 

conductance. However, the precise identity of the molecule(s) conferring this broad 

leakiness to solutes is unknown. EXP2 (see section 5.1.2.4) has been postulated as a 

possible candidate, due to its ability to functionally compensate for GRA17, a 

Toxoplasma protein which is proposed to be a PVM pore involved in import of small 

molecules across the PVM in this species (Gold et al., 2015). One proposed function of 

the TVN (see section 5.1.1) is to act as an extension of the PVM, increasing the 

available surface area for broadly-specific nutrient uptake channels (Lauer et al., 1997). 

 

The parasite plasma membrane is more similar to the RBC membrane than the PVM in 

that it is not freely permeable, indicated by the fact that ion gradients and membrane 

potentials are maintained across this membrane. In contrast to the broad specificity 

shown by NPP at the RBC membrane, transport across the parasite plasma membrane 

appears to be more specific. There are therefore likely nutrient transporters on the 

parasite plasma membrane, as the end goal of all nutrient import is to provide the 

parasite with molecules to allow growth and reproduction. Bioinformatics studies have 

identified over 100 blood stage proteins encoded by the P. falciparum genome that may 

fulfil this function (Martin et al., 2005). Homology searches followed by exogenous 

expression in Xenopus laevis oocytes have allowed characterisation of several parasite 

plasma membrane nutrient transporters, including PfHT1 and PfNT1 which are 

responsible for hexose and nucleoside transport respectively (Woodrow et al., 1999; 

Carter et al., 2000). Transport of some nutrients across the parasite plasma membrane is 

a rapid equilibrative process, such as for glucose and neutral amino acids (Cobbold et 

al., 2011; Martin and Kirk, 2007; Woodrow et al., 1999). However, unlike the situation 

across the PVM, uptake of other nutrients such as pantothenate and inorganic 

phosphate, must be coupled to the movement of other ions (Saliba and Kirk, 2001; 

Saliba et al., 2006). 
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6.2 Results 

6.2.1 Pathways of nutrient import are defective in RhopH3 mutant parasites  

As shown above, parasites expressing the mutant RhopH3Δ4-6 protein were found to 

undergo developmental arrest in cycle two but do not display a discernible defect in 

protein export (see section 5.2.3.1). It was noticed that this is remarkably similar to that 

resulting from isoleucine starvation of P. falciparum parasites (Babbitt et al., 2012). 

NPP are required for the import of isoleucine (as well as other amino acids) into the 

parasite (Martin and Kirk, 2007), and other studies had suggested that the 

RhopH1/CLAG3 component of the RhopH complex played a crucial role in uptake of 

nutrients via NPP (Nguitragool et al., 2011). Collectively, these observations led us to 

investigate the nutrient import capability of RhopH3Δ4-6 parasites.   

 

As well as conferring permeability to essential nutrients, NPP are also responsible for 

allowing sorbitol, a sugar alcohol, to enter infected RBCs (Nguitragool et al., 2011). 

Entrance of sorbitol, via NPP, into infected RBCs is followed by water, triggering 

hypotonic lysis of RBCs and the subsequent release of host cell haemoglobin. 

Therefore, measurements of haemoglobin release can be used to indicate the flux of 

sorbitol through parasite-induced NPP, illustrating the extent of permeability across the 

RBC membrane. The more sorbitol that can enter the infected RBC, the more water that 

will follow, leading to more hypotonic lysis and more haemoglobin release (Wagner et 

al., 2003). Non- or suboptimally- functioning NPP will be indicated by resistance to 

sorbitol-mediated lysis. As shown in Figure 6.2A, RBCs infected with parasites 

expressing wild type RhopH3 (parental 1G5DC parasites, those of the non-excised 

RhopH3NE clone and DMSO-treated RhopH3loxP clone 5F5 parasites) displayed the 

expected sorbitol sensitivity. In contrast, RhopH3Δ4-6 parasites were completely 

insensitive to sorbitol, with the amount of haemoglobin released by these sorbitol-

resistant parasites not significantly different from that released by infected RBCs treated 

with isotonic control buffer (PBS)  

 

Whilst the above experiments seemed to indicate that RhopH3Δ4-6 parasites are 

incapable of importing sorbitol, it was necessary to confirm whether this was simply a 
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sorbitol-specific phenotype, or whether broader NPP were indeed deficient and/or 

inactive in parasites lacking RhopH3. This was done by incubating DMSO and 

rapamycin-treated cycle two rings with 5-ALA (Figure 6.2B – D). 5-ALA cannot enter 

uninfected RBCs; however, in the presence of the parasite and induced NPP, this 

compound is taken up into infected RBC, where it is converted to fluorescent PPIX by 

vestigial enzymes endogenous to the RBC (Sigala et al., 2015). 5-ALA, via its 

conversion to PPIX, therefore represents a convenient reporter for NPP activity because 

its uptake is known to require NPP activity (Sigala et al., 2015) and is also furosemide-

sensitive (Staines et al., 2004). Examination by fluorescent microscopy (Figure 6.2B, 

C) and flow cytometry (Figure 6.2D) indicated that parasites expressing wild type 

RhopH3 readily take up 5-ALA and convert it to fluorescent PPIX. In contrast, 

rapamycin-treated cycle two rings of RhopH3loxP clones 4B11 and 5F5 are unable to 

take up 5-ALA. 

 

Together, the sorbitol and 5-ALA experiments indicated that NPP are defective in 

RhopH3Δ4-6 parasites. Thus, the intracellular growth defect of RhopH3Δ4-6 parasites 

may be explained by nutrient starvation. 
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Figure 6.2 Parasites lacking wild type RhopH3 have reduced sorbitol sensitivity and a 

reduced ability to take up exogenous small molecules.  

(A) Parasites of the indicated clone were tightly synchronised before cultures were split 
and DMSO or rapamycin (Rapa)-treated. Parasites were allowed to mature for ~72 h, 
becoming cycle two parasites, before parasitaemia was adjusted to 5%. The cycle two 
parasites were suspended in lysis buffer containing 280 mM sorbitol (grey bars) or in 
PBS (black bars). The resulting osmotic lysis was indicated by haemoglobin release, 
which was itself determined by measuring the absorbance of the supernatant at 405 nm. 
A value for 100% lysis was obtained by lysing an equal volume of parasite cultures in 
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0.15% w/v of saponin, and all other absorbance at 405 nm values normalised to this. 
The parasite population lacking RhopH3 (clone 5F5, Rapa-treated) is indicated by a red 
arrow. Data represent averages from three biological replicate experiments. Statistical 
significance was determined by a two-tailed t-test where p ≤ 0.001, ***; p ≤ 0.01, **; p 
≤ 0.05 *, and p > 0.05, ns. (B) RBC infected with either DMSO or rapamycin (Rapa-) 
treated RhopH3loxP clone 5F5 parasites were incubated, 48 h after DMSO or 
rapamycin treatment, with 200 µM 5-ALA overnight. Infected RBC were visualised by 
Hoechst 33342 staining and the conversion of 5-ALA to PPIX in infected RBCs was 
visualised by fluorescent microscopy. Top panels show fields of view containing 
multiple RBCs, some of which are infected with parasites of the indicated strain; scale 
bar, 50 µm. Bottom panels show individual RBCs singularly infected with a DMSO or 
rapamycin-treated P. falciparum parasite of the indicated strain; scale bar, 5 µm. (C) 
Quantitation of 5-ALA uptake indicated RhopH3-deficient parasites could not take up 
this exogenous small molecule. For each parasite strain and condition, a total of 1300 
Hoechst-positive (i.e. infected) cells were analysed for intensity of PPIX fluorescence 
using MetaMorph (Molecular Devices). Statistical significance was determined by a 
two-tailed t-test where p ≤ 0.0001, **** and p > 0.05, ns. (D) Flow cytometry 
confirmed parasites expressing RhopH3Δ4-6 showed reduced uptake of 5-ALA. DMSO 
or rapamycin-treated parasites ~ 48 h post treatment were incubated overnight with 200 
µM 5-ALA. Cells were also stained with Hoechst 33342. Uptake of 5-ALA and its 
subsequent conversion to PPIX was determined by flow cytometry. Gating was applied 
to distinguish Hoechst-negative (i.e. uninfected RBCs, red population) from Hoechst 
positive/PPIX negative (infected RBCs but no 5-ALA uptake or conversion to PPIX, 
green population) from Hoechst positive/PPIX positive (infected RBCs that are taking 
up 5-ALA and converting it to PPIX, purple population) cells. For parasite populations 
expressing wild type RhopH3 (DMSO and rapamycin treated parasites of 1G5DC and 
RhopH3NE lines, DMSO treated parasites of RhopH3loxP clones 4B11 and 5F5), many 
Hoechst positive cells were positive for PPIX fluorescence. In contrast, most Hoechst 
positive cells of rapamycin-treated 4B11 and 5F5 parasites were negative for PPIX 
fluorescence, indicating defective uptake of 5-ALA.  
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6.2.2 RON3 deficient parasites cannot import small molecules across the RBC 

membrane 

As described above, mutant RON3Δ2-6 parasites show deficient protein export in cycle 

two. Whilst this may well explain the stalling of these parasites during intracellular 

development, it was also considered important to examine the nutrient import ability of 

these parasites.  

 

It is well-documented that sorbitol sensitivity does not appear until parasites have 

reached at least mid-trophozoite stage (Trager and Jensen, 1976). Indeed, 

synchronisation of in vitro P. falciparum cultures often takes advantage of this fact, 

using sorbitol to osmotically lyse late-stage parasites whilst leaving less mature ring 

stages unaffected. As RON3Δ2-6 parasites stall at ring stage, measurements of sorbitol-

mediated osmotic lysis were considered unlikely to provide any information about the 

NPP status of mutant parasites. Whether this is the case for other small molecules that 

are taken up by infected RBCs, such as 5-ALA, is not known. Therefore, to obtain an 

indication of the extent of NPP-dependent permeability of the RBC membrane, DMSO 

and rapamycin-treated RON3loxP parasites were incubated overnight with 5-ALA then 

visualised using fluorescent microscopy to determine the degree of conversion to 

fluorescent PPIX. As shown in Figure 6.3, DMSO-treated RON3loxP parasites 

displayed the expected capacity to take up 5-ALA and generate fluorescent PPIX. In 

contrast, no significant fluorescence was detected in RON3Δ2-6 parasites. It was 

concluded that 5-ALA is unable to enter these cells 

 

These results strongly suggest that NPP is defective in the RON3 mutant parasites but 

whether this is a direct or indirect effect of RON3 deficiency remains to be determined.  
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Figure 6.3 Parasites lacking wild type RON3 have a reduced ability to take up exogenous 

small molecules.  

Parasites of RON3loxP clone 7C4 were tightly synchronised, cultures were split and 
DMSO or rapamycin (Rapa)-treated. The parasites were allowed to mature for ~48 h, 
becoming cycle two parasites, before parasitaemia was adjusted to 5%. These cycle two 
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rings were incubated overnight with 200 µM 5-ALA. Infected RBC were then 
visualised by Hoechst 33342 staining and conversion of 5-ALA to PPIX was visualised 
by fluorescent microscopy. Top panels show fields of view containing multiple RBCs, 
some of which are infected by parasites of the indicated treatment; scale bar, 50 µm. 
Middle panels show individual RBCs infected with a single DMSO or Rapa-treated 
RhopH3loxP 7C4 parasite; scale bar, 5 µm. Bottom panels show individual RBCs 
simultaneously infected with two P. falciparum parasites; scale bar, 5 µm. 
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6.3 Conclusions  

The results presented in this thesis have shown that disruption of RON3 ablates protein 

export in blood stage P. falciparum. Due to the essentiality of many exported proteins 

for survival and virulence (Maier et al., 2008), it is reasonable to hypothesise that this 

defect fully explains the stalling of RON3Δ2-6-expressing parasites at ring stages. 

However, a conditional mutant in protein export is also a useful tool to attempt to 

decipher the nature of parasite-induced NPP. It has been suggested that protein export is 

required for functional parasite-induced NPP (Beck et al., 2014), a fact supported by the 

demonstration here of the inability of RON3 deficient parasites to take up 5-ALA. 

However, there is another equally plausible possibility: that RON3 mutant parasites stall 

at a stage prior to that at which the NPP becomes functional (something which happens, 

as evidenced by sorbitol sensitivity, in later parasites stages). Therefore, whilst the data 

here confirm that parasites lacking RON3 do not take up molecules across the RBC 

membrane, it is not possible to distinguish whether this is caused by deficient protein 

export, or is simply a symptom of arrest of parasite development at a very early stage in 

the erythrocytic life cycle.  

 

An invasion defect and a lack of protein export cannot (fully) explain the lethality of the 

RhopH3Δ4-6 mutation. The final hypothesis to be tested was that the block in 

development during the early trophozoite stage suffered by RhopH3Δ4-6-expressing 

parasites is due to a defect in nutrient import. RBCs infected with the mutant parasites 

were shown to be sorbitol resistant and impermeable to 5-ALA. Whilst neither of these 

substrates are physiologically relevant, the inability to transport these diverse 

compounds across the RBC membrane is indicative that nutrient import is not 

functioning. This could be further confirmed by measuring the uptake of radiolabelled 

pantothenate (Saliba et al., 1998): uptake of this essential i.e. physiologically-required 

molecule only occurs in infected RBCs. If pantothenate uptake was shown to not occur 

in RhopH3Δ4-6 parasites, this would be definitive evidence that such parasites stall due 

to an inability to obtain the nutrients they require for intracellular growth and 

replication. Metabolomics and metabolic profiling could also be exploited to confirm 

that mutation of RhopH3 affects nutrient uptake. This is because there are specific 
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metabolic profiles (e.g. increases in the amino acids histidine and threonine) which 

result from chemical NPP inhibition (Dickerman et al., 2016), and it would be 

noteworthy to establish whether the profiles of RhopH3Δ4-6 parasites mirror this. 

 

It is interesting to consider why RhopH3Δ4-6 parasites are able to progress through the 

ring stage to become trophozoites, rather than stalling in ring stages as RON3Δ2-6 

parasites do. One possible explanation is that, upon invasion and PVM formation, the 

PV space topologically represents an ‘external’ compartment that may include some 

extracellular medium retained within the PV as it was sealed off within the RBC. There 

could be sufficient nutrients contained within this compartment to support some early 

parasite growth. This supply may be exhausted after ~18 h of growth, preventing the 

parasite from growing further and beginning to replicate. It is possible at this point that 

the parasite may enter a dormant state in an attempt to conserve resources, rather than 

immediately dying. This could be examined by using a live-dead stain such as JC-1 

(Pasini et al., 2013b) to determine whether the stalled parasites are dead and dying, or 

are simply dormant.  

 

One hypothesis for why a block in development occurs in RhopH3Δ4-6 parasites is that 

internal RhopH3 truncation affects RhopH complex formation, in turn ablating the 

function of RhopH1/CLAG3 proteins. RhopH1/CLAG3 has been proposed to play a 

key role in nutrient uptake across the RBC membrane (Nguitragool et al., 2011). If the 

trimeric RhopH complex is no longer able to form in the rhoptries of schizonts upon 

internal truncation of RhopH3, it is possible that, upon RBC invasion, RhopH1/CLAG3 

proteins are not correctly trafficked to the RBC membrane surface which is their normal 

location (Nguitragool et al., 2014). Immediately after invasion, both RhopH2 and 

RhopH3 can be localised to the PVM (Hiller et al., 2003; Sam-Yellowe et al., 1988), 

before being translocated to the RBC membrane. The precise mechanism that enables 

the RhopH proteins to pass from the rhoptries, across the PVM, to the RBC membrane 

is unknown. However, one interesting relevant finding is that the RBC membrane 

localisation of RhopH1/CLAG is unaffected by disruption of the PTEX complex (Beck 

et al., 2014) since in HSP101 knockdown parasites, which are unable to export a suite 

of parasite-encoded proteins, RhopH1/CLAG3 was still present at the RBC membrane. 
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This indicates that a PTEX-independent mechanism acts to transport RhopH1/CLAG3 

to the RBC surface. Furthermore, despite the localisation of RhopH1/CLAG3 protein 

being wild type, these HSP101 knockdown parasites were sorbitol resistant indicating a 

defect in nutrient import (Beck et al., 2014). This observation is key in providing 

insight into the potential role of RhopH1/CLAG3 proteins. One possibility is that 

RhopH1/CLAG3 proteins play no function in nutrient import. Another, more likely, 

hypothesis is that RhopH1/CLAG3 functions in concert with other proteins, export of 

which is PTEX-dependent. These proteins may oligomerise with RhopH1/CLAG3 to 

form a heteromeric pore, or alternatively, it may be that RhopH1/CLAG3 forms the 

pore but its activation by other proteins is required. A third possibility is that these other 

proteins are pore-forming with RhopH1/CLAG3 performing some regulatory function. 

The first and last suggestions derive support from the fact that RhopH1/CLAG3 has a 

paucity of predicted transmembrane domains and shows little homology to any known 

channel proteins, indicating that this protein is unlikely to be able to form a pore in 

isolation. It will be challenging to resolve these competing hypotheses, but a crucial tool 

for this will be the production of specific and abundant RhopH1/CLAG3 antisera.  

 

The above experiments with the RhopH3 cKO line indicated that, upon internal 

truncation of RhopH3, both RhopH1/CLAG3.1 and RhopH2 mislocalised in the 

schizont stage. One potential consequence of this is that the proper, or properly timed, 

release of the RhopH complex does not occur during invasion, resulting in the RhopH 

proteins not being delivered to where they are required. This is compounded by the fact 

that RhopH proteins in trophozoite-stage parasites derive entirely from proteins that are 

introduced during invasion (Ling et al., 2003), meaning that additional subsequent 

protein synthesis cannot rescue the phenotype. 

 

Due to a paucity of reagents against the other RhopH1 proteins, it was not possible to 

examine the effect of RhopH3 disruption upon RhopH1/CLAG2, RhopH1/CLAG8 and 

RhopH1/CLAG9. Interestingly, chemical inhibition of RhopH1/CLAG3 function in 

parasites cultured in RPMI-1640 (the rich medium used in this study) led to only a 

small decrease in parasite viability (Pillai et al., 2012). Similarly, mutant parasites that 

express neither RhopH1/CLAG3.1 or RhopH1/CLAG3.2 proteins were found to be 
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viable, showing only a minimal growth disadvantage compared to wild type parasites 

(Comeaux et al., 2011). One model consistent with this is that there is functional 

redundancy of the RhopH1/CLAG proteins; that is, a lack of RhopH1/CLAG3.1 and 

RhopH1/CLAG3.2 may be being compensated for by increased expression of for 

example RhopH1/CLAG2. Parasites lacking RhopH1/CLAG2 or RhopH1/CLAG8 have 

not been reported in the literature so it is not possible to comment on their essentiality, 

but it is known that a lack of RhopH1/CLAG9 produces no apparent in vitro growth 

phenotype (Trenholme et al., 2000). From this, it may be possible to hypothesise that 

RhopH1/CLAG proteins are individually dispensable but collectively essential. It is 

possible to speculate that, as for RhopH1/CLAG3.1, all RhopH1/CLAG proteins likely 

mistraffic upon internal truncation of RhopH3, meaning none of them reach the RBC 

surface. If so, the consequence of an internal truncation of the RhopH3 protein is the 

disruption of seven different proteins (and potentially five different RhopH complexes), 

meaning that the observed growth phenotype of RhopH3Δ4-6 mutant parasites is due to 

effective functional disruption of all RhopH proteins. This could well explain the 

contrast between the striking and severe phenotype seen in this study and the mild 

phenotype which results from RhopH1/CLAG3 inhibition (Pillai et al., 2012) or 

disruption (Comeaux et al., 2011). It may be that RhopH complexes containing 

different RhopH1/CLAG proteins together facilitate nutrient uptake. Indeed, it has been 

suggested, but not substantiated, that RhopH1/CLAG2 may play a role in the uptake of 

nutrients required for growth of parasites within infected RBCs (Pillai et al., 2012). The 

best way to test this experimentally would be in stages, first examining whether it is 

possible to generate parasites which are mutant in all but one RhopH1/clag gene. If this 

is possible, the next stage would be to create, in the resulting line, a conditional 

disruption of the remaining RhopH1/clag gene, and analyse the resulting phenotype. 

Some support for redundancy within the RhopH/CLAG family derives from the fact 

that several Plasmodium species possess only two RhopH1/clag genes – a 

RhopH1/clag9 orthologue and a second orthologue more closely related to the 

RhopH1/clag 2, RhopH1/clag3 and RhopH1/clag8 genes of P. falciparum (Kaneko et 

al., 2001; Counihan et al., 2013). In conclusion on this point, our results raise the 

possibility that, in P. falciparum, RhopH1/CLAG proteins other than 

RhopH1/CLAG3.1 and RhopH1/CLAG3.2 function in nutrient import. 
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It is also important to consider the role of RhopH2 in nutrient import, a protein which is 

also mislocalised in RhopH3Δ4-6 parasites. A recent study confirmed the essentiality of 

RhopH2 and showed that, upon its knockdown, sorbitol resistance and a reduction in 

folate levels mirroring that of furosemide treatment resulted (Counihan et al., 2017). 

Therefore, RhopH2 is likely to also directly or indirectly play a role in NPP-mediated 

nutrient import.  

 

It can be concluded that parasite-encoded RhopH proteins do, somehow, play a role in 

nutrient import across the membrane of the infected RBC. Unfortunately, the debate 

over the nature of parasite-induced NPP will still rage on – although it is known that 

RhopH proteins are important for nutrient import, this study does little to resolve the 

dispute over the number or origin (parasite or host derived) of NPP. This question will 

continue to be debated, as an understanding of the molecular composition and workings 

of NPP is crucial to identify novel drug targets, as well as to understand how the 

parasite may exploit these pathways to evolve antimalarial drug resistance.  
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Chapter 7. Discussion and future work 

At the commencement of this PhD project, the rhoptries were known to contain many 

proteins but the role of these in the P. falciparum RBC stages was poorly elucidated. 

The literature pointed to a role for these proteins in, amongst other things, RBC 

invasion, PVM establishment, rhoptry biogenesis and host RBC modification (as 

reviewed in (Counihan et al., 2013; Kats et al., 2006). Creating conditional knockouts 

of three rhoptry proteins – RhopH3, RAMA and RON3 – was a means to allow their 

functional characterisation. This in turn confirmed the rhoptry proteins of P. falciparum 

to be involved in RBC invasion, rhoptry morphology and host cell modification. Thus, 

although localised to the same intracellular compartment, there is huge diversity in 

rhoptry protein function. This information may turn out to be very useful, enabling an 

attack against the parasite to be mounted at this critical point in its life cycle.  

 

This study uses, for the first time, an inducible method of genetic disruption to 

successfully confirm the essentiality of three independent rhoptry proteins. This allowed 

us to show that rhoptry proteins play central roles in several key processes of the RBC 

stage cycle (Figure 7.1). In summary, we have indicated that the involvement of 

RAMA in RBC invasion likely derives from it functioning to determine rhoptry 

morphology, which in turn allows proper localisation of other rhoptry proteins directly 

involved in invasion. In contrast, RON3 plays no role in invasion; rather, it appears that 

this protein functions after invasion, in facilitating essential modifications of the host 

cell. To our knowledge, this is the first time that it has been conclusively shown that the 

function of rhoptry proteins extends beyond initial RBC invasion, with them being 

crucial throughout the blood stage cycle. Unlike RAMA and RON3, where a relatively 

simple phenotype was apparent upon their disruption, RhopH3 represents the first 

evidence of a rhoptry protein displaying a dual function. The significant reduction in 

invasive capability of parasites lacking full-length RhopH3 indicates this protein is 

involved in invasion. However, the fact that some RhopH3-deficient parasites still 

manage to invade enabled insight into a second function of RhopH3; that RhopH3, 

likely via its role in ensuring a functional RhopH complex forms, enables the import of 

essential nutrients across the RBC membrane.  
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Figure 7.1 Rhoptry proteins play varied and diverse roles throughout the asexual blood 

stage cycle. 

Wild type parasites can, ceteris paribus, progress through the asexual RBC cycle, 
leading to exponential growth and associated clinical sequelae. The result of mutation 
of three independent rhoptry proteins is a lack of productive intraerythrocytic 
replication of the parasite. Therapeutically targeting these molecules thus may mean a 
lack of disease, due to the inability of parasites to replicate. If RAMA is mutated, the 
rhoptries will have aberrant morphology which does not allow correct localisation of 
RON proteins, stopping invasion. If RON3 is mutated, parasite-derived proteins cannot 
be exported across the PVM, preventing functions essential for parasite survival and 
virulence. If RhopH3 is mutated, some parasites will be unable to invade and hence 
cause disease. As this protein plays two functionally distinct roles, the incomplete block 
in invasion still leads to an inability to replicate because nutrient import is also 
deficient.  
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Further work will be needed to ascertain the specific role of each of these proteins. 

Several broad categories of experiments may facilitate this. This first comprises 

experiments to identify binding partners. In the case of RAMA, this may indicate which 

components of the cellular machinery the protein is binding to in order to lead to the 

formation of rhoptry necks. For RON3, it would help confirm whether this protein is a 

true component of the PTEX. One strategy which may be useful for these two proteins 

is to tag them with the engineered peroxidase APEX2 (Hung et al., 2016). Upon 

addition of hydrogen peroxide and its biotin phenol substrate, biotin-labelled radicals 

are generated which can then rapidly and covalently label endogenous proteins in close 

proximity to the protein of interest. In this way, proteins that interact with RAMA or 

RON3, even very transiently, could be identified by mass spectrometry. The APEX2-

tagging strategy could be informed by works of this thesis – for example, removal of the 

C-terminus of both RAMA and RON3 leads to lethality, potentially indicating that a N-

terminal insertion of APEX2 might be better tolerated by the parasites. A similar 

strategy is not recommended for RhopH3 as the large number of proteins in close 

proximity on the parasite and RBC surfaces may lead to the detection of many false 

positive interactions. As an alternative approach, using recombinant RhopH3 protein in 

AVEXIS (Bushell et al., 2008) may uncover which, if any, host protein(s) RhopH3 

binds to during the course of invasion. If potential candidates were to be identified 

using this strategy, they could perhaps be verified by using a recently developed system 

which uses lentiviral transduction to knock down expression of RBC surface proteins 

(Bei et al., 2010). If wild type parasites were unable to invade RBCs deficient in the 

identified receptor, this would be further evidence for its interaction with RhopH3 in 

invasion.  

 

Since the commencement of this project, there have been significant developments in 

the efficiency and ease of utility of tools to generate (conditional) mutations in P. 

falciparum parasites. This is vitally important for investigating the function of all 

essential genes in P. falciparum. It is also likely to allow a more detailed examination of 

the precise function of a protein – for example, whilst it would have taken years to 

generate a single mutation in RON3 only five years ago, emerging technologies can be 

used to generate, in a medium- to high-throughput way, a suite of parasites with subtle, 
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small and varied changes in the gene of interest. Taken to its fullest extent, this could 

allow us to extend our conclusions from ‘the region encoded by exons 4 – 6 of RhopH3 

is important for RhopH complex formation’ to definition of the precise residues that 

function in this.  

 

The generation of the RhopH3 mutant also provides a timely reminder that, in biology, 

one protein does not always mediate a singular function. Adjusting to this way of 

thinking may help explain the circuitous route RhopH proteins take to reach the RBC 

membrane i.e. why the RhopH complex is a component of rhoptries, rather than being 

synthesised after invasion. So far as we are aware, the mechanism by which parasite-

encoded proteins cross the PVM i.e. PTEX, is fully functional very soon after invasion, 

significantly before NPP activity is required. The role of RhopH proteins in channel 

formation is inconsistent with their packaging up in the previous cycle i.e. they could 

just be synthesised and then exported in the cycle they are required. However, the fact 

that RhopH3 also functions in invasion may help to explain why this protein must be 

synthesised in the preceding cycle. The early synthesis and complex trafficking of 

RhopH proteins may have been a strategy which evolved precisely to facilitate one 

protein to perform two functions, disparate in time and space. 

 

It is also uncommon that a single key biological process is carried out by a sole protein. 

The study of all three proteins emphasises the importance of protein complexes. It also 

acts as a reminder of the importance of pathways and interactions within the parasite. 

Whilst functional inactivation of all three proteins produces clear and distinct 

phenotypes, much additional work is required to precisely narrow down whether each 

phenotype derived from a direct or indirect function of that protein.  

 

Whilst there is still much waiting to be discovered, this PhD project has shown that 

rhoptry proteins are a vitally important component of the parasite and they are likely to 

be required by the parasite for the pathophysiologic RBC cycle. This, combined with 

the fact all that these proteins are apicomplexan-specific, cements their position as 

important potential drug targets. Whilst disruption of each is lethal, generation of a drug 

or vaccine which targets multiple proteins may well lead to synergistic effects, stopping 
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the parasite’s RBC cycle, and hence disease progression, in its tracks. As well as this 

work being of academic interest, the resulting novel insights into the fascinating world 

of Plasmodium biology have the potential to be of relevance to our battle against 

malaria.  
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Chapter 8. Appendix  

8.1 Plasmid maps and linear sequences 

8.1.1 Constructs used in generating RhopH3 cKO parasites 
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tcgcgcgtttcggtgatgacggtgaaaacctctgacacatgcagctcccg5'

agcgcgcaaagccactactgccacttttggagactgtgtacgtcgagggc3'

pUC57 (KanR) backbone

 50

gagacggtcacagcttgtctgtaagcggatgccgggagcagacaagcccg5'

ctctgccagtgtcgaacagacattcgcctacggccctcgtctgttcgggc3'

pUC57 (KanR) backbone

 100

tcagggcgcgtcagcgggtgttggcgggtgtcggggctggcttaactatg5'

agtcccgcgcagtcgcccacaaccgcccacagccccgaccgaattgatac3'

pUC57 (KanR) backbone

 150

cggcatcagagcagattgtactgagagtgcaccatatgcggtgtgaaata5'

gccgtagtctcgtctaacatgactctcacgtggtatacgccacactttat3'

pUC57 (KanR) backbone

 200
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pUC57 (KanR) backbone

 250

caggctgcgcaactgttgggaagggcgatcggtgcgggcctcttcgctat5'

gtccgacgcgttgacaacccttcccgctagccacgcccggagaagcgata3'

pUC57 (KanR) backbone

 300

tacgccagctggcgaaagggggatgtgctgcaaggcgattaagttgggta5'

atgcggtcgaccgctttccccctacacgacgttccgctaattcaacccat3'

pUC57 (KanR) backbone

 350

acgccagggttttcccagtcacgacgttgtaaaacgacggccagtgaatt5'

tgcggtcccaaaagggtcagtgctgcaacattttgctgccggtcacttaa3'

pUC57 (KanR) backbone

 400



Tuesday, July 3, 2018 3:29 PM Page 2 of 14
pESS_R3_E46_loxP

gacgcgtattgggatGCACccgcggTCCTTTTTAGATTTTGTGGATGAAC5'

ctgcgcataaccctaCGTGggcgccAGGAAAAATCTAAAACACCTACTTG3'

Exon 3, homology arm 1SacII sitepUC57 (KanR) backbone

 450

CTGAACAATTTTACTGGTTCGTGGAACATTTTTTGTCTGTGAAATTTCGA5'

GACTTGTTAAAATGACCAAGCACCTTGTAAAAAACAGACACTTTAAAGCT3'

Exon 3, homology arm 1

 500

GTTCCAAAGCATCTTAAAGATAAAAACATTCATAATTTTACACCTTGCTT5'

CAAGGTTTCGTAGAATTTCTATTTTTGTAAGTATTAAAATGTGGAACGAA3'

Exon 3, homology arm 1

 550

AAATAGATCATGGGTATCTGAATTTTTAAAAGAATATGAAGAGCCATTTG5'

TTTATCTAGTACCCATAGACTTAAAAATTTTCTTATACTTCTCGGTAAAC3'

Exon 3, homology arm 1

 600

TAAATCCTGTTATGAAATTTCTAGATAAAGAGCAAAGATTATTTTTTACA5'

ATTTAGGACAATACTTTAAAGATCTATTTCTCGTTTCTAATAAAAAATGT3'

Exon 3, homology arm 1

 650

TATAACTTTGGAGATGTAGAACCACAAGGTAAATATACATATTTCCCAGT5'

ATATTGAAACCTCTACATCTTGGTGTTCCATTTATATGTATAAAGGGTCA3'

Exon 3, homology arm 1

 700

TAAGGAATTTCACAAATATTGTATACTACCCCCCTTAATAAAAACTAATA5'

ATTCCTTAAAGTGTTTATAACATATGATGGGGGGAATTATTTTTGATTAT3'

Exon 3, homology arm 1

 750

TAAAAGATGGTGAAAGTGGAGAATTTTTAAAATATCAATTAAATAAAGAA5'

ATTTTCTACCACTTTCACCTCTTAAAAATTTTATAGTTAATTTATTTCTT3'

Exon 3, homology arm 1

 800
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GAATATAAAGTTTTTCTTTCTTCGGTTGGTTCCCAAATGACAGCTATAAA5'

CTTATATTTCAAAAAGAAAGAAGCCAACCAAGGGTTTACTGTCGATATTT3'

Exon 3, homology arm 1

 850

AAATTTATATTCAACAGTTGAAGATGAACAAAGAAAACAATTATTAAAAG5'

TTTAAATATAAGTTGTCAACTTCTACTTGTTTCTTTTGTTAATAATTTTC3'

Exon 3, homology arm 1

 900

TTATCATAGAAAATGAAAGTACAAATGATATATCTGTTCAATGCCCAACT5'

AATAGTATCTTTTACTTTCATGTTTACTATATAGACAAGTTACGGGTTGA3'

Exon 3, homology arm 1

 950

TATAACATAAAATTACATTATACTAAAGAATGTGCTAATAGTAATAATAT5'

ATATTGTATTTTAATGTAATATGATTTCTTACACGATTATCATTATTATA3'

Exon 3, homology arm 1

 1000

ATTAAAATGTATTGATGAATTTCTTAGAAAAACATGTGAAAAGAAAACCG5'

TAATTTTACATAACTACTTAAAGAATCTTTTTGTACACTTTTCTTTTGGC3'

Exon 3, homology arm 1

 1050

AAAGTAAACACCCTTCTGCAGACTTATGTGAACACTTACAATTTCTTTTT5'

TTTCATTTGTGGGAAGACGTCTGAATACACTTGTGAATGTTAAAGAAAAA3'

Exon 3, homology arm 1

 1100

GAATCATTAAAGAATCCTTACTTGGATAATTTTAAAAAATTTATGACTAA5'

CTTAGTAATTTCTTAGGAATGAACCTATTAAAATTTTTTAAATACTGATT3'

Exon 3, homology arm 1

 1150

CAGTGATTTTACCTTAATCAAACCTCAATCAGTATGGAATGTACCTATAT5'

GTCACTAAAATGGAATTAGTTTGGAGTTAGTCATACCTTACATGGATATA3'

Exon 3, homology arm 1

 1200
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TCGATATATATAAACCAAAAAATTATTTAGATAGTGTCCAAAATTTAGAT5'

AGCTATATATATTTGGTTTTTTAATAAATCTATCACAGGTTTTAAATCTA3'

Exon 3, homology arm 1

 1250

ACAGAATGTTTTAAGAAATTAAATAGCAAAAATTTGATCTTCTTATCATT5'

TGTCTTACAAAATTCTTTAATTTATCGTTTTTAAACTAGAAGAATAGTAA3'

Exon 3, homology arm 1

 1300

CCATGATGATATACCTAACAATCCATATTACAATGTGGAACTTCAAGAAA5'

GGTACTACTATATGGATTGTTAGGTATAATGTTACACCTTGAAGTTCTTT3'

Exon 3, homology arm 1

 1350

TTGTTAAATTGAGTACCTACACATATAGCATATTTGgtaaataaaaaaaa5'

AACAATTTAACTCATGGATGTGTATATCGTATAAACcatttatttttttt3'

Exon 3, homology arm 1 SERA2 Intron + LoxP

 1400

taatatacaATAACTTCGTATAGCATACATTATACGAAGTTATtatatat5'

attatatgtTATTGAAGCATATCGTATGTAATATGCTTCAATAatatata3'

LoxP sequence

SERA2 Intron + LoxP

 1450

gtatatatatatatatttatatattttatattcttttagatAAAtTGTAC5'

catatatatatatataaatatataaaatataagaaaatctaTTTaACATG3'

SERA2 Intron + LoxP Recodo...on 4-6

 1500

AACTTCTTCTTCGTTTTCAAAAAATCTGGTGCTCCGATCTCTCCGGTTTC5'

TTGAAGAAGAAGCAAAAGTTTTTTAGACCACGAGGCTAGAGAGGCCAAAG3'

Recodonised exon 4-6

 1550

TGTTAAAGAACTGTCTCACAACATCACCGACTTCTCTTTCAAAGAAGACA5'

ACAATTTCTTGACAGAGTGTTGTAGTGGCTGAAGAGAAAGTTTCTTCTGT3'

Recodonised exon 4-6

 1600
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ACTCTGAAATCCAGTGCCAGAACGTTCGTAAATCTCTGGACCTGGAAGTT5'

TGAGACTTTAGGTCACGGTCTTGCAAGCATTTAGAGACCTGGACCTTCAA3'

Recodonised exon 4-6

 1650

GACGTTGAAACCATGAAAGGTATCGCTGCTGAAAAACTGTGCAAAATCAT5'

CTGCAACTTTGGTACTTTCCATAGCGACGACTTTTTGACACGTTTTAGTA3'

Recodonised exon 4-6

 1700

CGAAAAATTCATCCTGACCAAAGACGACGCTTCTAAACCGGAAAAATCTG5'

GCTTTTTAAGTAGGACTGGTTTCTGCTGCGAAGATTTGGCCTTTTTAGAC3'

Recodonised exon 4-6

 1750

ACATCCACCGTGGTTTCCGTATCCTGTGCATCCTGATCTCTACCCACGTT5'

TGTAGGTGGCACCAAAGGCATAGGACACGTAGGACTAGAGATGGGTGCAA3'

Recodonised exon 4-6

 1800

GAAGCTTACAACATCGTTCGTCAGCTGCTGAACATGGAATCTATGATCTC5'

CTTCGAATGTTGTAGCAAGCAGTCGACGACTTGTACCTTAGATACTAGAG3'

Recodonised exon 4-6

 1850

TCTGACCCGTTACACCTCTCTGTACATCCACAAATTCTTCAAATCTGTTA5'

AGACTGGGCAATGTGGAGAGACATGTAGGTGTTTAAGAAGTTTAGACAAT3'

Recodonised exon 4-6

 1900

CCCTGCTGAAAGGTAACTTCCTGTACAAAAACAACAAAGCTATCCGTTAC5'

GGGACGACTTTCCATTGAAGGACATGTTTTTGTTGTTTCGATAGGCAATG3'

Recodonised exon 4-6

 1950

TCTCGTGCTTGCTCTAAAGCTTCTCTGCACGTTCCGTCTGTTCTGTACCG5'

AGAGCACGAACGAGATTTCGAAGAGACGTGCAAGGCAGACAAGACATGGC3'

Recodonised exon 4-6

 2000
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TCGTAACATCTACATCCCGGAAACCTTCCTGTCTCTGTACCTGGGTCTGT5'

AGCATTGTAGATGTAGGGCCTTTGGAAGGACAGAGACATGGACCCAGACA3'

Recodonised exon 4-6

 2050

CTAACCTGGTTTCTTCTAACCCGTCTTCTCCGTTCTTCGAATACGCTATC5'

GATTGGACCAAAGAAGATTGGGCAGAAGAGGCAAGAAGCTTATGCGATAG3'

Recodonised exon 4-6

 2100

ATCGAATTCCTGGTTACCTACTACAACAAAGGTTCTGAAAAATTCGTTCT5'

TAGCTTAAGGACCAATGGATGATGTTGTTTCCAAGACTTTTTAAGCAAGA3'

Recodonised exon 4-6

 2150

GTACTTCATCTCTATCATCTCTGTTCTGTACATCAACGAATACTACTACG5'

CATGAAGTAGAGATAGTAGAGACAAGACATGTAGTTGCTTATGATGATGC3'

Recodonised exon 4-6

 2200

AACAGCTGTCTTGCTTCTACCCGAAAGAATTCGAACTGATCAAATCTCGT5'

TTGTCGACAGAACGAAGATGGGCTTTCTTAAGCTTGACTAGTTTAGAGCA3'

Recodonised exon 4-6

 2250

ATGATCCACCCGAACATCGTTGACCGTATCCTGAAAGGTATCGACAACCT5'

TACTAGGTGGGCTTGTAGCAACTGGCATAGGACTTTCCATAGCTGTTGGA3'

Recodonised exon 4-6

 2300

GATGAAATCTACCCGTTACGACAAAATGCGTACCATGTACCTGGACTTCG5'

CTACTTTAGATGGGCAATGCTGTTTTACGCATGGTACATGGACCTGAAGC3'

Recodonised exon 4-6

 2350

AATCTTCTGACATCTTCTCTCGTGAAAAAggtaatacagaatatgtataa5'

TTAGAAGACTGTAGAAGAGAGCACTTTTTccattatgtcttatacatatt3'

Recodonised exon 4-6 PfSUB2 intron + LoxP

 2400
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aatatatgcaagttATAACTTCGTATAGCATACATTATACGAAGTTATgg5'

ttatatacgttcaaTATTGAAGCATATCGTATGTAATATGCTTCAATAcc3'

LoxP sequence

PfSUB2 intron + LoxP

 2450

aaatgaattaatatgtatatatggatatatatatgtatatatatgtatat5'

tttacttaattatacatatatacctatatatatacatatatatacatata3'

PfSUB2 intron + LoxP

 2500

atatatatatgtttattttttttattttttattttttatttttattcttt5'

tatatatatacaaataaaaaaaataaaaaataaaaaataaaaataagaaa3'

PfSUB2 intron + LoxP

 2550

tttgtagTTTTCACCGCCTTATACAACTTCGATAGCTTCATTAAGACCAA5'

aaacatcAAAAGTGGCGGAATATGTTGAAGCTATCGAAGTAATTCTGGTT3'

PfSU...oxP Exon 7, hormology arm 2

 2600

TGAACAATTAAAGAAGAAGAACTTAGAAGAAATATCAGAAATACCTGTAC5'

ACTTGTTAATTTCTTCTTCTTGAATCTTCTTTATAGTCTTTATGGACATG3'

Exon 7, hormology arm 2

 2650

AATTAGAAACATCTAATGATGGTATTGGATACAGAAAACAAGACGTTCTT5'

TTAATCTTTGTAGATTACTACCATAACCTATGTCTTTTGTTCTGCAAGAA3'

Exon 7, hormology arm 2

 2700

TATGAAACTGATAAACCACAAACTATGGATGAAGCTTCATATGAAGAAAC5'

ATACTTTGACTATTTGGTGTTTGATACCTACTTCGAAGTATACTTCTTTG3'

Exon 7, hormology arm 2

 2750

TGTAGATGAAGATGCTCACCATGTTAATGAAAAACAACACAGTGCCCACT5'

ACATCTACTTCTACGAGTGGTACAATTACTTTTTGTTGTGTCACGGGTGA3'

Exon 7, hormology arm 2

 2800
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TCTTAGATGCTATTGCGGAAAAAGACATATTAGAAGAAAAAACCAAGGAT5'

AGAATCTACGATAACGCCTTTTTCTGTATAATCTTCTTTTTTGGTTCCTA3'

Exon 7, hormology arm 2

 2850

CAAGATTTAGAAATAGAATTATACAAATATATGGGACCATTAAAAGAACA5'

GTTCTAAATCTTTATCTTAATATGTTTATATACCCTGGTAATTTTCTTGT3'

Exon 7, hormology arm 2

 2900

ATCTAAAAGTACAAGTGCTGCATCTACTAGTGATGAAATATCAGGTTCTG5'

TAGATTTTCATGTTCACGACGTAGATGATCACTACTTTATAGTCCAAGAC3'

Exon 7, hormology arm 2

 2950

AAGGTCCATCTACTGAATCTACAAGTACAGGAAATCAAGGTGAAGATAAA5'

TTCCAGGTAGATGACTTAGATGTTCATGTCCTTTAGTTCCACTTCTATTT3'

Exon 7, hormology arm 2

 3000

ACAACAGATAATACATACAAAGAAATGGAAGAATTAGAAGAAGCTGAAGG5'

TGTTGTCTATTATGTATGTTTCTTTACCTTCTTAATCTTCTTCGACTTCC3'

Exon 7, hormology arm 2

 3050

AACTTCAAATCTTAAAAAAGGTTTAGAATTTTATAAATCTTCTCTAAAAC5'

TTGAAGTTTAGAATTTTTTCCAAATCTTAAAATATTTAGAAGAGATTTTG3'

Exon 7, hormology arm 2

 3100

TTGATCAATTAGATAAAGAAAAACCTAAAAAGAAAAAATCTAAAAGAAAA5'

AACTAGTTAATCTATTTCTTTTTGGATTTTTCTTTTTTAGATTTTCTTTT3'

Exon 7, hormology arm 2

 3150

AAAAAGAGAGACAGTTCTAGTGACAGAATATTATTAGAAGAATCTAAAAC5'

TTTTTCTCTCTGTCAAGATCACTGTCTTATAATAATCTTCTTAGATTTTG3'

Exon 7, hormology arm 2

 3200
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CTTTACTTCTGAAAATGAATTGTAAgcgcgcCACGatcccaatggcgcgc5'

GAAATGAAGACTTTTACTTAACATTcgcgcgGTGCtagggttaccgcgcg3'

Exon 7, hormology arm 2 BssH...ite pUC57 (KanR) backbone

 3250

cgagcttggctcgagcatggtcatagctgtttcctgtgtgaaattgttat5'

gctcgaaccgagctcgtaccagtatcgacaaaggacacactttaacaata3'

pUC57 (KanR) backbone

 3300

ccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagc5'

ggcgagtgttaaggtgtgttgtatgctcggccttcgtatttcacatttcg3'

pUC57 (KanR) backbone

 3350

ctggggtgcctaatgagtgagctaactcacattaattgcgttgcgctcac5'

gaccccacggattactcactcgattgagtgtaattaacgcaacgcgagtg3'

pUC57 (KanR) backbone

 3400

tgcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatc5'

acgggcgaaaggtcagccctttggacagcacggtcgacgtaattacttag3'

pUC57 (KanR) backbone

 3450

ggccaacgcgcggggagaggcggtttgcgtattgggcgctcttccgcttc5'

ccggttgcgcgcccctctccgccaaacgcataacccgcgagaaggcgaag3'

pUC57 (KanR) backbone

 3500

ctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtat5'

gagcgagtgactgagcgacgcgagccagcaagccgacgccgctcgccata3'

pUC57 (KanR) backbone

 3550

cagctcactcaaaggcggtaatacggttatccacagaatcaggggataac5'

gtcgagtgagtttccgccattatgccaataggtgtcttagtcccctattg3'

pUC57 (KanR) backbone

 3600
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gcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaa5'

cgtcctttcttgtacactcgttttccggtcgttttccggtccttggcatt3'

pUC57 (KanR) backbone

 3650

aaaggccgcgttgctggcgtttttccataggctccgcccccctgacgagc5'

tttccggcgcaacgaccgcaaaaaggtatccgaggcggggggactgctcg3'

pUC57 (KanR) backbone

 3700

atcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggacta5'

tagtgtttttagctgcgagttcagtctccaccgctttgggctgtcctgat3'

pUC57 (KanR) backbone

 3750

taaagataccaggcgtttccccctggaagctccctcgtgcgctctcctgt5'

atttctatggtccgcaaagggggaccttcgagggagcacgcgagaggaca3'

pUC57 (KanR) backbone

 3800

tccgaccctgccgcttaccggatacctgtccgcctttctcccttcgggaa5'

aggctgggacggcgaatggcctatggacaggcggaaagagggaagccctt3'

pUC57 (KanR) backbone

 3850

gcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtag5'

cgcaccgcgaaagagtatcgagtgcgacatccatagagtcaagccacatc3'

pUC57 (KanR) backbone

 3900

gtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccga5'

cagcaagcgaggttcgacccgacacacgtgcttggggggcaagtcgggct3'

pUC57 (KanR) backbone

 3950

ccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagac5'

ggcgacgcggaataggccattgatagcagaactcaggttgggccattctg3'

pUC57 (KanR) backbone

 4000
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acgacttatcgccactggcagcagccactggtaacaggattagcagagcg5'

tgctgaatagcggtgaccgtcgtcggtgaccattgtcctaatcgtctcgc3'

pUC57 (KanR) backbone

 4050

aggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacgg5'

tccatacatccgccacgatgtctcaagaacttcaccaccggattgatgcc3'

pUC57 (KanR) backbone

 4100

ctacactagaagaacagtatttggtatctgcgctctgctgaagccagtta5'

gatgtgatcttcttgtcataaaccatagacgcgagacgacttcggtcaat3'

pUC57 (KanR) backbone

 4150

ccttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgct5'

ggaagcctttttctcaaccatcgagaactaggccgtttgtttggtggcga3'

pUC57 (KanR) backbone

 4200

ggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaa5'

ccatcgccaccaaaaaaacaaacgttcgtcgtctaatgcgcgtctttttt3'

pUC57 (KanR) backbone

 4250

aggatctcaagaagatcctttgatcttttctacggggtctgacgctcagt5'

tcctagagttcttctaggaaactagaaaagatgccccagactgcgagtca3'

pUC57 (KanR) backbone

 4300

ggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaagg5'

ccttgcttttgagtgcaattccctaaaaccagtactctaatagtttttcc3'

pUC57 (KanR) backbone

 4350

atcttcacctagatccttttaaattaaaaatgaagttttaaatcaatcta5'

tagaagtggatctaggaaaatttaatttttacttcaaaatttagttagat3'

pUC57 (KanR) backbone

 4400
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aagtatatatgagtaaacttggtctgacagttagaaaaactcatcgagca5'

ttcatatatactcatttgaaccagactgtcaatctttttgagtagctcgt3'

Kanamycin resistance

pUC57 (KanR) backbone

 4450

tcaaatgaaactgcaatttattcatatcaggattatcaataccatatttt5'

agtttactttgacgttaaataagtatagtcctaatagttatggtataaaa3'

Kanamycin resistance

pUC57 (KanR) backbone

 4500

tgaaaaagccgtttctgtaatgaaggagaaaactcaccgaggcagttcca5'

actttttcggcaaagacattacttcctcttttgagtggctccgtcaaggt3'

Kanamycin resistance

pUC57 (KanR) backbone

 4550

taggatggcaagatcctggtatcggtctgcgattccgactcgtccaacat5'

atcctaccgttctaggaccatagccagacgctaaggctgagcaggttgta3'

Kanamycin resistance

pUC57 (KanR) backbone

 4600

caatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgag5'

gttatgttggataattaaaggggagcagtttttattccaatagttcactc3'

Kanamycin resistance

pUC57 (KanR) backbone

 4650

aaatcaccatgagtgacgactgaatccggtgagaatggcaaaagtttatg5'

tttagtggtactcactgctgacttaggccactcttaccgttttcaaatac3'

Kanamycin resistance

pUC57 (KanR) backbone

 4700

catttctttccagacttgttcaacaggccagccattacgctcgtcatcaa5'

gtaaagaaaggtctgaacaagttgtccggtcggtaatgcgagcagtagtt3'

Kanamycin resistance

pUC57 (KanR) backbone

 4750
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aatcactcgcatcaaccaaaccgttattcattcgtgattgcgcctgagcg5'

ttagtgagcgtagttggtttggcaataagtaagcactaacgcggactcgc3'

Kanamycin resistance

pUC57 (KanR) backbone

 4800

agacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcga5'

tctgctttatgcgctagcgacaattttcctgttaatgtttgtccttagct3'

Kanamycin resistance

pUC57 (KanR) backbone

 4850

atgcaaccggcgcaggaacactgccagcgcatcaacaatattttcacctg5'

tacgttggccgcgtccttgtgacggtcgcgtagttgttataaaagtggac3'

Kanamycin resistance

pUC57 (KanR) backbone

 4900

aatcaggatattcttctaatacctggaatgctgttttcccagggatcgca5'

ttagtcctataagaagattatggaccttacgacaaaagggtccctagcgt3'

Kanamycin resistance

pUC57 (KanR) backbone

 4950

gtggtgagtaaccatgcatcatcaggagtacggataaaatgcttgatggt5'

caccactcattggtacgtagtagtcctcatgcctattttacgaactacca3'

Kanamycin resistance

pUC57 (KanR) backbone

 5000

cggaagaggcataaattccgtcagccagtttagtctgaccatctcatctg5'

gccttctccgtatttaaggcagtcggtcaaatcagactggtagagtagac3'

Kanamycin resistance

pUC57 (KanR) backbone

 5050

taacatcattggcaacgctacctttgccatgtttcagaaacaactctggc5'

attgtagtaaccgttgcgatggaaacggtacaaagtctttgttgagaccg3'

Kanamycin resistance

pUC57 (KanR) backbone

 5100
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gcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgac5'

cgtagcccgaagggtatgttagctatctaacagcgtggactaacgggctg3'

Kanamycin resistance

pUC57 (KanR) backbone

 5150

attatcgcgagcccatttatacccatataaatcagcatccatgttggaat5'

taatagcgctcgggtaaatatgggtatatttagtcgtaggtacaacctta3'

Kanamycin resistance

pUC57 (KanR) backbone

 5200

ttaatcgcggcctagagcaagacgtttcccgttgaatatggctcatactc5'

aattagcgccggatctcgttctgcaaagggcaacttataccgagtatgag3'

Kanamycin resistance

pUC57 (KanR) backbone

 5250

ttcctttttcaatattattgaagcatttatcagggttattgtctcatgag5'

aaggaaaaagttataataacttcgtaaatagtcccaataacagagtactc3'

pUC57 (KanR) backbone

 5300

cggatacatatttgaatgtatttagaaaaataaacaaataggggttccgc5'

gcctatgtataaacttacataaatctttttatttgtttatccccaaggcg3'

pUC57 (KanR) backbone

 5350

gcacatttccccgaaaagtgccacctgacgtctaagaaaccattattatc5'

cgtgtaaaggggcttttcacggtggactgcagattctttggtaataatag3'

pUC57 (KanR) backbone

 5400

atgacattaacctataaaaataggcgtatcacgaggccctttcgtc5'

tactgtaattggatatttttatccgcatagtgctccgggaaagcag3'

pUC57 (KanR) backbone

 5446
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gcggccgcCTACCCTGAAGAAGAAAAGTCCGATGATGTTGTGGACATAAA5'

3'Pb

 50

GAATTGAGCTGTCTCAAAAAATGAGAAAACAAACAAACAAACAAAATACC5'

3'Pb

 100

ATTATGCGCATATCCTCTGCTCAATATCAATTTTTCTTTATGCCAGTTTT5'

3'Pb

 150

GTTTCGACACTATTTGAGCAACACCTTCCCTTTACTATCTACTACTGTTA5'

3'Pb

 200

CAATGTTATTTTATTCACCTTTTTACAATTTTATCAAAATTTTTTTGTAT5'

3'Pb

 250

GCATATAAATTATACATTGTAAAGCCAAAGTGTAGATAAAGACACCTTGT5'

3'Pb

 300

TTATTTTTCCCCAATTTTTTTTTTTTACCATTTTTTTATTAACCTTGCTC5'

3'Pb

 350

ATTTACCTGCTAATACGATTGCTATATGATATCGAAATTGAAGGAAAAAC5'

3'Pb

 400

CATCATTTGTGTTTATATGTTTTTTTTTAATTTTTCAACTTTTTTTATTT5'

3'Pb

 450

AACTATGCTAATCATATTATAAACATTTTAAAAATCAAGTCCAACTATTT5'

3'Pb

 500

ATGAATCATTGAAGGAGACACATAATTATAACAGTAAAAATAATAATAAT5'

3'Pb

 550
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AATAATAATTTTGTCTTATTGTTTCAAACATATTATGTTCCATAAATATC5'

3'Pb

 600

TAAATTTTTAATATGGTCATAAATTCATAGGATTTAATTTATATAAAATA5'

3'Pb

 650

TGGCTATTCATACTAGCCATTTTATGTGTGTAAAGTTTTTTTTTTCTGAA5'

3'Pb

 700

CAAAAAATAAAATGTTCATAATTTTAGCTATTTACATGCATGTGCATGCA5'

3'Pb

 750

CAAAAAAAAATATGCACACAACATACACATTTTTACAGTTATAAATACAA5'

3'Pb

 800

TCAATTGGTATAAATATATAAATAAGAAAAACGAACATTAAGCTGCCATA5'

3'Pb

 850

TCCttaattaagtcgacctgcagggtaccCCCGGGTTACTTTTTCTTTTT5'

3'Pb Cas9

 900

TGCCTGGCCGGCCTTTTTCGTGGCCGCCGGCCTTTTGTCGCCTCCCAGCT5'

Cas9

 950

GAGACAGGTCGATCCGTGTCTCGTACAGGCCGGTGATGCTCTGGTGGATC5'

Cas9

 1000

AGGGTGGCGTCCAGCACCTCTTTGGTGCTGGTGTACCTCTTCCGGTCGAT5'

Cas9

 1050

GGTGGTGTCAAAGTACTTGAAGGCGGCAGGGGCTCCCAGATTGGTCAGGG5'

Cas9

 1100
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TAAACAGGTGGATGATATTCTCGGCCTGCTCTCTGATGGGCTTATCCCGG5'

Cas9

 1150

TGCTTGTTGTAGGCGGACAGCACTTTGTCCAGATTAGCGTCGGCCAGGAT5'

Cas9

 1200

CACTCTCTTGGAGAACTCGCTGATCTGCTCGATGATCTCGTCCAGGTAGT5'

Cas9

 1250

GCTTGTGCTGTTCCACAAACAGCTGTTTCTGCTCATTATCCTCGGGGGAG5'

Cas9

 1300

CCCTTCAGCTTCTCATAGTGGCTGGCCAGGTACAGGAAGTTCACATATTT5'

Cas9

 1350

GGAGGGCAGGGCCAGTTCGTTTCCCTTCTGCAGTTCGCCGGCAGAGGCCA5'

Cas9

 1400

GCATTCTCTTCCGGCCGTTTTCCAGCTCGAACAGGGAGTACTTAGGCAGC5'

Cas9

 1450

TTGATGATCAGGTCCTTTTTCACTTCTTTGTAGCCCTTGGCTTCCAGAAA5'

Cas9

 1500

GTCGATGGGATTCTTCTCGAAGCTGCTTCTTTCCATGATGGTGATCCCCA5'

Cas9

 1550

GCAGCTCTTTCACACTCTTCAGTTTCTTGGACTTGCCCTTTTCCACTTTG5'

Cas9

 1600

GCCACCACCAGCACAGAATAGGCCACGGTGGGGCTGTCGAAGCCGCCGTA5'

Cas9

 1650



Tuesday, July 3, 2018 3:32 PM Page 4 of 21
pUF1_Cas9

CTTCTTAGGGTCCCAGTCCTTCTTTCTGGCGATCAGCTTATCGCTGTTCC5'

Cas9

 1700

TCTTGGGCAGGATAGACTCTTTGCTGAAGCCGCCTGTCTGCACCTCGGTC5'

Cas9

 1750

TTTTTCACGATATTCACTTGGGGCATGCTCAGCACTTTCCGCACGGTGGC5'

Cas9

 1800

AAAATCCCGGCCCTTATCCCACACGATCTCCCCGGTTTCGCCGTTTGTCT5'

Cas9

 1850

CGATCAGAGGCCGCTTCCGGATCTCGCCGTTGGCCAGGGTAATCTCGGTC5'

Cas9

 1900

TTGAAAAAGTTCATGATGTTGCTGTAGAAGAAGTACTTGGCGGTAGCCTT5'

Cas9

 1950

GCCGATTTCCTGCTCGCTCTTGGCGATCATCTTCCGCACGTCGTACACCT5'

Cas9

 2000

TGTAGTCGCCGTACACGAACTCGCTTTCCAGCTTAGGGTACTTTTTGATC5'

Cas9

 2050

AGGGCGGTTCCCACGACGGCGTTCAGGTAGGCGTCGTGGGCGTGGTGGTA5'

Cas9

 2100

GTTGTTGATCTCGCGCACTTTGTAAAACTGGAAATCCTTCCGGAAATCGG5'

Cas9

 2150

ACACCAGCTTGGACTTCAGGGTGATCACTTTCACTTCCCGGATCAGCTTG5'

Cas9

 2200
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TCATTCTCGTCGTACTTAGTGTTCATCCGGGAGTCCAGGATCTGTGCCAC5'

Cas9

 2250

GTGCTTTGTGATCTGCCGGGTTTCCACCAGCTGTCTCTTGATGAAGCCGG5'

Cas9

 2300

CCTTATCCAGTTCGCTCAGGCCGCCTCTCTCGGCCTTGGTCAGATTGTCG5'

Cas9

 2350

AACTTTCTCTGGGTAATCAGCTTGGCGTTCAGCAGCTGCCGCCAGTAGTT5'

Cas9

 2400

CTTCATCTTCTTCACGACCTCTTCGGAGGGCACGTTGTCGCTCTTGCCCC5'

Cas9

 2450

GGTTCTTGTCGCTTCTGGTCAGCACCTTGTTGTCGATGGAGTCGTCCTTC5'

Cas9

 2500

AGAAAGCTCTGAGGCACGATATGGTCCACATCGTAGTCGGACAGCCGGTT5'

Cas9

 2550

GATGTCCAGTTCCTGGTCCACGTACATATCCCGCCCATTCTGCAGGTAGT5'

Cas9

 2600

ACAGGTACAGCTTCTCGTTCTGCAGCTGGGTGTTTTCCACGGGGTGTTCT5'

Cas9

 2650

TTCAGGATCTGGCTGCCCAGCTCTTTGATGCCCTCTTCGATCCGCTTCAT5'

Cas9

 2700

TCTCTCGCGGCTGTTCTTCTGTCCCTTCTGGGTGGTCTGGTTCTCTCTGG5'

Cas9

 2750
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CCATTTCGATCACGATGTTCTCGGGCTTGTGCCGGCCCATCACTTTCACG5'

Cas9

 2800

AGCTCGTCCACCACCTTCACTGTCTGCAGGATGCCCTTCTTAATGGCGGG5'

Cas9

 2850

GCTGCCGGCCAGATTGGCAATGTGCTCGTGCAGGCTATCGCCCTGGCCGG5'

Cas9

 2900

ACACCTGGGCTTTCTGGATGTCCTCTTTAAAGGTCAGGCTGTCGTCGTGG5'

Cas9

 2950

ATCAGCTGCATGAAGTTTCTGTTGGCGAAGCCGTCGGACTTCAGGAAATC5'

Cas9

 3000

CAGGATTGTCTTGCCGGACTGCTTGTCCCGGATGCCGTTGATCAGCTTCC5'

Cas9

 3050

GGCTCAGCCTGCCCCAGCCGGTGTATCTCCGCCGCTTCAGCTGCTTCATC5'

Cas9

 3100

ACTTTGTCGTCGAACAGGTGGGCATAGGTTTTCAGCCGTTCCTCGATCAT5'

Cas9

 3150

CTCTCTGTCCTCAAACAGTGTCAGGGTCAGCACGATATCTTCCAGAATGT5'

Cas9

 3200

CCTCGTTTTCCTCATTGTCCAGGAAGTCCTTGTCCTTGATAATTTTCAGC5'

Cas9

 3250

AGATCGTGGTATGTGCCCAGGGAGGCGTTGAACCGATCTTCCACGCCGGA5'

Cas9

 3300



Tuesday, July 3, 2018 3:32 PM Page 7 of 21
pUF1_Cas9

GATTTCCACGGAGTCGAAGCACTCGATTTTCTTGAAGTAGTCCTCTTTCA5'

Cas9

 3350

GCTGCTTCACGGTCACTTTCCGGTTGGTCTTGAACAGCAGGTCCACGATG5'

Cas9

 3400

GCCTTTTTCTGCTCGCCGCTCAGGAAGGCGGGCTTTCTCATTCCCTCGGT5'

Cas9

 3450

CACGTATTTCACTTTGGTCAGCTCGTTATACACGGTGAAGTACTCGTACA5'

Cas9

 3500

GCAGGCTGTGCTTGGGCAGCACCTTCTCGTTGGGCAGGTTCTTATCGAAG5'

Cas9

 3550

TTGGTCATCCGCTCGATGAAGCTCTGGGCGGAAGCGCCCTTGTCCACCAC5'

Cas9

 3600

TTCCTCGAAGTTCCAGGGGGTGATGGTTTCCTCGCTCTTTCTGGTCATCC5'

Cas9

 3650

AGGCGAATCTGCTGTTTCCCCTGGCCAGAGGGCCCACGTAGTAGGGGATG5'

Cas9

 3700

CGGAAGGTCAGGATCTTCTCGATCTTTTCCCGGTTGTCCTTCAGGAATGG5'

Cas9

 3750

GTAAAAATCTTCCTGCCGCCGCAGAATGGCGTGCAGCTCTCCCAGGTGGA5'

Cas9

 3800

TCTGGTGGGGGATGCTGCCGTTGTCGAAGGTCCGCTGCTTCCGCAGCAGG5'

Cas9

 3850
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TCCTCTCTGTTCAGCTTCACGAGCAGTTCCTCGGTGCCGTCCATCTTTTC5'

Cas9

 3900

CAGGATGGGCTTGATGAACTTGTAGAACTCTTCCTGGCTGGCTCCGCCGT5'

Cas9

 3950

CAATGTAGCCGGCGTAGCCGTTCTTGCTCTGGTCGAAGAAAATCTCTTTG5'

Cas9

 4000

TACTTCTCAGGCAGCTGCTGCCGCACGAGAGCTTTCAGCAGGGTCAGGTC5'

Cas9

 4050

CTGGTGGTGCTCGTCGTATCTCTTGATCATAGAGGCGCTCAGGGGGGCCT5'

Cas9

 4100

TGGTGATCTCGGTGTTCACTCTCAGGATGTCGCTCAGCAGGATGGCGTCG5'

Cas9

 4150

GACAGGTTCTTGGCGGCCAGAAACAGGTCGGCGTACTGGTCGCCGATCTG5'

Cas9

 4200

GGCCAGCAGGTTGTCCAGGTCGTCGTCGTAGGTGTCCTTGCTCAGCTGCA5'

Cas9

 4250

GTTTGGCATCCTCGGCCAGGTCGAAGTTGCTCTTGAAGTTGGGGGTCAGG5'

Cas9

 4300

CCCAGGCTCAGGGCAATCAGGTTTCCGAACAGGCCATTCTTCTTCTCGCC5'

Cas9

 4350

GGGCAGCTGGGCGATCAGATTTTCCAGCCGTCTGCTCTTGCTCAGTCTGG5'

Cas9

 4400
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CAGACAGGATGGCCTTGGCGTCCACGCCGCTGGCGTTGATGGGGTTTTCC5'

Cas9

 4450

TCGAACAGCTGGTTGTAGGTCTGCACCAGCTGGATGAACAGCTTGTCCAC5'

Cas9

 4500

GTCGCTGTTGTCGGGGTTCAGGTCGCCCTCGATCAGGAAGTGGCCCCGGA5'

Cas9

 4550

ACTTGATCATGTGGGCCAGGGCCAGATAGATCAGCCGCAGGTCGGCCTTG5'

Cas9

 4600

TCGGTGCTGTCCACCAGTTTCTTTCTCAGGTGGTAGATGGTGGGGTACTT5'

Cas9

 4650

CTCGTGGTAGGCCACCTCGTCCACGATGTTGCCGAAGATGGGGTGCCGCT5'

Cas9

 4700

CGTGCTTCTTATCCTCTTCCACCAGGAAGGACTCTTCCAGTCTGTGGAAG5'

Cas9

 4750

AAGCTGTCGTCCACCTTGGCCATCTCGTTGCTGAAGATCTCTTGCAGATA5'

Cas9

 4800

GCAGATCCGGTTCTTCCGTCTGGTGTATCTTCTTCTGGCGGTTCTCTTCA5'

Cas9

 4850

GCCGGGTGGCCTCGGCTGTTTCGCCGCTGTCGAACAGCAGGGCTCCGATC5'

Cas9

 4900

AGGTTCTTCTTGATGCTGTGCCGGTCGGTGTTGCCCAGCACCTTGAATTT5'

Cas9

 4950



Tuesday, July 3, 2018 3:32 PM Page 10 of 21
pUF1_Cas9

CTTGCTGGGCACCTTGTACTCGTCGGTGATCACGGCCCAGCCCACAGAGT5'

Cas9

 5000

TGGTGCCGATGTCCAGGCCGATGCTGTACTTCTTGTCGGCTGCTGGGACT5'

Cas9

 5050

CCGTGGATACCGACCTTCCGCTTCTTCTTTGGGGCCATCTTATCGTCATC5'

Cas9

 5100

GTCTTTGTAATCAATATCATGATCCTTGTAGTCTCCGTCGTGGTCCTTAT5'

Cas9

 5150

AGTCCATctcgagTTTATTCGAAATGTGGGAAGAAAAAAAATATAATAAA5'

5'hspCas9

 5200

AAAGGAAAATTTCTTTTTAAAGTAAAATATTTATGTAAATATTTATATAT5'

5'hsp

 5250

TTTATTATATATATATTATTATATATATATATATATATATATATATATAC5'

5'hsp

 5300

CAATAAAATAATATAAAAATTTTTATGTATATCTAAAAATATGTTTTTAT5'

5'hsp

 5350

TAAAAGGTAAAAATAAACTTATTTTTTCTTTTTTTTTAAAAAATATATAT5'

5'hsp

 5400

ATATATATATATATATAATATTATATGAGATATATATTAAATATTATATT5'

5'hsp

 5450

ATTTATATAAATATAATTTTTTTCTTAATTTCTCACGTTGTTAAAATTTA5'

5'hsp

 5500
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TATATTTATATATGATATATATTTTTTAATACTTTTTAATTTTTTTTATT5'

5'hsp

 5550

ATTTTTGGTAATTATCTTATTTTATTTTAATTTTATTATTTTATATTAAA5'

5'hsp

 5600

TGATGCTTTTTATTTTATATTATTATTTTTTATTTAAAATTTTTGCTAAA5'

5'hsp

 5650

CATGAAATTATTTTATTATATTTTGTAAATACAAAATAAAATTATATATA5'

5'hsp

 5700

AATCAAAAAAAAAAAAAAAGAAAGAAAGAAAGAAAGATGATATTTAAAAA5'

5'hsp

 5750

AAAAAAGATATTATAAAAATATAATATTATATATAAAATATTATTTTTAT5'

5'hsp

 5800

ATAAATATATTTATATATTTATATATATGTATATATATATATATATATAT5'

5'hsp

 5850

ATAGGTATAGTATTTATTATTTTGTTATATTTATATAATACTCCTTTTTG5'

5'hsp

 5900

TTATTTTTTTTTTTTTTTTCTTTAAATTCATGCAAAAATTTACTATAATA5'

5'hsp

 5950

TTATTATATTTAACTATATACTATGGAATACTAAATATATATCCAATGGC5'

5'hsp

 6000

CCCTTTccgcggggaggactagtccgaagatctgtcttaagCATTTTGTA5'

cloning site 1

 6050
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AAAAAAATTAAAATATATTTATATAATATTATTTTATTTTATTATATATT5'

yDHODH K7

 6100

ATATTATTTTTATTTTTATTTTTATTTTTTTTTCTCTACAAATTTTATCT5'

yDHODH K7

 6150

ATTGGTTTATTATAAAAATATCTATTTCTAATAATAAATAATTAAGATAT5'

yDHODH K7

 6200

CAATTTATAGAAACAAAATATATACTTGTATAATTTTATTTTTTTATATA5'

yDHODH K7

 6250

AATCATTACATATATAATTATACAATATTTTTTCTAAGAGATAATTATAT5'

yDHODH K7

 6300

ATTAATATATATAAAAAAAGGTGTTTTTTTTTTTTTTTTTTATTTTTATT5'

yDHODH K7

 6350

TTTATTTTATGGTAATATTTTATTTTCCTTATTTTATAAATTATATTAGT5'

yDHODH K7

 6400

TTATATGTGATTAATTTTATATATTATCAATTTATATATTTTTAAATGCT5'

yDHODH K7

 6450

TACTTAATTATCTTTTTTTTTTTTTTTTTTTTTTTTTCCCCTCTTTTTAT5'

yDHODH K7

 6500

ATTAATTTATTTTTGAAAAAATTGATATATATATATATATATAATATATA5'

yDHODH K7

 6550

TATATACATGTAGTAGTATTAAACAATGTATAATATATATAAATAATATA5'

yDHODH K7

 6600
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TTTATATATTTCATTTCAATTTTAATTTTTTTTGGTTTTTTTTTTTTTTC5'

yDHODH K7

 6650

TTTTTGTCATATTTAAAAAAAATTATATTCATATAAGTTATGCATTTTTT5'

yDHODH K7

 6700

ATAAACATTATTCAATATATGTATAATATAATATATATATATATATTAAT5'

yDHODH K7

 6750

GTATTATTCCAATGTGCATGATAAAAGAAAAAAATAATATTTATAAAAAA5'

yDHODH K7

 6800

AAAGAAAAATAAAACAAAAAAAGAAAAAAAAAAAAAAAAAAAAAAAAATA5'

yDHODH K7

 6850

CAAAAATAAATAATATAATTTATAATTATATATTCTTGTCACAATAAAAA5'

yDHODH K7

 6900

TATATATATATATATATATATTTATAATATGTATATTTTAAACTAGAAAA5'

yDHODH K7

 6950

GGAATAACTAATATTTTATTTATTATCATTCAAGATTTATATTTTATAAT5'

yDHODH K7

 7000

AATAAATACCTAATAGAAATATATCAggatccttcgaaATGACAGCCAGT5'

yDHODH K7

ydhodh

 7050

TTAACTACCAAGTTCTTGAACAATACCTATGAAAACCCATTTATGAATGC5'

yDHODH K7

ydhodh

 7100
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ATCCGGTGTTCATTGCATGACTACACAAGAATTAGATGAATTAGCAAACT5'

yDHODH K7

ydhodh

 7150

CTAAAGCTGGCGCATTCATTACAAAGAGTGCTACAACCTTAGAAAGAGAA5'

yDHODH K7

ydhodh

 7200

GGTAACCCTGAACCACGTTACATTTCTGTCCCTCTAGGCAGTATCAACTC5'

yDHODH K7

ydhodh

 7250

AATGGGTTTACCAAACGAAGGTATCGACTACTATTTGTCCTATGTATTAA5'

yDHODH K7

ydhodh

 7300

ACCGTCAAAAGAATTATCCTGATGCACCTGCTATTTTCTTCTCAGTTGCT5'

yDHODH K7

ydhodh

 7350

GGTATGAGCATTGATGAAAATTTAAATTTGTTGAGGAAAATCCAAGATAG5'

yDHODH K7

ydhodh

 7400

CGAATTTAACGGTATTACCGAGTTAAACTTGTCTTGTCCTAATGTGCCTG5'

yDHODH K7

ydhodh

 7450

GGAAACCACAAGTTGCTTATGACTTTGACTTGACAAAGGAAACCTTGGAA5'

yDHODH K7

ydhodh

 7500
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AAGGTTTTTGCCTTTTTCAAAAAACCTCTTGGTGTCAAGTTGCCTCCTTA5'

yDHODH K7

ydhodh

 7550

TTTTGATTTTGCCCATTTTGATATCATGGCAAAAATATTGAACGAGTTCC5'

yDHODH K7

ydhodh

 7600

CATTAGCTTATGTCAACTCTATCAATAGTATAGGAAATGGTCTTTTCATT5'

yDHODH K7

ydhodh

 7650

GATGTGGAGAAGGAGAGTGTAGTAGTGAAGCCAAAGAATGGTTTCGGGGG5'

yDHODH K7

ydhodh

 7700

TATTGGAGGTGAATATGTTAAGCCAACCGCGCTCGCCAATGTTCGTGCAT5'

yDHODH K7

ydhodh

 7750

TTTACACTCGTTTGAGACCTGAAATCAAAGTTATCGGTACAGGTGGAATT5'

yDHODH K7

ydhodh

 7800

AAGTCCGGTAAGGATGCATTTGAACATCTTCTATGTGGTGCCTCTATGCT5'

yDHODH K7

ydhodh

 7850

ACAGATTGGTACAGAATTACAAAAAGAGGGCGTCAAGATTTTTGAACGTA5'

yDHODH K7

ydhodh

 7900
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TCGAAAAAGAATTAAAAGACATAATGGAAGCTAAGGGTTATACATCCATA5'

yDHODH K7

ydhodh

 7950

GATCAGTTCCGTGGGAAGTTGAACAGCATTTAAAAgcttATTTAATAATA5'

yDHODH K7

ydhodh

 8000

GATTAAAAATATTATAAAAATAAAAACATAAACACAGAAATTACAAAAAA5'

yDHODH K7

 8050

AATACATATGAATTTTTTTTTTGTAATCTTCCTTATAAATATAGAATAAT5'

yDHODH K7

 8100

GAATCATATAAAACATATCATTATTCATTTATTTACATTTAAAATTATTG5'

yDHODH K7

 8150

TTTCAGTATCTTTAATTTATTATGTATATATAAAAATAACTTACAATTTT5'

yDHODH K7

 8200

ATTAATAAACAATATATGTTTATTAATTCATGTTTTGTAATTTATGGGAT5'

yDHODH K7

 8250

AGCGATTTTTTTTACTGTCTGTATTTTTCTTTTTTAATTATGTTTTAATT5'

yDHODH K7

 8300

GTATTTTATTTTTATTATTGTTCTTTTTATAGTATTATTTTAAAACAAAA5'

yDHODH K7

 8350

TGTATTTTCTAAGAACTTATAATAATAATAAATATAAATTTTAATAAAAA5'

yDHODH K7

 8400
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TTATATTTATCTTTTACAATATGAACATAAAGTACAACATTAATATATAG5'

yDHODH K7

 8450

CTTTTAATATTTTTATTCCTAATCATGTAAATCTTAAATTTTTCTTTTTA5'

yDHODH K7

 8500

AACATATGTTAAATATTTATTTCTCATTATATATAAGAACATATTTATTA5'

cloning site 2yDHODH K7

 8550

AAtctagaattcATatcgatAACTccatggAACTcctaggCTggcgccTG5'

cloning site 2

 8600

ATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATG5'

 8650

GTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCC5'

 8700

GACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCG5'

 8750

GCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCA5'

 8800

GAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGTGA5'

 8850

TACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACG5'

 8900

TCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATT5'

 8950

TTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGAT5'

 9000

AAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTC5'

 9050

CGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGC5'

 9100
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TCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTG5'

 9150

CACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAG5'

 9200

AGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCT5'

AmpR
 9250

GCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCG5'

AmpR
 9300

GTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTC5'

AmpR
 9350

ACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGC5'

AmpR
 9400

TGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGA5'

AmpR
 9450

TCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCAT5'

AmpR
 9500

GTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAA5'

AmpR
 9550

CGACGAGCGTGACACCACGATGCCTGTAGCAATGCCAACAACGTTGCGCA5'

AmpR
 9600

AACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATA5'

AmpR
 9650
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GACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCT5'

AmpR
 9700

TCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGT5'

AmpR
 9750

CTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATC5'

AmpR
 9800

GTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAG5'

AmpR
 9850

ACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAG5'

AmpR
 9900

ACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAA5'

 9950

TTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAAT5'

ColE1 origin

 10000

CCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGA5'

ColE1 origin

 10050

TCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTG5'

ColE1 origin

 10100

CAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGA5'

ColE1 origin

 10150

GCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATAC5'

ColE1 origin

 10200
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CAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAAC5'

ColE1 origin

 10250

TCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGC5'

ColE1 origin

 10300

TGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGAT5'

ColE1 origin

 10350

AGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACA5'

ColE1 origin

 10400

CAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCG5'

ColE1 origin

 10450

TGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGT5'

ColE1 origin

 10500

ATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCA5'

ColE1 origin

 10550

GGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTG5'

ColE1 origin

 10600

ACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATCGA5'

ColE1 origin

 10650

AAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCT5'

ColE1 origin

 10700

TTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCG5'

 10750
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TATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCG5'

 10800

AGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAA5'

 10850

CCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAG5'

 10900

GTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTT5'

 10950

AGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGT5'

 11000

ATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTA5'

 11050

TGACCATGATTACGCCAAGCTATTTAGGTGACACTATAGAATACTC5'

 11096
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gcggccgcCTACCCTGAAGAAGAAAAGTCCGATGATGTTGTGGACATAAA5'

cgccggcgGATGGGACTTCTTCTTTTCAGGCTACTACAACACCTGTATTT3'

FCU K7

 50

GAATTGAGCTGTCTCAAAAAATGAGAAAACAAACAAACAAACAAAATACC5'

CTTAACTCGACAGAGTTTTTTACTCTTTTGTTTGTTTGTTTGTTTTATGG3'

FCU K7

 100

ATTATGCGCATATCCTCTGCTCAATATCAATTTTTCTTTATGCCAGTTTT5'

TAATACGCGTATAGGAGACGAGTTATAGTTAAAAAGAAATACGGTCAAAA3'

FCU K7

 150

GTTTCGACACTATTTGAGCAACACCTTCCCTTTACTATCTACTACTGTTA5'

CAAAGCTGTGATAAACTCGTTGTGGAAGGGAAATGATAGATGATGACAAT3'

FCU K7

 200

CAATGTTATTTTATTCACCTTTTTACAATTTTATCAAAATTTTTTTGTAT5'

GTTACAATAAAATAAGTGGAAAAATGTTAAAATAGTTTTAAAAAAACATA3'

FCU K7

 250

GCATATAAATTATACATTGTAAAGCCAAAGTGTAGATAAAGACACCTTGT5'

CGTATATTTAATATGTAACATTTCGGTTTCACATCTATTTCTGTGGAACA3'

FCU K7

 300

TTATTTTTCCCCAATTTTTTTTTTTTACCATTTTTTTATTAACCTTGCTC5'

AATAAAAAGGGGTTAAAAAAAAAAAATGGTAAAAAAATAATTGGAACGAG3'

FCU K7

 350

ATTTACCTGCTAATACGATTGCTATATGATATCGAAATTGAAGGAAAAAC5'

TAAATGGACGATTATGCTAACGATATACTATAGCTTTAACTTCCTTTTTG3'

FCU K7

 400
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CATCATTTGTGTTTATATGTTTTTTTTTAATTTTTCAACTTTTTTTATTT5'

GTAGTAAACACAAATATACAAAAAAAAATTAAAAAGTTGAAAAAAATAAA3'

FCU K7

 450

AACTATGCTAATCATATTATAAACATTTTAAAAATCAAGTCCAACTATTT5'

TTGATACGATTAGTATAATATTTGTAAAATTTTTAGTTCAGGTTGATAAA3'

FCU K7

 500

ATGAATCATTGAAGGAGACACATAATTATAACAGTAAAAATAATAATAAT5'

TACTTAGTAACTTCCTCTGTGTATTAATATTGTCATTTTTATTATTATTA3'

FCU K7

 550

AATAATAATTTTGTCTTATTGTTTCAAACATATTATGTTCCATAAATATC5'

TTATTATTAAAACAGAATAACAAAGTTTGTATAATACAAGGTATTTATAG3'

FCU K7

 600

TAAATTTTTAATATGGTCATAAATTCATAGGATTTAATTTATATAAAATA5'

ATTTAAAAATTATACCAGTATTTAAGTATCCTAAATTAAATATATTTTAT3'

FCU K7

 650

TGGCTATTCATACTAGCCATTTTATGTGTGTAAAGTTTTTTTTTTCTGAA5'

ACCGATAAGTATGATCGGTAAAATACACACATTTCAAAAAAAAAAGACTT3'

FCU K7

 700

CAAAAAATAAAATGTTCATAATTTTAGCTATTTACATGCATGTGCATGCA5'

GTTTTTTATTTTACAAGTATTAAAATCGATAAATGTACGTACACGTACGT3'

FCU K7

 750

CAAAAAAAAATATGCACACAACATACACATTTTTACAGTTATAAATACAA5'

GTTTTTTTTTATACGTGTGTTGTATGTGTAAAAATGTCAATATTTATGTT3'

FCU K7

 800
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TCAATTGGTATAAATATATAAATAAGAAAAACGAACATTAAGCTGCCATA5'

AGTTAACCATATTTATATATTTATTCTTTTTGCTTGTAATTCGACGGTAT3'

FCU K7

 850

TCCttaattaagtcgacctgcagggtaccCCCGGGTTAAACACAGTAGTA5'

AGGaattaattcagctggacgtcccatggGGGCCCAATTTGTGTCATCAT3'

FCU K7

 900

TCTGTCACCAAAGTCACCCAACCCTGGAACTAGATACTTGTTTTCATCTA5'

AGACAGTGGTTTCAGTGGGTTGGGACCTTGATCTATGAACAAAAGTAGAT3'

FCU K7

 950

GACCTCTGTCGAGGGCACCAGTAACAATTCTGACCTCTGGGAAGGCGGCA5'

CTGGAGACAGCTCCCGTGGTCATTGTTAAGACTGGAGACCCTTCCGCCGT3'

FCU K7

 1000

TGGTATTTTTCAATCCCTTCCTTACTACAGATTAGGTTTAAGAAGTAAAT5'

ACCATAAAAAGTTAGGGAAGGAATGATGTCTAATCCAAATTCTTCATTTA3'

FCU K7

 1050

TCTCTCTGGCTTAACACCTCTCTTAATCAAGACTTCTGTAGCCATGATAG5'

AGAGAGACCGAATTGTGGAGAGAATTAGTTCTGAAGACATCGGTACTATC3'

FCU K7

 1100

CACTACCACCGGTGGCCAGCATTGGGTCTAATAGGAAGACATACCTTTCA5'

GTGATGGTGGCCACCGGTCGTAACCCAGATTATCCTTCTGTATGGAAAGT3'

FCU K7

 1150

GATATATCCTCTGGTAATTTTTCGTAGAATAACTTTGGTAAAGCAGTCTC5'

CTATATAGGAGACCATTAAAAAGCATCTTATTGAAACCATTTCGTCAGAG3'

FCU K7

 1200
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CTCGTCCCTTTGAATTAAAATTTTACCGATACGCACAGACCTACAACAGT5'

GAGCAGGGAAACTTAATTTTAAAATGGCTATGCGTGTCTGGATGTTGTCA3'

FCU K7

 1250

CTCTTAATCCTTGCTCCATCGATTCACCAGCTCTGACAATGGAAACACCA5'

GAGAATTAGGAACGAGGTAGCTAAGTGGTCGAGACTGTTACCTTTGTGGT3'

FCU K7

 1300

CAGATTTTACCCATGAATGAGACACCTTCGAAGTTTTCGTTGGTGTCAGT5'

GTCTAAAATGGGTACTTACTCTGTGGAAGCTTCAAAAGCAACCACAGTCA3'

FCU K7

 1350

TTCCACAATTTGCTTTTGCACAGGTAGATGGTTCAAACCTTCTTCAACCA5'

AAGGTGTTAAACGAAAACGTGTCCATCTACCAAGTTTGGAAGAAGTTGGT3'

FCU K7

 1400

ACAATCTGATGATTCTATCGGAGTAGAAAATGAAATCAGGTCTAGTTGTA5'

TGTTAGACTACTAAGATAGCCTCATCTTTTACTTTAGTCCAGATCAACAT3'

FCU K7

 1450

TTCTTATTTCTGATGATGGTGTACAAACCCAGCAATTGGTTTGTTTGAGG5'

AAGAATAAAGACTACTACCACATGTTTGGGTCGTTAACCAAACAAACTCC3'

FCU K7

 1500

TAGCAAGTAGACGTTCTTAAATGGTTCCGAAGCCTCACCAATATCTTCAA5'

ATCGTTCATCTGCAAGAATTTACCAAGGCTTCGGAGTGGTTATAGAAGTT3'

FCU K7

 1550

ACCAATCCTGAGGTCTTTCATCGATAAATTGTTTCATGATCTTTTTACAC5'

TGGTTAGGACTCCAGAAAGTAGCTATTTAACAAAGTACTAGAAAAATGTG3'

FCU K7

 1600
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CTCTCATCGTCAACAACAACAACCTCGTGACCTCTAGTTTGTAAATATTT5'

GAGAGTAGCAGTTGTTGTTGTTGGAGCACTGGAGATCAAACATTTATAAA3'

FCU K7

 1650

CTCGCCCTTACTTTTGAAATTAACGTTCTCACCGACAACACAGCGTGGAA5'

GAGCGGGAATGAAAACTTTAATTGCAAGAGTGGCTGTTGTGTCGCACCTT3'

FCU K7

 1700

TACCATACATGATGATGGCACCTGTACACATGTCGCATGGAGACAGCGTC5'

ATGGTATGTACTACTACCGTGGACATGTGTACAGCGTACCTCTGTCGCAG3'

FCU K7

 1750

GTATACAAAGTGGTATCTTTGTACACTTTGCCCTCTAATCTCCCACAGTT5'

CATATGTTTCACCATAGAAACATGTGAAACGGGAGATTAGAGGGTGTCAA3'

FCU K7

 1800

TTCCAAAGTGGAGATCTCACCATGTAGTGTGGCGGATCCCTTTTGAAATC5'

AAGGTTTCACCTCTAGAGTGGTACATCACACCGCCTAGGGAAAACTTTAG3'

FCU K7

 1850

TCATGTTGTGACCACGACCGAGAACACTTCCGTCTTTGTTATTGATAAGA5'

AGTACAACACTGGTGCTGGCTCTTGTGAAGGCAGAAACAATAACTATTCT3'

FCU K7

 1900

CATCCGCCAATAGGAACACCACCCTCTTTGTAACCTAAGGCCGCCTCCTC5'

GTAGGCGGTTATCCTTGTGGTGGGAGAAACATTGGATTCCGGCGGAGGAG3'

FCU K7

 1950

ATAGGCAATGTCCATACCCTTCTGATCCCACTTGCTTGCCATTCCCCCTG5'

TATCCGTTACAGGTATGGGAAGACTAGGGTGAACGAACGGTAAGGGGGAC3'

FCU K7

 2000
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TCACCATctcgagTTTATTCGAAATGTGGGAAGAAAAAAAATATAATAAA5'

AGTGGTAgagctcAAATAAGCTTTACACCCTTCTTTTTTTTATATTATTT3'

FCU K7

 2050

AAAGGAAAATTTCTTTTTAAAGTAAAATATTTATGTAAATATTTATATAT5'

TTTCCTTTTAAAGAAAAATTTCATTTTATAAATACATTTATAAATATATA3'

FCU K7

 2100

TTTATTATATATATATTATTATATATATATATATATATATATATATACCA5'

AAATAATATATATATAATAATATATATATATATATATATATATATATGGT3'

FCU K7

 2150

ATAAAATAATATAAAAATTTTTATGTATATCTAAAAATATGTTTTTATTA5'

TATTTTATTATATTTTTAAAAATACATATAGATTTTTATACAAAAATAAT3'

FCU K7

 2200

AAAGGTAAAAATAAACTTATTTTTTCTTTTTTTTTAAAAAATATATATAT5'

TTTCCATTTTTATTTGAATAAAAAAGAAAAAAAAATTTTTTATATATATA3'

FCU K7

 2250

ATATATATATATATAATATTATATGAGATATATATTAAATATTATATTAT5'

TATATATATATATATTATAATATACTCTATATATAATTTATAATATAATA3'

FCU K7

 2300

TTATATAAATATAATTTTTTTCTTAATTTCTCACGTTGTTAAAATTTATA5'

AATATATTTATATTAAAAAAAGAATTAAAGAGTGCAACAATTTTAAATAT3'

FCU K7

 2350

TATTTATATATGATATATATTTTTTAATACTTTTTAATTTTTTTTATTAT5'

ATAAATATATACTATATATAAAAAATTATGAAAAATTAAAAAAAATAATA3'

FCU K7

 2400
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TTTTGGTAATTATCTTATTTTATTTTAATTTTATTATTTTATATTAAATG5'

AAAACCATTAATAGAATAAAATAAAATTAAAATAATAAAATATAATTTAC3'

FCU K7

 2450

ATGCTTTTTATTTTATATTATTATTTTTTATTTAAAATTTTTGCTAAACA5'

TACGAAAAATAAAATATAATAATAAAAAATAAATTTTAAAAACGATTTGT3'

FCU K7

 2500

TGAAATTATTTTATTATATTTTGTAAATACAAAATAAAATTATATATAAA5'

ACTTTAATAAAATAATATAAAACATTTATGTTTTATTTTAATATATATTT3'

FCU K7

 2550

TCAAAAAAAAAAAAAAAGAAAGAAAGAAAGAAAGATGATATTTAAAAAAA5'

AGTTTTTTTTTTTTTTTCTTTCTTTCTTTCTTTCTACTATAAATTTTTTT3'

FCU K7

 2600

AAAAGATATTATAAAAATATAATATTATATATAAAATATTATTTTTATAT5'

TTTTCTATAATATTTTTATATTATAATATATATTTTATAATAAAAATATA3'

FCU K7

 2650

AAATATATTTATATATTTATATATATGTATATATATATATATATATATAT5'

TTTATATAAATATATAAATATATATACATATATATATATATATATATATA3'

FCU K7

 2700

AGGTATAGTATTTATTATTTTGTTATATTTATATAATACTCCTTTTTGTT5'

TCCATATCATAAATAATAAAACAATATAAATATATTATGAGGAAAAACAA3'

FCU K7

 2750

ATTTTTTTTTTTTTTTTCTTTAAATTCATGCAAAAATTTACTATAATATT5'

TAAAAAAAAAAAAAAAAGAAATTTAAGTACGTTTTTAAATGATATTATAA3'

FCU K7

 2800
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ATTATATTTAACTATATACTATGGAATACTAAATATATATCCAATGGCCC5'

TAATATAAATTGATATATGATACCTTATGATTTATATATAGGTTACCGGG3'

FCU K7

 2850

CTTTccgcggggaggactagTCCACCTACGGCAAGCTGACCCTGAAGTTC5'

GAAAggcgcccctcctgatcAGGTGGATGCCGTTCGACTGGGACTTCAAG3'

GFP 5'InFusion extension SpeI

 2900

ATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCAC5'

TAGACGTGGTGGCCGTTCGACGGGCACGGGACCGGGTGGGAGCACTGGTG3'

GFP 5'

 2950

CCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGC5'

GGACTGGATGCCGCACGTCACGAAGTCGGCGATGGGGCTGGTGTACTTCG3'

GFP 5'

 3000

AGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGC5'

TCGTGCTGAAGAAGTTCAGGCGGTACGGGCTTCCGATGCAGGTCCTCGCG3'

GFP 5'

 3050

ACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAA5'

TGGTAGAAGAAGTTCCTGCTGCCGTTGATGTTCTGGGCGCGGCTCCACTT3'

GFP 5'

 3100

GTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACT5'

CAAGCTCCCGCTGTGGGACCACTTGGCGTAGCTCGACTTCCCGTAGCTGA3'

GFP 5'

 3150

TCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAAC5'

AGTTCCTCCTGCCGTTGTAGGACCCCGTGTTCGACCTCATGTTGATGTTG3'

GFP 5'

 3200
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AGCCACAACGTCCttaagCATTTTGTAAAAAAAATTAAAATATATTTATA5'

TCGGTGTTGCAGGaattcGTAAAACATTTTTTTTAATTTTATATAAATAT3'

hDHFR K7GFP 5'

InFusion exte...or AflII site

 3250

TAATATTATTTTATTTTATTATATATTATATTATTTTTATTTTTATTTTT5'

ATTATAATAAAATAAAATAATATATAATATAATAAAAATAAAAATAAAAA3'

hDHFR K7

 3300

ATTTTTTTTTCTCTACAAATTTTATCTATTGGTTTATTATAAAAATATCT5'

TAAAAAAAAAGAGATGTTTAAAATAGATAACCAAATAATATTTTTATAGA3'

hDHFR K7

 3350

ATTTCTAATAATAAATAATTAAGATATCAATTTATAGAAACAAAATATAT5'

TAAAGATTATTATTTATTAATTCTATAGTTAAATATCTTTGTTTTATATA3'

hDHFR K7

 3400

ACTTGTATAATTTTATTTTTTTATATAAATCATTACATATATAATTATAC5'

TGAACATATTAAAATAAAAAAATATATTTAGTAATGTATATATTAATATG3'

hDHFR K7

 3450

AATATTTTTTCTAAGAGATAATTATATATTAATATATATAAAAAAAGGTG5'

TTATAAAAAAGATTCTCTATTAATATATAATTATATATATTTTTTTCCAC3'

hDHFR K7

 3500

TTTTTTTTTTTTTTTTTTATTTTTATTTTTATTTTATGGTAATATTTTAT5'

AAAAAAAAAAAAAAAAAATAAAAATAAAAATAAAATACCATTATAAAATA3'

hDHFR K7

 3550

TTTCCTTATTTTATAAATTATATTAGTTTATATGTGATTAATTTTATATA5'

AAAGGAATAAAATATTTAATATAATCAAATATACACTAATTAAAATATAT3'

hDHFR K7

 3600
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TTATCAATTTATATATTTTTAAATGCTTACTTAATTATCTTTTTTTTTTT5'

AATAGTTAAATATATAAAAATTTACGAATGAATTAATAGAAAAAAAAAAA3'

hDHFR K7

 3650

TTTTTTTTTTTTTTCCCCTCTTTTTATATTAATTTATTTTTGAAAAAATT5'

AAAAAAAAAAAAAAGGGGAGAAAAATATAATTAAATAAAAACTTTTTTAA3'

hDHFR K7

 3700

GATATATATATATATATATAATATATATATATACATGTAGTAGTATTAAA5'

CTATATATATATATATATATTATATATATATATGTACATCATCATAATTT3'

hDHFR K7

 3750

CAATGTATAATATATATAAATAATATATTTATATATTTCATTTCAATTTT5'

GTTACATATTATATATATTTATTATATAAATATATAAAGTAAAGTTAAAA3'

hDHFR K7

 3800

AATTTTTTTTGGTTTTTTTTTTTTTTCTTTTTGTCATATTTAAAAAAAAT5'

TTAAAAAAAACCAAAAAAAAAAAAAAGAAAAACAGTATAAATTTTTTTTA3'

hDHFR K7

 3850

TATATTCATATAAGTTATGCATTTTTTATAAACATTATTCAATATATGTA5'

ATATAAGTATATTCAATACGTAAAAAATATTTGTAATAAGTTATATACAT3'

hDHFR K7

 3900

TAATATAATATATATATATATATTAATGTATTATTCCAATGTGCATGATA5'

ATTATATTATATATATATATATAATTACATAATAAGGTTACACGTACTAT3'

hDHFR K7

 3950

AAAGAAAAAAATAATATTTATAAAAAAAAAGAAAAATAAAACAAAAAAAG5'

TTTCTTTTTTTATTATAAATATTTTTTTTTCTTTTTATTTTGTTTTTTTC3'

hDHFR K7

 4000
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AAAAAAAAAAAAAAAAAAAAAAAAATACAAAAATAAATAATATAATTTAT5'

TTTTTTTTTTTTTTTTTTTTTTTTTATGTTTTTATTTATTATATTAAATA3'

hDHFR K7

 4050

AATTATATATTCTTGTCACAATAAAAATATATATATATATATATATATTT5'

TTAATATATAAGAACAGTGTTATTTTTATATATATATATATATATATAAA3'

hDHFR K7

 4100

ATAATATGTATATTTTAAACTAGAAAAGGAATAACTAATATTTTATTTAT5'

TATTATACATATAAAATTTGATCTTTTCCTTATTGATTATAAAATAAATA3'

hDHFR K7

 4150

TATCATTCAAGATTTATATTTTATAATAATAAATACCTAATAGAAATATA5'

ATAGTAAGTTCTAAATATAAAATATTATTATTTATGGATTATCTTTATAT3'

hDHFR K7

 4200

TCAggatccATGCATGGTTCGCTAAACTGCATCGTCGCTGTGTCCCAGAA5'

AGTcctaggTACGTACCAAGCGATTTGACGTAGCAGCGACACAGGGTCTT3'

hDHFR K7

 4250

CATGGGCATCGGCAAGAACGGGGACTACCCCTGGCCACCGCTCAGGAACG5'

GTACCCGTAGCCGTTCTTGCCCCTGATGGGGACCGGTGGCGAGTCCTTGC3'

hDHFR K7

 4300

AATTTAGATATTTCCAGAGAATGACCACAACCTCTTCAGTAGAAGGTAAA5'

TTAAATCTATAAAGGTCTCTTACTGGTGTTGGAGAAGTCATCTTCCATTT3'

hDHFR K7

 4350

CAGAATCTGGTGATTATGGGTAAGAAGACCTGGTTCTCCATTCCTGAGAA5'

GTCTTAGACCACTAATACCCATTCTTCTGGACCAAGAGGTAAGGACTCTT3'

hDHFR K7

 4400
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GAATCGACCTTTAAAGGGTAGAATTAATTTAGTTCTCAGCAGAGAACTCA5'

CTTAGCTGGAAATTTCCCATCTTAATTAAATCAAGAGTCGTCTCTTGAGT3'

hDHFR K7

 4450

AGGAACCTCCACAAGGAGCTCATTTTCTTTCCAGAAGTCTAGATGATGCC5'

TCCTTGGAGGTGTTCCTCGAGTAAAAGAAAGGTCTTCAGATCTACTACGG3'

hDHFR K7

 4500

TTAAAACTTACTGAACAACCAGAATTAGCAAATAAAGTAGACATGGTCTG5'

AATTTTGAATGACTTGTTGGTCTTAATCGTTTATTTCATCTGTACCAGAC3'

hDHFR K7

 4550

GATAGTTGGTGGCAGTTCTGTTTATAAGGAAGCCATGAATCACCCAGGCC5'

CTATCAACCACCGTCAAGACAAATATTCCTTCGGTACTTAGTGGGTCCGG3'

hDHFR K7

 4600

ATCTTAAACTATTTGTGACAAGGATCATGCAAGACTTTGAAAGTGACACG5'

TAGAATTTGATAAACACTGTTCCTAGTACGTTCTGAAACTTTCACTGTGC3'

hDHFR K7

 4650

TTTTTTCCAGAAATTGATTTGGAGAAATATAAACTTCTGCCAGAATACCC5'

AAAAAAGGTCTTTAACTAAACCTCTTTATATTTGAAGACGGTCTTATGGG3'

hDHFR K7

 4700

AGGTGTTCTCTCTGATGTCCAGGAGGAGAAAGGCATTAAGTACAAATTTG5'

TCCACAAGAGAGACTACAGGTCCTCCTCTTTCCGTAATTCATGTTTAAAC3'

hDHFR K7

 4750

AAGTATATGAGAAGAATGATTAagcttATTTAATAATAGATTAAAAATAT5'

TTCATATACTCTTCTTACTAATtcgaaTAAATTATTATCTAATTTTTATA3'

hDHFR K7

 4800
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TATAAAAATAAAAACATAAACACAGAAATTACAAAAAAAATACATATGAA5'

ATATTTTTATTTTTGTATTTGTGTCTTTAATGTTTTTTTTATGTATACTT3'

hDHFR K7

 4850

TTTTTTTTTTGTAATCTTCCTTATAAATATAGAATAATGAATCATATAAA5'

AAAAAAAAAACATTAGAAGGAATATTTATATCTTATTACTTAGTATATTT3'

hDHFR K7

 4900

ACATATCATTATTCATTTATTTACATTTAAAATTATTGTTTCAGTATCTT5'

TGTATAGTAATAAGTAAATAAATGTAAATTTTAATAACAAAGTCATAGAA3'

hDHFR K7

 4950

TAATTTATTATGTATATATAAAAATAACTTACAATTTTATTAATAAACAA5'

ATTAAATAATACATATATATTTTTATTGAATGTTAAAATAATTATTTGTT3'

hDHFR K7

 5000

TATATGTTTATTAATTCATGTTTTGTAATTTATGGGATAGCGATTTTTTT5'

ATATACAAATAATTAAGTACAAAACATTAAATACCCTATCGCTAAAAAAA3'

hDHFR K7

 5050

TACTGTCTGTATTTTTCTTTTTTAATTATGTTTTAATTGTATTTTATTTT5'

ATGACAGACATAAAAAGAAAAAATTAATACAAAATTAACATAAAATAAAA3'

hDHFR K7

 5100

TATTATTGTTCTTTTTATAGTATTATTTTAAAACAAAATGTATTTTCTAA5'

ATAATAACAAGAAAAATATCATAATAAAATTTTGTTTTACATAAAAGATT3'

hDHFR K7

 5150

GAACTTATAATAATAATAAATATAAATTTTAATAAAAATTATATTTATCT5'

CTTGAATATTATTATTATTTATATTTAAAATTATTTTTAATATAAATAGA3'

hDHFR K7

 5200
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TTTACAATATGAACATAAAGTACAACATTAATATATAGCTTTTAATATTT5'

AAATGTTATACTTGTATTTCATGTTGTAATTATATATCGAAAATTATAAA3'

hDHFR K7

 5250

TTATTCCTAATCATGTAAATCTTAAATTTTTCTTTTTAAACATATGTTAA5'

AATAAGGATTAGTACATTTAGAATTTAAAAAGAAAAATTTGTATACAATT3'

hDHFR K7

 5300

ATATTTATTTCTCATTATATATAAGAACATATTTATTAAAtctagaattC5'

TATAAATAAAGAGTAATATATATTCTTGTATAAATAATTTagatcttaaG3'

hDHFR K7

 5350

TATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGAT5'

ATATAGTACCGGCTGTTCGTCTTCTTGCCGTAGTTCCACTTGAAGTTCTA3'

GFP 3'

 5400

CCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGC5'

GGCGGTGTTGTAGCTCCTGCCGTCGCACGTCGAGCGGCTGGTGATGGTCG3'

GFP 3'

 5450

AGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTAC5'

TCTTGTGGGGGTAGCCGCTGCCGGGGCACGACGACGGGCTGTTGGTGATG3'

GFP 3'

 5500

CTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCA5'

GACTCGTGGGTCAGGCGGGACTCGTTTCTGGGGTTGCTCTTCGCGCTAGT3'

GFP 3'

 5550

CATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGG5'

GTACCAGGACGACCTCAAGCACTGGCGGCGGCCCTAGTGAGAGCCGTACC3'

GFP 3'

 5600
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ACGAGCTGTACAAGTAACcatggAACGGTAAAAATAATAACACGAATTAT5'

TGCTCGACATGTTCATTGgtaccTTGCCATTTTTATTATTGTGCTTAATA3'

U6 upstreamGFP 3'

 5650

CACAATAATTTTTCACATATGTATATATATATATATATTATCAAAGGGAC5'

GTGTTATTAAAAAGTGTATACATATATATATATATATAATAGTTTCCCTG3'

U6 upstream

 5700

AACCGTTTCAAGAAAGCAAATGTTATTATTTTGTTTTTATTCTAATGTAT5'

TTGGCAAAGTTCTTTCGTTTACAATAATAAAACAAAAATAAGATTACATA3'

U6 upstream

 5750

GTAAGCCAAAAACCAATAAAAAAGTAATAATTAAAAAGGAAATAAAATAA5'

CATTCGGTTTTTGGTTATTTTTTCATTATTAATTTTTCCTTTATTTTATT3'

U6 upstream

 5800

ATATACATATGTAATTATACTTATATAATAAGTATGTATATTTTTTATTA5'

TATATGTATACATTAATATGAATATATTATTCATACATATAAAAAATAAT3'

U6 upstream

 5850

TTTTTTTTTTTTAATGCTATTTATTTATTATTGCATCTTTTTATTTAATT5'

AAAAAAAAAAAATTACGATAAATAAATAATAACGTAGAAAAATAAATTAA3'

U6 upstream

 5900

TTTGTATTTTTTTATATAATTCCTTTATTTCTTTATTTCTTTCTTTATTT5'

AAACATAAAAAAATATATTAAGGAAATAAAGAAATAAAGAAAGAAATAAA3'

U6 upstream

 5950

CTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCCTTTAATTAAACTTTAAAA5'

GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGGAAATTAATTTGAAATTTT3'

U6 upstream

 6000
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GACGTTATAAATTTTAAACATATTTTATAAATAAAAAAAAAAAAAAAAAA5'

CTGCAATATTTAAAATTTGTATAAAATATTTATTTTTTTTTTTTTTTTTT3'

U6 upstream

 6050

GACGAAATAATAAAATAAACGAAGATAAAGTAATATTTTGTTATTATGTC5'

CTGCTTTATTATTTTATTTGCTTCTATTTCATTATAAAACAATAATACAG3'

U6 upstream

 6100

ACATAGTATGTGTACTACAATTATTTATGGATGCAAATTATTAAATTGGT5'

TGTATCATACACATGATGTTAATAAATACCTACGTTTAATAATTTAACCA3'

U6 upstream

 6150

AGTTATTATATACATACATGTTTTTTTTTTTGTGTGTATTAAAAGGAACT5'

TCAATAATATATGTATGTACAAAAAAAAAAACACACATAATTTTCCTTGA3'

U6 upstream

 6200

ATTATATAAATAGAACAATTTCATGACATTTGGATTTCTACACATCTTGA5'

TAATATATTTATCTTGTTAAAGTACTGTAAACCTAAAGATGTGTAGAACT3'

U6 upstream

 6250

GGTTTTACAATAATATCTTCTTTTTTTTTTTTTCTCTTCTATATATGAAA5'

CCAAAATGTTATTATAGAAGAAAAAAAAAAAAAGAGAAGATATATACTTT3'

U6 upstream

 6300

TATATTGTAAAAAGGTACAATATATATAATATTTATATACTATGAAAAAA5'

ATATAACATTTTTCCATGTTATATATATTATAAATATATGATACTTTTTT3'

U6 upstream

 6350

AAAAAATATATACATAAACTAATAATAATTTATTCTAATTTAATATAAAA5'

TTTTTTATATATGTATTTGATTATTATTAAATAAGATTAAATTATATTTT3'

U6 upstream

 6400
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AAAAATTCTTGCTTGTTCAGATAAATAAAAGAAATTTATATAAATAGCTA5'

TTTTTAAGAACGAACAAGTCTATTTATTTTCTTTAAATATATTTATCGAT3'

U6 upstream

 6450

TATTTTTTTTTTTTTTTTTTTTTTTTTTTTCTAATTATAAATATAATTAT5'

ATAAAAAAAAAAAAAAAAAAAAAAAAAAAAGATTAATATTTATATTAATA3'

U6 upstream

 6500

TCATTTAAAAAATTTTAAATATTTAAATATTTCATAAATTAAAAAAAAAA5'

AGTAAATTTTTTAAAATTTATAAATTTATAAAGTATTTAATTTTTTTTTT3'

U6 upstream

 6550

AAAAAAAAACTATTAATATAATAAACTTTTATTTTTACTGTAATATAATT5'

TTTTTTTTTGATAATTATATTATTTGAAAATAAAAATGACATTATATTAA3'

U6 upstream

 6600

TTTTATAATGTAAAAATAAAGGGTAAATTATTATTAAAAAATGTATATGT5'

AAAATATTACATTTTTATTTCCCATTTAATAATAATTTTTTACATATACA3'

U6 upstream

 6650

TATGTATATATAACATAATATATTATAATATATATATATATATATATATA5'

ATACATATATATTGTATTATATAATATTATATATATATATATATATATAT3'

U6 upstream

 6700

TATATAATATTAGAGTAACCAAAATGCATAATTTTTCCTATATGCACATA5'

ATATATTATAATCTCATTGGTTTTACGTATTAAAAAGGATATACGTGTAT3'

U6 upstream

 6750

TTTCATATTAAGTATATAATATTTTCTTCGTTTTTAAAAAAAGgttttag5'

AAAGTATAATTCATATATTATAAAAGAAGCAAAAATTTTTTTCcaaaatc3'

trackRNAU6 upstream

BtgZ...hang

BtgZI overhang

sgRNA 1

 6800
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agctagaaatagcaagttaaaataaggctagtccgttatcaacttgaaaa5'

tcgatctttatcgttcaattttattccgatcaggcaatagttgaactttt3'

trackRNA

BtgZI...rhang

 6850

agtggcaccgagtcggtgcttTTTTATTATTTCCTATAAAATAATATATA5'

tcaccgtggctcagccacgaaAAAATAATAAAGGATATTTTATTATATAT3'

trackRNA U6 3'

 6900

TATATATATATATATATATATATATATATTTTAAATATAATGAAGTTTTT5'

ATATATATATATATATATATATATATATAAAATTTATATTACTTCAAAAA3'

U6 3'

 6950

AAGGCTACCATAAAAAAAAAAATACATATATATATAAATAAATATATTAT5'

TTCCGATGGTATTTTTTTTTTTATGTATATATATATTTATTTATATAATA3'

U6 3'

 7000

ATTATATAATATATATATTAATGTTTTTGTTTTTTAATATTTTTTTTTTT5'

TAATATATTATATATATAATTACAAAAACAAAAAATTATAAAAAAAAAAA3'

U6 3'

 7050

TTTTGTAAAATATATTATTTTTGGACTTATAAATAATTGTGTACATACAT5'

AAAACATTTTATATAATAAAAACCTGAATATTTATTAACACATGTATGTA3'

U6 3'

 7100

ATATTATTTTATTATAATAAATATAATAATACTATAATAATCTTTATGCA5'

TATAATAAAATAATATTATTTATATTATTATGATATTATTAGAAATACGT3'

U6 3'

 7150

ATATTTGTAATTCATATATAATAATTTTTAAAATTATCTATCTTTTGAAA5'

TATAAACATTAAGTATATATTATTAAAAATTTTAATAGATAGAAAACTTT3'

U6 3'

 7200
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AAAAAAAAAAAATAAAAATAATAAAAATTATAATGTTATTAAATACTATA5'

TTTTTTTTTTTTATTTTTATTATTTTTAATATTACAATAATTTATGATAT3'

U6 3'

 7250

ATTATTATGATTAATATAATATATATATATATATATATATATATATATAT5'

TAATAATACTAATTATATTATATATATATATATATATATATATATATATA3'

U6 3'

 7300

ATATATATATTTTATATCATTTAATATATTATGTGTGATATAATAATAAA5'

TATATATATAAAATATAGTAAATTATATAATACACACTATATTATTATTT3'

U6 3'

 7350

TCCATTGTCCATAAATAGATGAAATAGCATATGGTGCACTCTCAGTACAA5'

AGGTAACAGGTATTTATCTACTTTATCGTATACCACGTGAGAGTCATGTT3'

U6 3'

ESS-NIH-076

 7400

TCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCC5'

AGACGAGACTACGGCGTATCAATTCGGTCGGGGCTGTGGGCGGTTGTGGG3'

ES...76

 7450

GCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACA5'

CGACTGCGCGGGACTGCCCGAACAGACGAGGGCCGTAGGCGAATGTCTGT3'
 7500

AGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCAT5'

TCGACACTGGCAGAGGCCCTCGACGTACACAGTCTCCAAAAGTGGCAGTA3'
 7550

CACCGAAACGCGCGAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAG5'

GTGGCTTTGCGCGCTCTGCTTTCCCGGAGCACTATGCGGATAAAAATATC3'
 7600

GTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCG5'

CAATTACAGTACTATTATTACCAAAGAATCTGCAGTCCACCGTGAAAAGC3'
 7650

GGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAA5'

CCCTTTACACGCGCCTTGGGGATAAACAAATAAAAAGATTTATGTAAGTT3'
 7700
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ATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATAT5'

TATACATAGGCGAGTACTCTGTTATTGGGACTATTTACGAAGTTATTATA3'
 7750

TGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCC5'

ACTTTTTCCTTCTCATACTCATAAGTTGTAAAGGCACAGCGGGAATAAGG3'
 7800

CTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGG5'

GAAAAAACGCCGTAAAACGGAAGGACAAAAACGAGTGGGTCTTTGCGACC3'
 7850

TGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATC5'

ACTTTCATTTTCTACGACTTCTAGTCAACCCACGTGCTCACCCAATGTAG3'
 7900

GAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGA5'

CTTGACCTAGAGTTGTCGCCATTCTAGGAACTCTCAAAAGCGGGGCTTCT3'
 7950

ACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTAT5'

TGCAAAAGGTTACTACTCGTGAAAATTTCAAGACGATACACCGCGCCATA3'
AmpR

 8000

TATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTAT5'

ATAGGGCATAACTGCGGCCCGTTCTCGTTGAGCCAGCGGCGTATGTGATA3'
AmpR

 8050

TCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTAC5'

AGAGTCTTACTGAACCAACTCATGAGTGGTCAGTGTCTTTTCGTAGAATG3'
AmpR

 8100

GGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTG5'

CCTACCGTACTGTCATTCTCTTAATACGTCACGACGGTATTGGTACTCAC3'
AmpR

 8150

ATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAG5'

TATTGTGACGCCGGTTGAATGAAGACTGTTGCTAGCCTCCTGGCTTCCTC3'
AmpR

 8200
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CTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCG5'

GATTGGCGAAAAAACGTGTTGTACCCCCTAGTACATTGAGCGGAACTAGC3'
AmpR

 8250

TTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCA5'

AACCCTTGGCCTCGACTTACTTCGGTATGGTTTGCTGCTCGCACTGTGGT3'
AmpR

 8300

CGATGCCTGTAGCAATGCCAACAACGTTGCGCAAACTATTAACTGGCGAA5'

GCTACGGACATCGTTACGGTTGTTGCAACGCGTTTGATAATTGACCGCTT3'
AmpR

 8350

CTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGA5'

GATGAATGAGATCGAAGGGCCGTTGTTAATTATCTGACCTACCTCCGCCT3'
AmpR

 8400

TAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTA5'

ATTTCAACGTCCTGGTGAAGACGCGAGCCGGGAAGGCCGACCGACCAAAT3'
AmpR

 8450

TTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCA5'

AACGACTATTTAGACCTCGGCCACTCGCACCCAGAGCGCCATAGTAACGT3'
AmpR

 8500

GCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGAC5'

CGTGACCCCGGTCTACCATTCGGGAGGGCATAGCATCAATAGATGTGCTG3'
AmpR

 8550

GGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAG5'

CCCCTCAGTCCGTTGATACCTACTTGCTTTATCTGTCTAGCGACTCTATC3'
AmpR

 8600
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GTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATAT5'

CACGGAGTGACTAATTCGTAACCATTGACAGTCTGGTTCAAATGAGTATA3'
AmpR

 8650

ATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGT5'

TATGAAATCTAACTAAATTTTGAAGTAAAAATTAAATTTTCCTAGATCCA3'
 8700

GAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTT5'

CTTCTAGGAAAAACTATTAGAGTACTGGTTTTAGGGAATTGCACTCAAAA3'

ColE1 origin

 8750

CGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGA5'

GCAAGGTGACTCGCAGTCTGGGGCATCTTTTCTAGTTTCCTAGAAGAACT3'

ColE1 origin

 8800

GATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACC5'

CTAGGAAAAAAAGACGCGCATTAGACGACGAACGTTTGTTTTTTTGGTGG3'

ColE1 origin

 8850

GCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTC5'

CGATGGTCGCCACCAAACAAACGGCCTAGTTCTCGATGGTTGAGAAAAAG3'

ColE1 origin

 8900

CGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTA5'

GCTTCCATTGACCGAAGTCGTCTCGCGTCTATGGTTTATGACAGGAAGAT3'

ColE1 origin

 8950

GTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTAC5'

CACATCGGCATCAATCCGGTGGTGAAGTTCTTGAGACATCGTGGCGGATG3'

ColE1 origin

 9000

ATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATA5'

TATGGAGCGAGACGATTAGGACAATGGTCACCGACGACGGTCACCGCTAT3'

ColE1 origin

 9050
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AGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCG5'

TCAGCACAGAATGGCCCAACCTGAGTTCTGCTATCAATGGCCTATTCCGC3'

ColE1 origin

 9100

CAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCG5'

GTCGCCAGCCCGACTTGCCCCCCAAGCACGTGTGTCGGGTCGAACCTCGC3'

ColE1 origin

 9150

AACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCG5'

TTGCTGGATGTGGCTTGACTCTATGGATGTCGCACTCGATACTCTTTCGC3'

ColE1 origin

 9200

CCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGG5'

GGTGCGAAGGGCTTCCCTCTTTCCGCCTGTCCATAGGCCATTCGCCGTCC3'

ColE1 origin

 9250

GTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTA5'

CAGCCTTGTCCTCTCGCGTGCTCCCTCGAAGGTCCCCCTTTGCGGACCAT3'

ColE1 origin

 9300

TCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTT5'

AGAAATATCAGGACAGCCCAAAGCGGTGGAGACTGAACTCGCAGCTAAAA3'

ColE1 origin

 9350

TGTGATGCTCGTCAGGGGGGCGGAGCCTATCGAAAAACGCCAGCAACGCG5'

ACACTACGAGCAGTCCCCCCGCCTCGGATAGCTTTTTGCGGTCGTTGCGC3'

ColE1 origin

 9400

GCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTT5'

CGGAAAAATGCCAAGGACCGGAAAACGACCGGAAAACGAGTGTACAAGAA3'
 9450

TCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGT5'

AGGACGCAATAGGGGACTAAGACACCTATTGGCATAATGGCGGAAACTCA3'
 9500
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GAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTG5'

CTCGACTATGGCGAGCGGCGTCGGCTTGCTGGCTCGCGTCGCTCAGTCAC3'
 9550

AGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCG5'

TCGCTCCTTCGCCTTCTCGCGGGTTATGCGTTTGGCGGAGAGGGGCGCGC3'
 9600

TTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAG5'

AACCGGCTAAGTAATTACGTCGACCGTGCTGTCCAAAGGGCTGACCTTTC3'
 9650

CGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCA5'

GCCCGTCACTCGCGTTGCGTTAATTACACTCAATCGAGTGAGTAATCCGT3'
 9700

CCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGT5'

GGGGTCCGAAATGTGAAATACGAAGGCCGAGCATACAACACACCTTAACA3'
 9750

GAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCA5'

CTCGCCTATTGTTAAAGTGTGTCCTTTGTCGATACTGGTACTAATGCGGT3'
 9800

AGCTATTTAGGTGACACTATAGAATACTC5'

TCGATAAATCCACTGTGATATCTTATGAG3'
 9829
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CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTT5'

pMK backbone

 50

AAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTAT5'

pMK backbone

 100

AAATCAAAAGAATAGACCGAGATAGGGTTGAGTGGCCGCTACAGGGCGCT5'

pMK backbone

 150

CCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGTTTCGGTGCG5'

pMK backbone

 200

GGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGC5'

pMK backbone

 250

GATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACG5'

pMK backbone

 300

ACGGCCAGTGAGCGCGACGTAATACGACTCACTATAGGGCGAATTGAAGG5'

pMK backbone

 350

AAGGCCGTCAAGGCCCTAGGCGCGCCATGAGCTCTAAAGCTTCGCTCGAG5'

pMK backbone

 400

CTGCGGCCGCACGGATCCTCGAATTCGCACtatattgggttatttgcaAT5'

homology arm 1

pMK backbone

 450

GAATAAATATTGGTTGTATATTGCTTATGTTTATCTATTATTAAACATAC5'

homology arm 1

Exon 1

 500
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TATCAAAATGTAATAAAATAGAAAATAATAATAATAAGGTCAAGAATTTG5'

homology arm 1

Exon 1

 550

ACCGTTTACAATAATGATATAGgtaaataaaaaaaataatatacaATAAC5'

homology arm 1

Exon 1 Lox...ce

SERA2 Intron + LoxP

 600

TTCGTATAGCATACATTATACGAAGTTATtatatatgtatatatatatat5'

LoxP sequence

SERA2 Intron + LoxP

 650

atttatatattttatattcttttagGACAGTACTTCAAAAAAAAAGACAT5'

recodonised exons 2 - 6SERA2 Intron + LoxP

 700

CCAGTGCAAACACCACATCGAAATCAACCAGGACTCTAACCACAACGAAT5'

recodonised exons 2 - 6

 750

ACTCTTTCCTGTCTCTGAAAGCTTCTTCTATCTTCAACCAGTACTACGTT5'

recodonised exons 2 - 6

 800

GCTAAACTGATCAACACCCTGCTGTACCGTGGTTTCCACCTGAACGTTTA5'

recodonised exons 2 - 6

 850

CTTCCACAAAAACGTTGCTATGTACGAATCTTTCTCTCGTACCAAtTTtT5'

recodonised exons 2 - 6

 900

TCTTCTACCTGACCATCCTGAACAAAAAAAACGTTAAAAAAATCGTTAAA5'

recodonised exons 2 - 6

 950
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ATCATCTCTAAAGCTGAACGTTCTTCTAACAAACGTAAATTCAACGTTTT5'

recodonised exons 2 - 6

 1000

CAAAAAATACCTGATCTCTGAATTCGACTACCCGAACTTCGAgATaGAtG5'

recodonised exons 2 - 6

 1050

AtACCGTTAAAAACGAAATGAACCAGGCTATCCTGGTTTACAAAAAAGCT5'

recodonised exons 2 - 6

 1100

AAATCTGACTCTTACTGGTCTGTTATGGACGCTCTGAAAAAAGACGGTCT5'

recodonised exons 2 - 6

 1150

GCTGCTGGCTCGTACCTTCCTGTCTGTTTCTTTCGTTCAGTCTCTGCGTG5'

recodonised exons 2 - 6

 1200

GTATCATCGGTCTGATCAACCACAAACTGATCGACCTGTGCTTCACCAAC5'

recodonised exons 2 - 6

 1250

GCTTACGTTTTCAAtCAtGTTGCTTCcTTCGACAAgCTGATCATGAACAA5'

recodonised exons 2 - 6

 1300

CATCTTCGGTGTTATCATGTCTTACGTTTTCAAATCTCTGCTGCTGTTCT5'

recodonised exons 2 - 6

 1350

TCTACCCGCTGATCATCCCGTTCCGTGGTGCTTTCGCTTTCGCTATCTCT5'

recodonised exons 2 - 6

 1400

GCTTTCTGCATCACCCAGCTGGGTAAAATCGTTTTCGCTATCTACAAAAA5'

recodonised exons 2 - 6

 1450

CCTGCGTCAGCTGTACCGTATCTCTTACCGTAAAATCTACTCTATCGTTC5'

recodonised exons 2 - 6

 1500
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TGAAAGTTAAACTGCGTAACGAACCGGAACTGAAAAAATACGCTATGAAA5'

recodonised exons 2 - 6

 1550

CTGCTGTACGGTGACGCTCTGATCATGATCACCAAAATCTGGAAACTGTC5'

recodonised exons 2 - 6

 1600

TTACGTTAACGTTTCTGAACACCTGAACGGTAAAAACGTTTACCCGATCC5'

recodonised exons 2 - 6

 1650

TGAACAACCTGTTCGAAAAAAACCTGGGTACCGGTTTCTTCGACTTCTCT5'

recodonised exons 2 - 6

 1700

AACTCTCTGTTCAAATACGTTATGAACTACCTGGAAGAAATCAACCTGCT5'

recodonised exons 2 - 6

 1750

GAATgtaatacagaatatgtataaaatatatgcaagttATAACTTCGTAT5'

PfSUB2 intron + LoxP

LoxP sequence

 1800

AGCATACATTATACGAAGTTATggaaatgaattaatatgtatatatggat5'

PfSUB2 intron + LoxP

LoxP sequence

 1850

atatatatgtatatatatgtatatatatatatatgtttattttttttatt5'

PfSUB2 intron + LoxP

 1900

ttttattttttatttttattcttttttgtagGCCAAAAGTGTTGATGTAG5'

PfSUB2 intron + LoxP homology arm 2

Exon 7

 1950
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AAAAAGAACTCATTTTGAACAGACATAATTTCAAACTATTACTTAAAATT5'

homology arm 2

Exon 7

 2000

TTAAAGATTACTAAAAAGTCCTTATTATATGAAGAGTCTTATATGAAGAT5'

homology arm 2

Exon 7

 2050

ATCTGTTGCTAATTTATTAACAAAATTTTACACCTTGATTTTAGTAAATA5'

homology arm 2

Exon 7

 2100

TAGAACATATAAGTAAATTAAATCCAAAGGAACATTTCTATAATGATTTA5'

homology arm 2

Exon 7

 2150

GATAATGAATTTAAACATATATATCAAGATCAAATGTTTGAATTATTTAT5'

homology arm 2

Exon 7

 2200

ACAAAAGATATCTTCAGATATTGTTAGAAAACCATTTATCAAAAGAAATA5'

homology arm 2

Exon 7

 2250

TCGGAAGAATAGATAAAGGTAGTATAGAATTAACATTAGCATTAATAAAA5'

homology arm 2

Exon 7

 2300

GTAAAATTATTACATTACAAACCAACATTGAATAATCCATATTCCAGTTT5'

homology arm 2

Exon 7

 2350
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ATATTTTGATGAGAATTTAAAAAAACAATTAAATTATGCATTTAAATTAA5'

homology arm 2

Exon 7

 2400

TTATTATTGGTTCTACTAGTATAATTGCTAGTCTTGCAAACTACGGAGAA5'

homology arm 2

Exon 7

 2450

AGATATGGTGTTTTAAAACAATGTCCATTAGATATTGTTAAGAATTTAAA5'

homology arm 2

Exon 7

 2500

TCAACAATGTGAATATGTTTCTTTTGAAATTAAGAAATTAATATTCCCAA5'

homology arm 2

Exon 7

 2550

TAAATATTTTTGTGAACTTATTAATTCCATTATTTTTACCATATGATGAT5'

homology arm 2

Exon 7

 2600

GTATTAGTAGATAAAAATATAATTGATGAAGTCAAAAAATTCTTTAACGT5'

homology arm 2

Exon 7

 2650

TATTATCGATACCGATGATTCTTACTTACAAAAATATATGAAAACAACAA5'

homology arm 2

Exon 7

 2700

TTAACACTATAAGAAAATCAAAAGATCTAGATATAAATAATGTAAATTAT5'

homology arm 2

Exon 7

 2750



Wednesday, July 4, 2018 9:47 AM Page 7 of 12
pESS_RON_E26_loxP

GAAGAAGAAATGGAAAAAATTGTAGTTCAAGAAGCACATAAAGTTATTGA5'

homology arm 2

Exon 7

 2800

AGAAATTAACAAAGAAAGACGAGCATCTTTCGCACAAGCTTATCTCGAGT5'

homology arm 2

Exon 7 pMK backbone

 2850

AGCGGCCGCTTGGATCCCAGAATTCTAGGTACCTCTTAATTAACTGGCCT5'

pMK backbone

 2900

CATGGGCCTTCCTTTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGC5'

pMK backbone

 2950

CAGCTGCATTAACATGGTCATAGCTGTTTCCTTGCGTATTGGGCGCTCTC5'

pMK backbone

 3000

CGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGGTAAAGCCTG5'

pMK backbone

 3050

GGGTGCCTAATGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGG5'

pMK backbone

 3100

CCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCAC5'

ori

pMK backbone

 3150

AAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAG5'

ori

pMK backbone

 3200
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ATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGA5'

ori

pMK backbone

 3250

CCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTG5'

ori

pMK backbone

 3300

GCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGT5'

ori

pMK backbone

 3350

TCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCT5'

ori

pMK backbone

 3400

GCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGAC5'

ori

pMK backbone

 3450

TTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTA5'

ori

pMK backbone

 3500

TGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACA5'

ori

pMK backbone

 3550

CTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTC5'

ori

pMK backbone

 3600
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GGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAG5'

ori

pMK backbone

 3650

CGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGAT5'

ori

pMK backbone

 3700

CTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAAC5'

ori

pMK backbone

 3750

GAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTT5'

pMK backbone

 3800

CACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTA5'

pMK backbone

 3850

TATATGAGTAAACTTGGTCTGACAGTTATTAGAAAAATTCATCCAGCAGA5'

KanR

pMK backbone

 3900

CGATAAAACGCAATACGCTGGCTATCCGGTGCCGCAATGCCATACAGCAC5'

KanR

pMK backbone

 3950

CAGAAAACGATCCGCCCATTCGCCGCCCAGTTCTTCCGCAATATCACGGG5'

KanR

pMK backbone

 4000
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TGGCCAGCGCAATATCCTGATAACGATCCGCCACGCCCAGACGGCCGCAA5'

KanR

pMK backbone

 4050

TCAATAAAGCCGCTAAAACGGCCATTTTCCACCATAATGTTCGGCAGGCA5'

KanR

pMK backbone

 4100

CGCATCACCATGGGTCACCACCAGATCTTCGCCATCCGGCATGCTCGCTT5'

KanR

pMK backbone

 4150

TCAGACGCGCAAACAGCTCTGCCGGTGCCAGGCCCTGATGTTCTTCATCC5'

KanR

pMK backbone

 4200

AGATCATCCTGATCCACCAGGCCCGCTTCCATACGGGTACGCGCACGTTC5'

KanR

pMK backbone

 4250

AATACGATGTTTCGCCTGATGATCAAACGGACAGGTCGCCGGGTCCAGGG5'

KanR

pMK backbone

 4300

TATGCAGACGACGCATGGCATCCGCCATAATGCTCACTTTTTCTGCCGGC5'

KanR

pMK backbone

 4350

GCCAGATGGCTAGACAGCAGATCCTGACCCGGCACTTCGCCCAGCAGCAG5'

KanR

pMK backbone

 4400
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CCAATCACGGCCCGCTTCGGTCACCACATCCAGCACCGCCGCACACGGAA5'

KanR

pMK backbone

 4450

CACCGGTGGTGGCCAGCCAGCTCAGACGCGCCGCTTCATCCTGCAGCTCG5'

KanR

pMK backbone

 4500

TTCAGCGCACCGCTCAGATCGGTTTTCACAAACAGCACCGGACGACCCTG5'

KanR

pMK backbone

 4550

CGCGCTCAGACGAAACACCGCCGCATCAGAGCAGCCAATGGTCTGCTGCG5'

KanR

pMK backbone

 4600

CCCAATCATAGCCAAACAGACGTTCCACCCACGCTGCCGGGCTACCCGCA5'

KanR

pMK backbone

 4650

TGCAGGCCATCCTGTTCAATCATACTCTTCCTTTTTCAATATTATTGAAG5'

KanR AmpR promoter

pMK backbone

 4700

CATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTT5'

AmpR promoter

pMK backbone

 4750

AGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCA5'

AmpR promoter

pMK backbone

 4800
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AAGCTTGGGGGGATCCGACATTTGGATTTCTACACATCTTGAGGTTTTAC5'

TTCGAACCCCCCTAGGCTGTAAACCTAAAGATGTGTAGAACTCCAAAATG3'

U6-gRNA cassette

U6 promoter

 50

AATAATATCTTCTTTTTTTTTTTTTCTCTTCTATATATGAAATATATTGT5'

TTATTATAGAAGAAAAAAAAAAAAAGAGAAGATATATACTTTATATAACA3'

U6-gRNA cassette

U6 promoter

 100

AAAAAGGTACAATATATATAATATTTATATACTATGAAAAAAAAAAAATA5'

TTTTTCCATGTTATATATATTATAAATATATGATACTTTTTTTTTTTTAT3'

U6-gRNA cassette

U6 promoter

 150

TATACATAAACTAATAATAATTTATTCTAATTTAATATAAAAAAAAATTC5'

ATATGTATTTGATTATTATTAAATAAGATTAAATTATATTTTTTTTTAAG3'

U6-gRNA cassette

U6 promoter

 200

TTGCTTGTTCAGATAAATAAAAGAAATTTATATAAATAGCTATATTTTTT5'

AACGAACAAGTCTATTTATTTTCTTTAAATATATTTATCGATATAAAAAA3'

U6-gRNA cassette

U6 promoter

 250

TTTTTTTTTTTTTTTTTCTAATTATAAATATAATTATTCATTTAAAAAAT5'

AAAAAAAAAAAAAAAAAGATTAATATTTATATTAATAAGTAAATTTTTTA3'

U6-gRNA cassette

U6 promoter

 300

TTTAAATATTTAAATATTTCATAAATTAAAAAAAAAAAAAAAAAAACTAT5'

AAATTTATAAATTTATAAAGTATTTAATTTTTTTTTTTTTTTTTTTGATA3'

U6-gRNA cassette

U6 promoter

 350



Wednesday, July 4, 2018 9:58 AM Page 2 of 30
pDCsgRNA4

TAATATAATAAACTTTTATTTTTACTGTAATATAATTTTTTATAATGTAA5'

ATTATATTATTTGAAAATAAAAATGACATTATATTAAAAAATATTACATT3'

U6-gRNA cassette

U6 promoter

 400

AAATAAAGGGTAAATTATTATTAAAAAATGTATATGTTATGTATATATAA5'

TTTATTTCCCATTTAATAATAATTTTTTACATATACAATACATATATATT3'

U6-gRNA cassette

U6 promoter

 450

CATAATATATTATAATATATATATATATATATATATAATATTAGAGTAAC5'

GTATTATATAATATTATATATATATATATATATATATTATAATCTCATTG3'

U6-gRNA cassette

U6 promoter

 500

CAAAATGCATAATTTTTCCTATATGCACATATTTCATATTAAGTATATAA5'

GTTTTACGTATTAAAAAGGATATACGTGTATAAAGTATAATTCATATATT3'

U6-gRNA cassette

U6 promoter

 550

TATTGTGTCGTCGATTTCAAAATTgtttAagagctaTGCTGgaaaCAGCA5'

ATAACACAGCAGCTAAAGTTTTAAcaaaTtctcgatACGACctttGTCGT3'

U6-gRNA cassette

U6...r

modified chimeric gRNA

sgRNA 4

 600

tagcaagttTaaataaggctagtccgttatcaacttgaaaaagtggcacc5'

atcgttcaaAtttattccgatcaggcaatagttgaactttttcaccgtgg3'

U6-gRNA cassette

modified chimeric gRNA

 650
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gagtcggtgcTTTTTTTTTTATTATTTCCTATAAAATAATTTTTAAATAT5'

ctcagccacgAAAAAAAAAATAATAAAGGATATTTTATTAAAAATTTATA3'

U6-gRNA cassette

modified chimeric gRNA

U6 terminator

 700

AATGAAGTTTTTAAGGCGGATCTCCCCAAGCTGAGGCTAGCACCACCGGA5'

TTACTTCAAAAATTCCGCCTAGAGGGGTTCGACTCCGATCGTGGTGGCCT3'

U6-gRNA cassette

U6 terminator

 750

TcCTCTAGAGTCGACCTGCAGGCATGCTATTTGATGAATTAACTACACTT5'

AgGAGATCTCAGCTGGACGTCCGTACGATAAACTACTTAATTGATGTGAA3'

U6...e 3' hsp86

 800

AAAATAATACAATTATTATTAAATTTTTTTTTGATTTATTTATTAATTTT5'

TTTTATTATGTTAATAATAATTTAAAAAAAAACTAAATAAATAATTAAAA3'
3' hsp86

 850

TAAACTTAATCATTTGTATTTGGGAGGAATTATATATATCTTTATAATTA5'

ATTTGAATTAGTAAACATAAACCCTCCTTAATATATATAGAAATATTAAT3'
3' hsp86

 900

TTTTATTTTTTTTTATTTTTTTATTTTTTTATTATTATTATTTTTTTTTA5'

AAAATAAAAAAAAATAAAAAAATAAAAAAATAATAATAATAAAAAAAAAT3'
3' hsp86

 950

TTTTTTTTTTTTACTGTATCAAAGAAAAACCTTTAAAAAAAAAATTATAA5'

AAAAAAAAAAAATGACATAGTTTCTTTTTGGAAATTTTTTTTTTAATATT3'
3' hsp86

 1000

TTTCCCCATCTTACTATATTTTTAATACATACGTTTTAAGGAATTAAATT5'

AAAGGGGTAGAATGATATAAAAATTATGTATGCAAAATTCCTTAATTTAA3'
3' hsp86

 1050
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AGACAAAAGCTATATTATGCTTTACATATAATTAGAATTTATAAACGTTT5'

TCTGTTTTCGATATAATACGAAATGTATATTAATCTTAAATATTTGCAAA3'
3' hsp86

 1100

GGTTATTAGATATTTCATGTCTCAGTAAAGTCTTTCAATACATATGTAAA5'

CCAATAATCTATAAAGTACAGAGTCATTTCAGAAAGTTATGTATACATTT3'
3' hsp86

 1150

AAAATATATATGAATACACATAAGTTGTTAATATATTTTATATGCATAAA5'

TTTTATATATACTTATGTGTATTCAACAATTATATAAAATATACGTATTT3'
3' hsp86

 1200

TGTATAAATATATATATATATATATATATATGTATGTATGTATATGTGTG5'

ACATATTTATATATATATATATATATATATACATACATACATATACACAC3'
3' hsp86

 1250

TATATGAAATTATTTCAATGTTTAATTTTTTAAATTTTAATTTTTTTTTT5'

ATATACTTTAATAAAGTTACAAATTAAAAAATTTAAAATTAAAAAAAAAA3'
3' hsp86

 1300

TTTTTTTTTTTTTATTATGTATATTGATCTTTATTATTTAAATATTACTT5'

AAAAAAAAAAAAATAATACATATAACTAGAAATAATAAATTTATAATGAA3'
3' hsp86

 1350

TTTTCGTTTTTTCTTCTTTTTATTATTTTTTTTTTTTTTTATATTTTATA5'

AAAAGCAAAAAAGAAGAAAAATAATAAAAAAAAAAAAAAATATAAAATAT3'
3' hsp86

 1400

CAAATGGTAATTCAAATAAAAGGTATAAATTTATATTTAATTTTCTTTTA5'

GTTTACCATTAAGTTTATTTTCCATATTTAAATATAAATTAAAAGAAAAT3'
3' hsp86

 1450
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TGGATAAATAAAAGAAAAATATAAATATATAAAAATATAAAAATATATAT5'

ACCTATTTATTTTCTTTTTATATTTATATATTTTTATATTTTTATATATA3'
3' hsp86

 1500

ATGTATATTGGGGTGATGATAAAATGAAAGATAATATATATATATATATA5'

TACATATAACCCCACTACTATTTTACTTTCTATTATATATATATATATAT3'
3' hsp86

 1550

TCTTTATTTTTTTTTTTTTGTAGACCCCATTGTGAGTACATAAATATATT5'

AGAAATAAAAAAAAAAAAACATCTGGGGTAACACTCATGTATTTATATAA3'
3' hsp86

 1600

ATATAACTCGAGTTACCCCCTTCCCACCTTCCTCTTCTTCTTGGGTCCAG5'

TATATTGAGCTCAATGGGGGAAGGGTGGAAGGAGAAGAAGAACCCAGGTC3'
3' hsp86 3HA-NLS-Cas9-NLS codon optimised with

NLS

 1650

AACTTCCagatctGCCAGATGAGCCgctagcACCAGAACTCCCCTTCTTC5'

TTGAAGGtctagaCGGTCTACTCGGcgatcgTGGTCTTGAGGGGAAGAAG3'

3HA-NLS-Cas9-NLS codon optimised with

NLS

 1700

TTCTTGGCTTGTCCAGCTTTCTTTGTAGCGGCAGGCCTTTTGTCTCCTCC5'

AAGAACCGAACAGGTCGAAAGAAACATCGCCGTCCGGAAAACAGAGGAGG3'

3HA-NLS-Cas9-NLS codon optimised with

NLS

Cas9 ...ised

 1750

TAACTGAGACAAATCAATTCTTGTCTCATAAAGTCCTGTTATACTCTGGT5'

ATTGACTCTGTTTAGTTAAGAACAGAGTATTTCAGGACAATATGAGACCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 1800
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GTATCAAAGTTGCATCAAGCACCTCCTTGGTTGAAGTGTACCTCTTTCTG5'

CATAGTTTCAACGTAGTTCGTGGAGGAACCAACTTCACATGGAGAAAGAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 1850

TCTATAGTAGTGTCAAAATACTTAAAGGCAGCTGGAGCTCCAAGGTTTGT5'

AGATATCATCACAGTTTTATGAATTTCCGTCGACCTCGAGGTTCCAAACA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 1900

AAGTGTGAACAAATGAATTATATTTTCAGCCTGCTCCCTAATTGGCTTGT5'

TTCACACTTGTTTACTTAATATAAAAGTCGGACGAGGGATTAACCGAACA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 1950

CCCTGTGTTTATTGTATGCACTAAGTACCTTATCTAAGTTTGCATCAGCA5'

GGGACACAAATAACATACGTGATTCATGGAATAGATTCAAACGTAGTCGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2000

AGTATAACACGTTTTGAAAACTCAGAAATTTGTTCAATAATCTCATCCAA5'

TCATATTGTGCAAAACTTTTGAGTCTTTAAACAAGTTATTAGAGTAGGTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2050

GTAGTGTTTATGCTGTTCCACAAACAACTGCTTTTGTTCGTTGTCCTCAG5'

CATCACAAATACGACAAGGTGTTTGTTGACGAAAACAAGCAACAGGAGTC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2100

GAGAACCTTTCAATTTTTCGTAATGACTTGCAAGATACAAGAAGTTTACA5'

CTCTTGGAAAGTTAAAAAGCATTACTGAACGTTCTATGTTCTTCAAATGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2150
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TACTTACTAGGAAGGGCTAACTCATTACCCTTTTGTAACTCACCTGCTGA5'

ATGAATGATCCTTCCCGATTGAGTAATGGGAAAACATTGAGTGGACGACT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2200

TGCCAACATCCTCTTCCTACCATTTTCCAATTCAAACAAACTATATTTTG5'

ACGGTTGTAGGAGAAGGATGGTAAAAGGTTAAGTTTGTTTGATATAAAAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2250

GAAGTTTTATTATAAGATCCTTCTTTACCTCCTTGTAACCCTTGGCTTCA5'

CTTCAAAATAATATTCTAGGAAGAAATGGAGGAACATTGGGAACCGAAGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2300

AGGAAATCTATAGGATTCTTTTCAAATGAACTACGTTCCATTATAGTTAT5'

TCCTTTAGATATCCTAAGAAAAGTTTACTTGATGCAAGGTAATATCAATA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2350

ACCTAACAATTCTTTCACAGACTTCAATTTTTTAGATTTACCCTTTTCCA5'

TGGATTGTTAAGAAAGTGTCTGAAGTTAAAAAATCTAAATGGGAAAAGGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2400

CCTTAGCCACAACAAGTACTGAGTAAGCAACTGTAGGACTATCAAAACCT5'

GGAATCGGTGTTGTTCATGACTCATTCGTTGACATCCTGATAGTTTTGGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2450

CCGTATTTCTTTGGGTCCCAATCTTTCTTCCTTGCAATAAGTTTATCACT5'

GGCATAAAGAAACCCAGGGTTAGAAAGAAGGAACGTTATTCAAATAGTGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2500
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GTTACGCTTTGGTAATATTGATTCCTTACTGAAACCTCCTGTTTGAACCT5'

CAATGCGAAACCATTATAACTAAGGAATGACTTTGGAGGACAAACTTGGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2550

CGGTTTTCTTAACAATGTTTACTTGAGGCATAGAAAGTACCTTCCTTACT5'

GCCAAAAGAATTGTTACAAATGAACTCCGTATCTTTCATGGAAGGAATGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2600

GTTGCGAAATCCCTACCCTTATCCCACACAATTTCTCCTGTTTCTCCGTT5'

CAACGCTTTAGGGATGGGAATAGGGTGTGTTAAAGAGGACAAAGAGGCAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2650

TGTTTCTATCAATGGACGCTTACGAATTTCTCCGTTGGCCAAGGTTATTT5'

ACAAAGATAGTTACCTGCGAATGCTTAAAGAGGCAACCGGTTCCAATAAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2700

CAGTTTTGAAAAAGTTCATAATATTAGAATAGAAAAAGTACTTAGCGGTA5'

GTCAAAACTTTTTCAAGTATTATAATCTTATCTTTTTCATGAATCGCCAT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2750

GCCTTACCAATTTCCTGCTCTGACTTTGCTATCATCTTTCTTACGTCATA5'

CGGAATGGTTAAAGGACGAGACTGAAACGATAGTAGAAAGAATGCAGTAT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2800

AACCTTGTAGTCACCGTATACAAACTCAGACTCCAACTTAGGGTATTTCT5'

TTGGAACATCAGTGGCATATGTTTGAGTCTGAGGTTGAATCCCATAAAGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2850
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TAATCAAAGCAGTACCAACTACAGCGTTAAGATAAGCATCGTGTGCATGG5'

ATTAGTTTCGTCATGGTTGATGTCGCAATTCTATTCGTAGCACACGTACC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2900

TGGTAATTATTTATCTCTCTTACCTTATAAAATTGGAAGTCCTTACGGAA5'

ACCATTAATAAATAGAGAGAATGGAATATTTTAACCTTCAGGAATGCCTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2950

GTCAGAAACAAGTTTACTTTTAAGTGTTATTACTTTCACTTCACGAATCA5'

CAGTCTTTGTTCAAATGAAAATTCACAATAATGAAAGTGAAGTGCTTAGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3000

ATTTGTCATTTTCGTCGTACTTAGTATTCATACGACTGTCAAGAATCTGA5'

TAAACAGTAAAAGCAGCATGAATCATAAGTATGCTGACAGTTCTTAGACT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3050

GCTACGTGCTTGGTTATCTGACGAGTTTCTACTAACTGTCTTTTTATAAA5'

CGATGCACGAACCAATAGACTGCTCAAAGATGATTGACAGAAAAATATTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3100

ACCAGCCTTGTCCAATTCACTCAAACCTCCACGTTCAGCTTTTGTCAAGT5'

TGGTCGGAACAGGTTAAGTGAGTTTGGAGGTGCAAGTCGAAAACAGTTCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3150

TATCAAACTTTCTTTGTGTAATTAACTTGGCGTTCAAAAGCTGACGCCAG5'

ATAGTTTGAAAGAAACACATTAATTGAACCGCAAGTTTTCGACTGCGGTC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3200
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TAGTTTTTCATCTTCTTAACAACTTCCTCTGATGGCACATTGTCACTCTT5'

ATCAAAAAGTAGAAGAATTGTTGAAGGAGACTACCGTGTAACAGTGAGAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3250

ACCTCTGTTTTTATCTGAACGTGTTAAAACCTTGTTATCAATTGAATCAT5'

TGGAGACAAAAATAGACTTGCACAATTTTGGAACAATAGTTAACTTAGTA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3300

CTTTTAAAAAACTTTGTGGTACTATATGGTCTACGTCATAATCTGAAAGA5'

GAAAATTTTTTGAAACACCATGATATACCAGATGCAGTATTAGACTTTCT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3350

CGGTTTATATCCAACTCCTGGTCAACGTACATGTCACGTCCGTTTTGCAA5'

GCCAAATATAGGTTGAGGACCAGTTGCATGTACAGTGCAGGCAAAACGTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3400

ATAGTATAAGTACAATTTTTCATTCTGTAACTGAGTGTTTTCAACTGGGT5'

TATCATATTCATGTTAAAAAGTAAGACATTGACTCACAAAAGTTGACCCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3450

GCTCTTTTAAAATTTGAGATCCTAATTCTTTAATTCCCTCTTCTATCCTC5'

CGAGAAAATTTTAAACTCTAGGATTAAGAAATTAAGGGAGAAGATAGGAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3500

TTCATACGCTCCCTTGAGTTTTTCTGACCCTTTTGGGTGGTTTGGTTCTC5'

AAGTATGCGAGGGAACTCAAAAAGACTGGGAAAACCCACCAAACCAAGAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3550
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CCTGGCCATCTCAATCACAATGTTTTCTGGCTTGTGTCTACCCATCACTT5'

GGACCGGTAGAGTTAGTGTTACAAAAGACCGAACACAGATGGGTAGTGAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3600

TAACCAATTCGTCTACCACCTTCACGGTTTGCAATATTCCCTTTTTTATT5'

ATTGGTTAAGCAGATGGTGGAAGTGCCAAACGTTATAAGGGAAAAAATAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3650

GCTGGACTACCGGCAAGATTAGCAATATGTTCATGTAATGAATCTCCTTG5'

CGACCTGATGGCCGTTCTAATCGTTATACAAGTACATTACTTAGAGGAAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3700

TCCTGAAACTTGGGCCTTTTGAATGTCCTCTTTAAAAGTCAATGAATCGT5'

AGGACTTTGAACCCGGAAAACTTACAGGAGAAATTTTCAGTTACTTAGCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3750

CGTGAATTAATTGCATGAAATTCCTGTTGGCGAAACCATCTGATTTAAGG5'

GCACTTAATTAACGTACTTTAAGGACAACCGCTTTGGTAGACTAAATTCC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3800

AAGTCAAGTATTGTCTTACCTGATTGTTTGTCTCTAATACCATTTATTAA5'

TTCAGTTCATAACAGAATGGACTAACAAACAGAGATTATGGTAAATAATT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3850

CTTTCTTGATAATCTTCCCCAACCTGTATACCTCCTACGCTTAAGTTGCT5'

GAAAGAACTATTAGAAGGGGTTGGACATATGGAGGATGCGAATTCAACGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3900
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TCATAACTTTATCATCGAATAAATGAGCGTATGTCTTAAGTCTTTCTTCT5'

AGTATTGAAATAGTAGCTTATTTACTCGCATACAGAATTCAGAAAGAAGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3950

ATCATTTCACGGTCCTCGAACAATGTCAAAGTAAGAACAATGTCCTCTAA5'

TAGTAAAGTGCCAGGAGCTTGTTACAGTTTCATTCTTGTTACAGGAGATT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4000

AATATCTTCATTTTCCTCGTTATCAAGAAAGTCCTTGTCCTTAATTATTT5'

TTATAGAAGTAAAAGGAGCAATAGTTCTTTCAGGAACAGGAATTAATAAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4050

TCAATAAGTCATGGTAGGTACCCAATGATGCATTAAATCTATCTTCCACA5'

AGTTATTCAGTACCATCCATGGGTTACTACGTAATTTAGATAGAAGGTGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4100

CCTGATATTTCTACAGAATCAAAACATTCAATTTTTTTGAAGTAGTCCTC5'

GGACTATAAAGATGTCTTAGTTTTGTAAGTTAAAAAAACTTCATCAGGAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4150

TTTCAACTGCTTAACTGTTACTTTTCTATTGGTCTTAAATAATAAATCCA5'

AAAGTTGACGAATTGACAATGAAAAGATAACCAGAATTTATTATTTAGGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4200

CAATAGCCTTTTTCTGTTCTCCTGATAAGAAGGCTGGCTTTCTCATTCCC5'

GTTATCGGAAAAAGACAAGAGGACTATTCTTCCGACCGAAAGAGTAAGGG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4250
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TCAGTCACATACTTAACCTTTGTCAACTCATTATACACTGTGAAGTACTC5'

AGTCAGTGTATGAATTGGAAACAGTTGAGTAATATGTGACACTTCATGAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4300

GTAAAGGAGACTGTGTTTTGGTAAAACTTTCTCATTTGGTAAATTTTTAT5'

CATTTCCTCTGACACAAAACCATTTTGAAAGAGTAAACCATTTAAAAATA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4350

CGAAATTTGTCATCCTCTCTATGAAAGACTGAGCACTTGCTCCCTTATCT5'

GCTTTAAACAGTAGGAGAGATACTTTCTGACTCGTGAACGAGGGAATAGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4400

ACCACCTCTTCAAAATTCCAAGGGGTTATTGTCTCTTCTGACTTCCTGGT5'

TGGTGGAGAAGTTTTAAGGTTCCCCAATAACAGAGAAGACTGAAGGACCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4450

CATCCAAGCGAAACGAGAATTTCCCCTGGCCAATGGACCCACATAGTATG5'

GTAGGTTCGCTTTGCTCTTAAAGGGGACCGGTTACCTGGGTGTATCATAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4500

GAATACGGAATGTTAAAATCTTTTCTATTTTTTCTCTATTGTCCTTAAGA5'

CTTATGCCTTACAATTTTAGAAAAGATAAAAAAGAGATAACAGGAATTCT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4550

AAAGGGTAAAAATCCTCCTGCCTCCTCAAAATTGCGTGTAACTCACCTAA5'

TTTCCCATTTTTAGGAGGACGGAGGAGTTTTAACGCACATTGAGTGGATT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4600
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ATGAATTTGATGAGGAATAGAACCATTGTCGAAGGTACGTTGCTTACGCA5'

TACTTAAACTACTCCTTATCTTGGTAACAGCTTCCATGCAACGAATGCGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4650

ATAAATCCTCACGGTTCAATTTTACAAGAAGCTCTTCTGTTCCGTCCATC5'

TATTTAGGAGTGCCAAGTTAAAATGTTCTTCGAGAAGACAAGGCAGGTAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4700

TTCTCTAATATTGGTTTTATAAATTTGTAAAATTCCTCTTGTGAGGCACC5'

AAGAGATTATAACCAAAATATTTAAACATTTTAAGGAGAACACTCCGTGG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4750

TCCATCTATGTATCCGGCATAACCGTTTTTAGATTGGTCAAAAAAAATCT5'

AGGTAGATACATAGGCCGTATTGGCAAAAATCTAACCAGTTTTTTTTAGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4800

CTTTGTATTTTTCAGGCAACTGCTGACGAACAAGTGCCTTAAGAAGTGTT5'

GAAACATAAAAAGTCCGTTGACGACTGCTTGTTCACGGAATTCTTCACAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4850

AAATCTTGGTGGTGTTCATCGTACCTCTTAATCATACTTGCACTTAATGG5'

TTTAGAACCACCACAAGTAGCATGGAGAATTAGTATGAACGTGAATTACC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4900

AGCTTTTGTTATCTCAGTGTTTACCCTTAATATGTCTGACAAAAGAATAG5'

TCGAAAACAATAGAGTCACAAATGGGAATTATACAGACTGTTTTCTTATC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4950
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CGTCTGACAAATTTTTGGCGGCCAAAAATAAATCGGCATATTGATCACCA5'

GCAGACTGTTTAAAAACCGCCGGTTTTTATTTAGCCGTATAACTAGTGGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5000

ATTTGGGCCAACAAATTGTCAAGGTCGTCGTCGTATGTGTCTTTACTAAG5'

TAAACCCGGTTGTTTAACAGTTCCAGCAGCAGCATACACAGAAATGATTC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5050

TTGTAACTTGGCATCCTCTGCAAGGTCAAAATTAGATTTGAAATTAGGTG5'

AACATTGAACCGTAGGAGACGTTCCAGTTTTAATCTAAACTTTAATCCAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5100

TTAAACCTAATGAAAGTGCTATTAAATTACCGAACAATCCATTCTTTTTT5'

AATTTGGATTACTTTCACGATAATTTAATGGCTTGTTAGGTAAGAAAAAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5150

TCACCAGGCAACTGGGCAATAAGATTTTCCAAACGTCTACTCTTAGACAA5'

AGTGGTCCGTTGACCCGTTATTCTAAAAGGTTTGCAGATGAGAATCTGTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5200

CCTTGCAGACAAAATTGCCTTTGCGTCCACACCACTGGCATTAATTGGGT5'

GGAACGTCTGTTTTAACGGAAACGCAGGTGTGGTGACCGTAATTAACCCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5250

TTTCTTCAAACAACTGATTGTAAGTCTGTACTAATTGAATAAACAATTTA5'

AAAGAAGTTTGTTGACTAACATTCAGACATGATTAACTTATTTGTTAAAT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5300
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TCAACATCAGAGTTATCTGGGTTAAGATCACCCTCAATAAGGAAGTGTCC5'

AGTTGTAGTCTCAATAGACCCAATTCTAGTGGGAGTTATTCCTTCACAGG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5350

ACGAAATTTAATCATGTGTGCAAGTGCTAAATATATTAAACGTAAATCGG5'

TGCTTTAAATTAGTACACACGTTCACGATTTATATAATTTGCATTTAGCC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5400

CCTTGTCAGTTGAGTCAACCAATTTTTTCCTCAAGTGGTAAATAGTAGGG5'

GGAACAGTCAACTCAGTTGGTTAAAAAAGGAGTTCACCATTTATCATCCC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5450

TACTTTTCGTGGTATGCTACCTCATCAACAATGTTACCAAAAATAGGATG5'

ATGAAAAGCACCATACGATGGAGTAGTTGTTACAATGGTTTTTATCCTAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5500

CCTTTCGTGTTTCTTGTCCTCTTCCACAAGGAAAGATTCCTCTAATCTAT5'

GGAAAGCACAAAGAACAGGAGAAGGTGTTCCTTTCTAAGGAGATTAGATA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5550

GGAAGAAACTGTCATCCACCTTGGCCATTTCATTAGAAAATATTTCTTGT5'

CCTTCTTTGACAGTAGGTGGAACCGGTAAAGTAATCTTTTATAAAGAACA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5600

AAGTAGCAAATACGATTTTTCCTTCTAGTATAACGTCTCCTAGCTGTCCT5'

TTCATCGTTTATGCTAAAAAGGAAGATCATATTGCAGAGGATCGACAGGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5650
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CTTAAGTCTTGTTGCTTCTGCGGTTTCACCAGAATCAAACAAAAGGGCAC5'

GAATTCAGAACAACGAAGACGCCAAAGTGGTCTTAGTTTGTTTTCCCGTG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5700

CAATTAAATTCTTTTTTATTGAATGACGGTCTGTATTACCAAGCACCTTA5'

GTTAATTTAAGAAAAAATAACTTACTGCCAGACATAATGGTTCGTGGAAT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5750

AATTTTTTACTTGGCACCTTATACTCGTCAGTAATCACTGCCCATCCTAC5'

TTAAAAAATGAACCGTGGAATATGAGCAGTCATTAGTGACGGGTAGGATG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5800

AGAATTAGTACCAATATCTAATCCTATACTATATTTTTTGTCCATTGAAC5'

TCTTAATCATGGTTATAGATTAGGATATGATATAAAAAACAGGTAACTTG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5850

CGGCAGCAGGTACACCGTGTATACCTACCTTTCTCTTCTTCTTAGGTGCC5'

GCCGTCGTCCATGTGGCACATATGGATGGAAAGAGAAGAAGAATCCACGG3'

3HA-NLS-Cas9-NLS codon optimised with

NLS

 5900

ATTGATCCAGCGTAATCAGGTACATCGTATGGATAAGAACCAGCGTAGTC5'

TAACTAGGTCGCATTAGTCCATGTAGCATACCTATTCTTGGTCGCATCAG3'

3HA-NLS-Cas9-NLS codon optimised with

HA

HA

 5950
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AGGTACGTCGTAAGGGTATCCAGCATAATCAGGAACATCGTATGGATACA5'

TCCATGCAGCATTCCCATAGGTCGTATTAGTCCTTGTAGCATACCTATGT3'

3HA-NLS-Cas9-NLS codon optimised with

HA

HA

 6000

TCctaggTGATATATTTCTATTAGGTATTTATTATTATAAAATATAAATC5'

AGgatccACTATATAAAGATAATCCATAAATAATAATATTTTATATTTAG3'
5' CAM

 6050

TTGAATGATAATAAATAAAATATTAGTTATTCCTTTTCTAGTTTAAAATA5'

AACTTACTATTATTTATTTTATAATCAATAAGGAAAAGATCAAATTTTAT3'
5' CAM

 6100

TACATATTATAAATATATATATATATATATATATTTTTATTGTGACAAGA5'

ATGTATAATATTTATATATATATATATATATATAAAAATAACACTGTTCT3'
5' CAM

 6150

ATATATAATTATAAATTATATTATTTATTTTTGTATTTTTTTTTTTTTTT5'

TATATATTAATATTTAATATAATAAATAAAAACATAAAAAAAAAAAAAAA3'
5' CAM

 6200

TTTTTTTTTTCTTTTTTTGTTTTATTTTTCTTTTTTTTTATAAATATTAT5'

AAAAAAAAAAGAAAAAAACAAAATAAAAAGAAAAAAAAATATTTATAATA3'
5' CAM

 6250

TTTTTTCTTTTATCATGCACATTGGAATAATACATTAATATATATATATA5'

AAAAAAGAAAATAGTACGTGTAACCTTATTATGTAATTATATATATATAT3'
5' CAM

 6300

TATTATATTATACATATATTGAATAATGTTTATAAAAAATGCATAACTTA5'

ATAATATAATATGTATATAACTTATTACAAATATTTTTTACGTATTGAAT3'
5' CAM

 6350



Wednesday, July 4, 2018 9:58 AM Page 19 of 30
pDCsgRNA4

TATGAATATAATTTTTTTTAAATATGACAAAAAGAAAAAAAAAAAAAACC5'

ATACTTATATTAAAAAAAATTTATACTGTTTTTCTTTTTTTTTTTTTTGG3'
5' CAM

 6400

AAAAAAAATTAAAATTGAAATGAAATATATAAATATATTATTTATATATA5'

TTTTTTTTAATTTTAACTTTACTTTATATATTTATATAATAAATATATAT3'
5' CAM

 6450

TTATACATTGTTTAATACTACTACATGTATATATATATATTATATATATA5'

AATATGTAACAAATTATGATGATGTACATATATATATATAATATATATAT3'
5' CAM

 6500

TATATATATCAATTTTTTCAAAAATAAATTAATATAAAAAGAGGGGAAAA5'

ATATATATAGTTAAAAAAGTTTTTATTTAATTATATTTTTCTCCCCTTTT3'
5' CAM

 6550

AAAAAAAAAAAAAAAAAAAAAGATAATTAAGTAAGCATTTAAAAATATAT5'

TTTTTTTTTTTTTTTTTTTTTCTATTAATTCATTCGTAAATTTTTATATA3'
5' CAM

 6600

AAATTGATAATATATAAAATTAATCACATATAAACTAATATAATTTATAA5'

TTTAACTATTATATATTTTAATTAGTGTATATTTGATTATATTAAATATT3'
5' CAM

 6650

AATAAGGAAAATAAAATATTACCATAAAATAAAAATAAAAATAAAAAAAA5'

TTATTCCTTTTATTTTATAATGGTATTTTATTTTTATTTTTATTTTTTTT3'
5' CAM

 6700

AAAAAAAAAACACCTTTTTTTATATATATTAATATATAATTATCTCTTAG5'

TTTTTTTTTTGTGGAAAAAAATATATATAATTATATATTAATAGAGAATC3'
5' CAM

 6750
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AAAAAATATTGTATAATTATATATGTAATGATTTATATAAAAAAATAAAA5'

TTTTTTATAACATATTAATATATACATTACTAAATATATTTTTTTATTTT3'
5' CAM

 6800

TTATACAAGTATATATTTTGTTTCTATAAATTGATATCTTAATTATTTAT5'

AATATGTTCATATATAAAACAAAGATATTTAACTATAGAATTAATAAATA3'
5' CAM

 6850

TATTAGAAATAGATATTTTTATAATAAACCAATAGATAAAATTTGTAGAG5'

ATAATCTTTATCTATAAAAATATTATTTGGTTATCTATTTTAAACATCTC3'
5' CAM

 6900

AAAAAAAAATAAAAATAAAAATAAAAATAATATAATATATAATAAAATAA5'

TTTTTTTTTATTTTTATTTTTATTTTTATTATATTATATATTATTTTATT3'
5' CAM

 6950

AATAATATTATATAAATATATTTTAATTTTTTTTACAAAATGGTTAACAA5'

TTATTATAATATATTTATATAAAATTAAAAAAAATGTTTTACCAATTGTT3'
5' CAM

 7000

AGAAGAAGCTCAGAGGCATGCAAGCTTCGATCCATATAATTATTAATAGG5'

TCTTCTTCGAGTCTCCGTACGTTCGAAGCTAGGTATATTAATAATTATCC3'
5' CAM

 7050

TACTTTTTTTTTTTATATATGGGAATTTCCTTATAGGGCCCGCATGCTTA5'

ATGAAAAAAAAAAATATATACCCTTAAAGGAATATCCCGGGCGTACGAAT3'
5' CAM

Gibson overlap 5' PcDT

 7100

GCTAATTCGCTTGTAAGAGGTACTCTCGTTTATGCAAAACTATTTGATAT5'

CGATTAAGCGAACATTCTCCATGAGAGCAAATACGTTTTGATAAACTATA3'
5' PcDT

 7150
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AGCATTTTAACAAGTACACATATATATATGTAATATATATACTATATATA5'

TCGTAAAATTGTTCATGTGTATATATATACATTATATATATGATATATAT3'
5' PcDT

 7200

TCTATTGCATGTGTACTAAGCATGTGCATGGCATCCCCTTTTTCTCGTGT5'

AGATAACGTACACATGATTCGTACACGTACCGTAGGGGAAAAAGAGCACA3'
5' PcDT

 7250

TTAAAACAGTTTGTATGATAAAATATAAAGGATTTGAAAAAGAGAAAAAA5'

AATTTTGTCAAACATACTATTTTATATTTCCTAAACTTTTTCTCTTTTTT3'
5' PcDT

 7300

ATATATGATCTCATCCTATATAGCGCCATAATTTTTATTTGGGTTGAATA5'

TATATACTAGAGTAGGATATATCGCGGTATTAAAAATAAACCCAACTTAT3'
5' PcDT

 7350

AAATTTTCTACTAAATTTAGGTGTAAGTAAAATAATGGAATATATATAAG5'

TTTAAAAGATGATTTAAATCCACATTCATTTTATTACCTTATATATATTC3'
5' PcDT

 7400

TACAATAAAAAAGTGCATAAATTAAAAAATTTTTATAATAAATATTTTTT5'

ATGTTATTTTTTCACGTATTTAATTTTTTAAAAATATTATTTATAAAAAA3'
5' PcDT

 7450

TTAAAAAAGTCAATAATAATATTAAATATATATAACACAGGATTATATAT5'

AATTTTTTCAGTTATTATTATAATTTATATATATTGTGTCCTAATATATA3'
5' PcDT

 7500

GTTCACTACAATTTTTTATATTATAATATAAATTCTTTTCAATTTTCATT5'

CAAGTGATGTTAAAAAATATAATATTATATTTAAGAAAAGTTAAAAGTAA3'
5' PcDT

 7550
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TTATTTTACATACACTTTCCTTTTTTGTCACTATATTTTAATATTCACAT5'

AATAAAATGTATGTGAAAGGAAAAAACAGTGATATAAAATTATAAGTGTA3'
5' PcDT

 7600

ATTTAGTTTAAATACTGGCTATTTCTTTCTACATTTGCTAGTAACAATTG5'

TAAATCAAATTTATGACCGATAAAGAAAGATGTAAACGATCATTGTTAAC3'
5' PcDT

 7650

TGTAGTGCTTATATATATACACACACCTAAAACTTACAAACCATGGTTGG5'

ACATCACGAATATATATATGTGTGTGGATTTTGAATGTTTGGTACCAACC3'
5' PcDT hDHFR

 7700

TTCGCTAAACTGCATCGTCGCTGTGTCCCAGAACATGGGCATCGGCAAGA5'

AAGCGATTTGACGTAGCAGCGACACAGGGTCTTGTACCCGTAGCCGTTCT3'

hDHFR

 7750

ACGGGGACCTGCCCTGGCCACCGCTCAGGAACGAATTTAGATATTTCCAG5'

TGCCCCTGGACGGGACCGGTGGCGAGTCCTTGCTTAAATCTATAAAGGTC3'

hDHFR

 7800

AGAATGACCACAACCTCTTCAGTAGAAGGTAAGCAGAATCTGGTGATTAT5'

TCTTACTGGTGTTGGAGAAGTCATCTTCCATTCGTCTTAGACCACTAATA3'

hDHFR

 7850

GGGTAAAAAAACCTGGTTCTCCATTCCTGAGAAGAATCGACCTTTAAAGG5'

CCCATTTTTTTGGACCAAGAGGTAAGGACTCTTCTTAGCTGGAAATTTCC3'

hDHFR

 7900

GTAGAATTAATTTAGTTCTCAGCAGAGAACTCAAGGAACCTCCACAAGGA5'

CATCTTAATTAAATCAAGAGTCGTCTCTTGAGTTCCTTGGAGGTGTTCCT3'

hDHFR

 7950
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GCTCATTTTCTTTCCAGAAGTCTAGATGATGCCTTAAAACTTACTGAACA5'

CGAGTAAAAGAAAGGTCTTCAGATCTACTACGGAATTTTGAATGACTTGT3'

hDHFR

 8000

ACCAGAATTAGCAAATAAAGTAGACATGGTCTGGATAGTTGGTGGCAGTT5'

TGGTCTTAATCGTTTATTTCATCTGTACCAGACCTATCAACCACCGTCAA3'

hDHFR

 8050

CTGTTTATAAGGAAGCCATGAATCACCCAGGCCATCTTAAACTATTTGTG5'

GACAAATATTCCTTCGGTACTTAGTGGGTCCGGTAGAATTTGATAAACAC3'

hDHFR

 8100

ACAAGGATCATGCAAGACTTTGAAAGTGACACGTTTTTTCCAGAAATTGA5'

TGTTCCTAGTACGTTCTGAAACTTTCACTGTGCAAAAAAGGTCTTTAACT3'

hDHFR

 8150

TTTGGAGAAATATAAACTTCTGCCAGAATACCCAGGTGTTCTCTCTGATG5'

AAACCTCTTTATATTTGAAGACGGTCTTATGGGTCCACAAGAGAGACTAC3'

hDHFR

 8200

TCCAGGAGGAGAAAGGCATTAAGTACAAATTTGAAGTATATGAGAAGAAT5'

AGGTCCTCCTCTTTCCGTAATTCATGTTTAAACTTCATATACTCTTCTTA3'

hDHFR

 8250

GATTAACCGCGGGGTACCCCATTAAATTTATTTAATAATAGATTAAAAAT5'

CTAATTGGCGCCCCATGGGGTAATTTAAATAAATTATTATCTAATTTTTA3'

hD...R 3' hrp2

 8300

ATTATAAAAATAAAAACATAAACACAGAAATTACAAAAAAAATACATATG5'

TAATATTTTTATTTTTGTATTTGTGTCTTTAATGTTTTTTTTATGTATAC3'

3' hrp2

 8350



Wednesday, July 4, 2018 9:58 AM Page 24 of 30
pDCsgRNA4

AATTTTTTTTTTGTAATCTTCCTTATAAATATAGAATAATGAATCATATA5'

TTAAAAAAAAAACATTAGAAGGAATATTTATATCTTATTACTTAGTATAT3'

3' hrp2

 8400

AAACATATCATTTTTCATTTATTTACATTTAAAATTATTGTTTCAGTATC5'

TTTGTATAGTAAAAAGTAAATAAATGTAAATTTTAATAACAAAGTCATAG3'

3' hrp2

 8450

TTTAATTTATTATGTATATATAAAAATAACTTACAATTTTATTAATAAAC5'

AAATTAAATAATACATATATATTTTTATTGAATGTTAAAATAATTATTTG3'

3' hrp2

 8500

AATATATGTTTATTAATTCATGTTTTGTAATTTATGGGATAGCGATTTTT5'

TTATATACAAATAATTAAGTACAAAACATTAAATACCCTATCGCTAAAAA3'

3' hrp2

 8550

TTTACTGTCTGTATTTTTCTTTTTTAATTATGTTTTAATTGTATTTTATT5'

AAATGACAGACATAAAAAGAAAAAATTAATACAAAATTAACATAAAATAA3'

3' hrp2

 8600

TTTATTATTGTTCTTTTTATAGTATTATTTTAAAACAAAATGTTTTTTCT5'

AAATAATAACAAGAAAAATATCATAATAAAATTTTGTTTTACAAAAAAGA3'

3' hrp2

 8650

AAGAACTTATAATAATAATAAATATAAATTTTAATAAAAATTATATTTAT5'

TTCTTGAATATTATTATTATTTATATTTAAAATTATTTTTAATATAAATA3'

3' hrp2

 8700

CTTTTACAATATGAACATAAAGTACAACATTAATATATAGCTTTTAATAT5'

GAAAATGTTATACTTGTATTTCATGTTGTAATTATATATCGAAAATTATA3'

3' hrp2

 8750
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TTTTATTCCTAATCATGTAAATCTTAAATTTTTCTTTTTAAACATATGTT5'

AAAATAAGGATTAGTACATTTAGAATTTAAAAAGAAAAATTTGTATACAA3'

3' hrp2

 8800

AAATATTTATTTCTCATTATATATAAGGACATATTTATTAAACCGCAGAG5'

TTTATAAATAAAGAGTAATATATATTCCTGTATAAATAATTTGGCGTCTC3'

3' hrp2

 8850

AAATCTAGAGGTACCGAGCTCGAATTCGCCCTATAGTGAGTCGTATTACA5'

TTTAGATCTCCATGGCTCGAGCTTAAGCGGGATATCACTCAGCATAATGT3'

3' hrp2

Gibson overlap donor cloning

 8900

ATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTT5'

TAAGTGACCGGCAGCAAAATGTTGCAGCACTGACCCTTTTGGGACCGCAA3'

donor cloning

 8950

ACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAA5'

TGGGTTGAATTAGCGGAACGTCGTGTAGGGGGAAAGCGGTCGACCGCATT3'

donor cloning

 9000

TAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGA5'

ATCGCTTCTCCGGGCGTGGCTAGCGGGAAGGGTTGTCAACGCGTCGGACT3'

donor cloning

 9050

ATGGCGAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGT5'

TACCGCTTACCGCGGACTACGCCATAAAAGAGGAATGCGTAGACACGCCA3'

donor cloning

 9100

ATTTCACACCGCATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGC5'

TAAAGTGTGGCGTATACCACGTGAGAGTCATGTTAGACGAGACTACGGCG3'

donor cloning

 9150
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ATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGAC5'

TATCAATTCGGTCGGGGCTGTGGGCGGTTGTGGGCGACTGCGCGGGACTG3'

donor cloning

 9200

GGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCC5'

CCCGAACAGACGAGGGCCGTAGGCGAATGTCTGTTCGACACTGGCAGAGG3'

donor cloning

 9250

GGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAG5'

CCCTCGACGTACACAGTCTCCAAAAGTGGCAGTAGTGGCTTTGCGCGCTC3'

donor cloning

 9300

ACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAA5'

TGCTTTCCCGGAGCACTATGCGGATAAAAATATCCAATTACAGTACTATT3'

donor cloning

 9350

TAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGA5'

ATTACCAAAGAATCTGCAGTCCACCGTGAAAAGCCCCTTTACACGCGCCT3'

donor cloning Gibson overlap

 9400

ACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCAT5'

TGGGGATAAACAAATAAAAAGATTTATGTAAGTTTATACATAGGCGAGTA3'
 9450

GAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTA5'

CTCTGTTATTGGGACTATTTACGAAGTTATTATAACTTTTTCCTTCTCAT3'
 9500

TGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTT5'

ACTCATAAGTTGTAAAGGCACAGCGGGAATAAGGGAAAAAACGCCGTAAA3'

AmpR

 9550

TGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGC5'

ACGGAAGGACAAAAACGAGTGGGTCTTTGCGACCACTTTCATTTTCTACG3'

AmpR

 9600
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TGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACA5'

ACTTCTAGTCAACCCACGTGCTCACCCAATGTAGCTTGACCTAGAGTTGT3'

AmpR

 9650

GCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATG5'

CGCCATTCTAGGAACTCTCAAAAGCGGGGCTTCTTGCAAAAGGTTACTAC3'

AmpR

 9700

AGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGC5'

TCGTGAAAATTTCAAGACGATACACCGCGCCATAATAGGGCATAACTGCG3'

AmpR

 9750

CGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGG5'

GCCCGTTCTCGTTGAGCCAGCGGCGTATGTGATAAGAGTCTTACTGAACC3'

AmpR

 9800

TTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTA5'

AACTCATGAGTGGTCAGTGTCTTTTCGTAGAATGCCTACCGTACTGTCAT3'

AmpR

 9850

AGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAA5'

TCTCTTAATACGTCACGACGGTATTGGTACTCACTATTGTGACGCCGGTT3'

AmpR

 9900

CTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGC5'

GAATGAAGACTGTTGCTAGCCTCCTGGCTTCCTCGATTGGCGAAAAAACG3'

AmpR

 9950

ACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTG5'

TGTTGTACCCCCTAGTACATTGAGCGGAACTAGCAACCCTTGGCCTCGAC3'

AmpR

 10000
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AATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAAT5'

TTACTTCGGTATGGTTTGCTGCTCGCACTGTGGTGCTACGGACATCGTTA3'

AmpR

 10050

GCCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTT5'

CGGTTGTTGCAACGCGTTTGATAATTGACCGCTTGATGAATGAGATCGAA3'

AmpR

 10100

CCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCA5'

GGGCCGTTGTTAATTATCTGACCTACCTCCGCCTATTTCAACGTCCTGGT3'

AmpR

 10150

CTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGG5'

GAAGACGCGAGCCGGGAAGGCCGACCGACCAAATAACGACTATTTAGACC3'

AmpR

 10200

AGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATG5'

TCGGCCACTCGCACCCAGAGCGCCATAGTAACGTCGTGACCCCGGTCTAC3'

AmpR

 10250

GTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACT5'

CATTCGGGAGGGCATAGCATCAATAGATGTGCTGCCCCTCAGTCCGTTGA3'

AmpR

 10300

ATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAA5'

TACCTACTTGCTTTATCTGTCTAGCGACTCTATCCACGGAGTGACTAATT3'

AmpR

 10350

GCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATT5'

CGTAACCATTGACAGTCTGGTTCAAATGAGTATATATGAAATCTAACTAA3'

AmpR

 10400

TAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGAT5'

ATTTTGAAGTAAAAATTAAATTTTCCTAGATCCACTTCTAGGAAAAACTA3'
 10450
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AATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTC5'

TTAGAGTACTGGTTTTAGGGAATTGCACTCAAAAGCAAGGTGACTCGCAG3'
 10500

AGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGC5'

TCTGGGGCATCTTTTCTAGTTTCCTAGAAGAACTCTAGGAAAAAAAGACG3'
 10550

GCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTT5'

CGCATTAGACGACGAACGTTTGTTTTTTTGGTGGCGATGGTCGCCACCAA3'
 10600

TGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTT5'

ACAAACGGCCTAGTTCTCGATGGTTGAGAAAAAGGCTTCCATTGACCGAA3'
 10650

CAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAG5'

GTCGTCTCGCGTCTATGGTTTATGACAGGAAGATCACATCGGCATCAATC3'
 10700

GCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTA5'

CGGTGGTGAAGTTCTTGAGACATCGTGGCGGATGTATGGAGCGAGACGAT3'
 10750

ATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGG5'

TAGGACAATGGTCACCGACGACGGTCACCGCTATTCAGCACAGAATGGCC3'
 10800

GTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAA5'

CAACCTGAGTTCTGCTATCAATGGCCTATTCCGCGTCGCCAGCCCGACTT3'
 10850

CGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAA5'

GCCCCCCAAGCACGTGTGTCGGGTCGAACCTCGCTTGCTGGATGTGGCTT3'
 10900

CTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGG5'

GACTCTATGGATGTCGCACTCGATACTCTTTCGCGGTGCGAAGGGCTTCC3'
 10950

GAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGC5'

CTCTTTCCGCCTGTCCATAGGCCATTCGCCGTCCCAGCCTTGTCCTCTCG3'
 11000

GCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTC5'

CGTGCTCCCTCGAAGGTCCCCCTTTGCGGACCATAGAAATATCAGGACAG3'
 11050
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GGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGG5'

CCCAAAGCGGTGGAGACTGAACTCGCAGCTAAAAACACTACGAGCAGTCC3'
 11100

GGGGCGGAGCCTATCGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCC5'

CCCCGCCTCGGATAGCTTTTTGCGGTCGTTGCGCCGGAAAAATGCCAAGG3'
 11150

TGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCT5'

ACCGGAAAACGACCGGAAAACGAGTGTACAAGAAAGGACGCAATAGGGGA3'
 11200

GATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCG5'

CTAAGACACCTATTGGCATAATGGCGGAAACTCACTCGACTATGGCGAGC3'
 11250

CCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAG5'

GGCGTCGGCTTGCTGGCTCGCGTCGCTCAGTCACTCGCTCCTTCGCCTTC3'
 11300

AGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAA5'

TCGCGGGTTATGCGTTTGGCGGAGAGGGGCGCGCAACCGGCTAAGTAATT3'
 11350

TGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAA5'

ACGTCGACCGTGCTGTCCAAAGGGCTGACCTTTCGCCCGTCACTCGCGTT3'
 11400

CGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACT5'

GCGTTAATTACACTCAATCGAGTGAGTAATCCGTGGGGTCCGAAATGTGA3'
 11450

TTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTT5'

AATACGAAGGCCGAGCATACAACACACCTTAACACTCGCCTATTGTTAAA3'
 11500

CACACAGGAAACAGCTATGACCATGATTACGCCAAGCTATTTAGGTGACA5'

GTGTGTCCTTTGTCGATACTGGTACTAATGCGGTTCGATAAATCCACTGT3'
 11550

CTATAGAATACTC5'

GATATCTTATGAG3'
 11563
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CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTT5'

pMK backbone

 50

AAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTAT5'

pMK backbone

 100

AAATCAAAAGAATAGACCGAGATAGGGTTGAGTGGCCGCTACAGGGCGCT5'

pMK backbone

 150

CCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGTTTCGGTGCG5'

pMK backbone

 200

GGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGC5'

pMK backbone

 250

GATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACG5'

pMK backbone

 300

ACGGCCAGTGAGCGCGACGTAATACGACTCACTATAGGGCGAATTGAAGG5'

pMK backbone

 350

AAGGCCGTCAAGGCCCTAGGCGCGCCATGAGCTCTAAAGCTTCGCTCGAG5'

pMK backbone

 400

CTGCGGCCGCACGGATCCTCGAATTCGCACATCATAATATTAAGAATAAT5'

Homology arm 1

exon 2pMK backbone

 450

AATTGTATTAGCTTTTCTGATTATGAGAGATCAATAAAAAACTTTTCTAT5'

Homology arm 1

exon 2

 500
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TTCTTCTCATGCAGAAAATAATTATGATAATATAATAAATGAATATAAAA5'

Homology arm 1

exon 2

 550

AAATAAAAGATATTAACAACAATATAAACATATTATCATCAGTACATAGA5'

Homology arm 1

exon 2

 600

AAAGGAAGAATATTGTACGACAGCTTTTTAGAAATAAATAAGTTGGAAAA5'

Homology arm 1

exon 2

 650

TGACAAAAAAGAGAAACATGAAAAAGAAGATGAATATGAAGATAATGATG5'

Homology arm 1

exon 2

 700

AAAGCTTTTTAGAAACTGAAGAATATGAAGATAATGAAGATGAAAAATAT5'

Homology arm 1

exon 2

 750

AACAAAGATGAAGATGATTATGCAGAAAGTTTTATTGAGACTGATGAATA5'

Homology arm 1

exon 2

 800

TGAAGATAATGAAGATGATAAATATAATAAAGATGAAGATGATTATTCAG5'

Homology arm 1

exon 2

 850

AAAGCTTTATTGAGACTGATGAATATGATGATAATGAAGAAGAACAATAT5'

Homology arm 1

exon 2

 900



Wednesday, July 4, 2018 10:14 AM Page 3 of 10
pESS_RAMA_E2INT_loxP

AATAAAGATGAAGATGATTATACAGATAGTTTTATTGAGACAGACCATTA5'

Homology arm 1

exon 2

 950

TGAAAATAACGATGATAAAAATGAAGAAGAAGAAGAATATAATGATCAAG5'

Homology arm 1

exon 2

 1000

gtaaataaaaaaaataatatacaATAACTTCGTATAGCATACATTATACG5'

exon 2

LoxP sequence

SERA2 Intron + LoxP

 1050

AAGTTATtatatatgtatatatatatatatttatatattttatattcttt5'

exon 2

LoxP...ence

SERA2 Intron + LoxP

 1100

tagATAACGACTACGGTTACAACTTCCTGGAAACCGACGAATACGACGAC5'

exon 2

recod

S...

 1150

TCTGAAGAATACGACTAtGAtGACAAAGAgTAtGGTGAATCgTTtCTaGA5'

exon 2

recod

 1200



Wednesday, July 4, 2018 10:14 AM Page 4 of 10
pESS_RAMA_E2INT_loxP

gAAgGAgGAgGGTGAAGAAATGAAAGACGAAGAAATGAAAGACGAAGAAA5'

exon 2

recod

 1250

TGAAAGACGTTGAAATGAAAGACGAAGAGgtaatacagaatatgtataaa5'

exon 2

recod

PfSUB2 intron + LoxP

 1300

atatatgcaagttATAACTTCGTATAGCATACATTATACGAAGTTATgga5'

exon 2

LoxP sequence

PfSUB2 intron + LoxP

 1350

aatgaattaatatgtatatatggatatatatatgtatatatatgtatata5'

exon 2

PfSUB2 intron + LoxP

 1400

tatatatatgtttattttttttattttttattttttatttttattctttt5'

exon 2

PfSUB2 intron + LoxP

 1450

ttgtagATGAAAGATGAAGAGATGAAATATGACGAGATGAAAAATGAAGA5'

exon 2

PfS...oxP

Homology arm 2

 1500
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GATGAAATATGACGAGATGAAAGATGAAGTGATGAAAGATGAAGAGATGA5'

exon 2

Homology arm 2

 1550

AAGATGAAGTGATGAAAGATGAAGAGATGAAAGACGAACAAATGAAATAT5'

exon 2

Homology arm 2

 1600

GAAGAATTCAAAAATGAAGAATCCAAAAATGAAGAATCCAAAAATGAAGA5'

exon 2

Homology arm 2

 1650

ATCCAAAAATGAAGAATCCAAAAATGAAGAATTCAAAAATGAAGAATCCA5'

exon 2

Homology arm 2

 1700

AAAATGAAGAATTTAAAAATGAAGAATTCAAAAATGAAGATATGTCTTAT5'

exon 2

Homology arm 2

 1750

GATGAATACATGGGATATAAAAAGAAAGAAGAAGATGAATCATATAATAC5'

exon 2

Homology arm 2

 1800

ATTCAATGGTACTAAGAAAAATAACACATCCAACAGCTTCCTCGAAAAAG5'

exon 2

Homology arm 2

 1850

ATTTACAAGGAGATTCTGACGATGAATTACATAGTACCTTTTATTCCAAA5'

exon 2

Homology arm 2

 1900
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AATGTAGATAAAGAAAATTATGATGATAAAAATATTTTCTATGGTTATAG5'

exon 2

Homology arm 2

 1950

TGATAATGATGATGAAAGCTTTTTAGAAACTGATTCTTATGAAGAATATG5'

exon 2

Homology arm 2

 2000

AAGACGAAGATAAAGATGTTGAAGATGCACAAGCTTATCTCGAGTAGCGG5'

exon 2

Homology arm 2 pMK backbone

 2050

CCGCTTGGATCCCAGAATTCTAGGTACCTCTTAATTAACTGGCCTCATGG5'

pMK backbone

 2100

GCCTTCCTTTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCT5'

pMK backbone

 2150

GCATTAACATGGTCATAGCTGTTTCCTTGCGTATTGGGCGCTCTCCGCTT5'

pMK backbone

 2200

CCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGGTAAAGCCTGGGGTG5'

pMK backbone

 2250

CCTAATGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCG5'

pMK backbone

 2300

TTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAA5'

ori

pMK backbone

 2350
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TCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACC5'

ori

pMK backbone

 2400

AGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTG5'

ori

pMK backbone

 2450

CCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCT5'

ori

pMK backbone

 2500

TTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCT5'

ori

pMK backbone

 2550

CCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCC5'

ori

pMK backbone

 2600

TTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATC5'

ori

pMK backbone

 2650

GCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAG5'

ori

pMK backbone

 2700

GCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGA5'

ori

pMK backbone

 2750
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AGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAA5'

ori

pMK backbone

 2800

AAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTG5'

ori

pMK backbone

 2850

GTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAA5'

ori

pMK backbone

 2900

GAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAA5'

pMK backbone

 2950

CTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCT5'

pMK backbone

 3000

AGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATAT5'

pMK backbone

 3050

GAGTAAACTTGGTCTGACAGTTATTAGAAAAATTCATCCAGCAGACGATA5'

KanR

pMK backbone

 3100

AAACGCAATACGCTGGCTATCCGGTGCCGCAATGCCATACAGCACCAGAA5'

KanR

pMK backbone

 3150

AACGATCCGCCCATTCGCCGCCCAGTTCTTCCGCAATATCACGGGTGGCC5'

KanR

pMK backbone

 3200
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AGCGCAATATCCTGATAACGATCCGCCACGCCCAGACGGCCGCAATCAAT5'

KanR

pMK backbone

 3250

AAAGCCGCTAAAACGGCCATTTTCCACCATAATGTTCGGCAGGCACGCAT5'

KanR

pMK backbone

 3300

CACCATGGGTCACCACCAGATCTTCGCCATCCGGCATGCTCGCTTTCAGA5'

KanR

pMK backbone

 3350

CGCGCAAACAGCTCTGCCGGTGCCAGGCCCTGATGTTCTTCATCCAGATC5'

KanR

pMK backbone

 3400

ATCCTGATCCACCAGGCCCGCTTCCATACGGGTACGCGCACGTTCAATAC5'

KanR

pMK backbone

 3450

GATGTTTCGCCTGATGATCAAACGGACAGGTCGCCGGGTCCAGGGTATGC5'

KanR

pMK backbone

 3500

AGACGACGCATGGCATCCGCCATAATGCTCACTTTTTCTGCCGGCGCCAG5'

KanR

pMK backbone

 3550

ATGGCTAGACAGCAGATCCTGACCCGGCACTTCGCCCAGCAGCAGCCAAT5'

KanR

pMK backbone

 3600
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CACGGCCCGCTTCGGTCACCACATCCAGCACCGCCGCACACGGAACACCG5'

KanR

pMK backbone

 3650

GTGGTGGCCAGCCAGCTCAGACGCGCCGCTTCATCCTGCAGCTCGTTCAG5'

KanR

pMK backbone

 3700

CGCACCGCTCAGATCGGTTTTCACAAACAGCACCGGACGACCCTGCGCGC5'

KanR

pMK backbone

 3750

TCAGACGAAACACCGCCGCATCAGAGCAGCCAATGGTCTGCTGCGCCCAA5'

KanR

pMK backbone

 3800

TCATAGCCAAACAGACGTTCCACCCACGCTGCCGGGCTACCCGCATGCAG5'

KanR

pMK backbone

 3850

GCCATCCTGTTCAATCATACTCTTCCTTTTTCAATATTATTGAAGCATTT5'

KanR AmpR promoter

pMK backbone

 3900

ATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAA5'

AmpR promoter

pMK backbone

 3950

AATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCAC5'

AmpR promoter

pMK backbone

 3996
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AAGCTTGGGGGGATCCGACATTTGGATTTCTACACATCTTGAGGTTTTAC5'

TTCGAACCCCCCTAGGCTGTAAACCTAAAGATGTGTAGAACTCCAAAATG3'

U6-gRNA cassette

U6 promoter

 50

AATAATATCTTCTTTTTTTTTTTTTCTCTTCTATATATGAAATATATTGT5'

TTATTATAGAAGAAAAAAAAAAAAAGAGAAGATATATACTTTATATAACA3'

U6-gRNA cassette

U6 promoter

 100

AAAAAGGTACAATATATATAATATTTATATACTATGAAAAAAAAAAAATA5'

TTTTTCCATGTTATATATATTATAAATATATGATACTTTTTTTTTTTTAT3'

U6-gRNA cassette

U6 promoter

 150

TATACATAAACTAATAATAATTTATTCTAATTTAATATAAAAAAAAATTC5'

ATATGTATTTGATTATTATTAAATAAGATTAAATTATATTTTTTTTTAAG3'

U6-gRNA cassette

U6 promoter

 200

TTGCTTGTTCAGATAAATAAAAGAAATTTATATAAATAGCTATATTTTTT5'

AACGAACAAGTCTATTTATTTTCTTTAAATATATTTATCGATATAAAAAA3'

U6-gRNA cassette

U6 promoter

 250

TTTTTTTTTTTTTTTTTCTAATTATAAATATAATTATTCATTTAAAAAAT5'

AAAAAAAAAAAAAAAAAGATTAATATTTATATTAATAAGTAAATTTTTTA3'

U6-gRNA cassette

U6 promoter

 300

TTTAAATATTTAAATATTTCATAAATTAAAAAAAAAAAAAAAAAAACTAT5'

AAATTTATAAATTTATAAAGTATTTAATTTTTTTTTTTTTTTTTTTGATA3'

U6-gRNA cassette

U6 promoter

 350
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TAATATAATAAACTTTTATTTTTACTGTAATATAATTTTTTATAATGTAA5'

ATTATATTATTTGAAAATAAAAATGACATTATATTAAAAAATATTACATT3'

U6-gRNA cassette

U6 promoter

 400

AAATAAAGGGTAAATTATTATTAAAAAATGTATATGTTATGTATATATAA5'

TTTATTTCCCATTTAATAATAATTTTTTACATATACAATACATATATATT3'

U6-gRNA cassette

U6 promoter

 450

CATAATATATTATAATATATATATATATATATATATAATATTAGAGTAAC5'

GTATTATATAATATTATATATATATATATATATATATTATAATCTCATTG3'

U6-gRNA cassette

U6 promoter

 500

CAAAATGCATAATTTTTCCTATATGCACATATTTCATATTAAGTATATAA5'

GTTTTACGTATTAAAAAGGATATACGTGTATAAAGTATAATTCATATATT3'

U6-gRNA cassette

U6 promoter

 550

TATTAGAATATGATTACGACGATAgtttAagagctaTGCTGgaaaCAGCA5'

ATAATCTTATACTAATGCTGCTATcaaaTtctcgatACGACctttGTCGT3'

U6-gRNA cassette

U6...r

modified chimeric gRNA

sgRNA 6

 600

tagcaagttTaaataaggctagtccgttatcaacttgaaaaagtggcacc5'

atcgttcaaAtttattccgatcaggcaatagttgaactttttcaccgtgg3'

U6-gRNA cassette

modified chimeric gRNA

 650



Wednesday, July 4, 2018 10:11 AM Page 3 of 30
pDCsgRNA6

gagtcggtgcTTTTTTTTTTATTATTTCCTATAAAATAATTTTTAAATAT5'

ctcagccacgAAAAAAAAAATAATAAAGGATATTTTATTAAAAATTTATA3'

U6-gRNA cassette

modified chimeric gRNA

U6 terminator

 700

AATGAAGTTTTTAAGGCGGATCTCCCCAAGCTGAGGCTAGCACCACCGGA5'

TTACTTCAAAAATTCCGCCTAGAGGGGTTCGACTCCGATCGTGGTGGCCT3'

U6-gRNA cassette

U6 terminator

 750

TcCTCTAGAGTCGACCTGCAGGCATGCTATTTGATGAATTAACTACACTT5'

AgGAGATCTCAGCTGGACGTCCGTACGATAAACTACTTAATTGATGTGAA3'

U6...e 3' hsp86

 800

AAAATAATACAATTATTATTAAATTTTTTTTTGATTTATTTATTAATTTT5'

TTTTATTATGTTAATAATAATTTAAAAAAAAACTAAATAAATAATTAAAA3'
3' hsp86

 850

TAAACTTAATCATTTGTATTTGGGAGGAATTATATATATCTTTATAATTA5'

ATTTGAATTAGTAAACATAAACCCTCCTTAATATATATAGAAATATTAAT3'
3' hsp86

 900

TTTTATTTTTTTTTATTTTTTTATTTTTTTATTATTATTATTTTTTTTTA5'

AAAATAAAAAAAAATAAAAAAATAAAAAAATAATAATAATAAAAAAAAAT3'
3' hsp86

 950

TTTTTTTTTTTTACTGTATCAAAGAAAAACCTTTAAAAAAAAAATTATAA5'

AAAAAAAAAAAATGACATAGTTTCTTTTTGGAAATTTTTTTTTTAATATT3'
3' hsp86

 1000

TTTCCCCATCTTACTATATTTTTAATACATACGTTTTAAGGAATTAAATT5'

AAAGGGGTAGAATGATATAAAAATTATGTATGCAAAATTCCTTAATTTAA3'
3' hsp86

 1050
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AGACAAAAGCTATATTATGCTTTACATATAATTAGAATTTATAAACGTTT5'

TCTGTTTTCGATATAATACGAAATGTATATTAATCTTAAATATTTGCAAA3'
3' hsp86

 1100

GGTTATTAGATATTTCATGTCTCAGTAAAGTCTTTCAATACATATGTAAA5'

CCAATAATCTATAAAGTACAGAGTCATTTCAGAAAGTTATGTATACATTT3'
3' hsp86

 1150

AAAATATATATGAATACACATAAGTTGTTAATATATTTTATATGCATAAA5'

TTTTATATATACTTATGTGTATTCAACAATTATATAAAATATACGTATTT3'
3' hsp86

 1200

TGTATAAATATATATATATATATATATATATGTATGTATGTATATGTGTG5'

ACATATTTATATATATATATATATATATATACATACATACATATACACAC3'
3' hsp86

 1250

TATATGAAATTATTTCAATGTTTAATTTTTTAAATTTTAATTTTTTTTTT5'

ATATACTTTAATAAAGTTACAAATTAAAAAATTTAAAATTAAAAAAAAAA3'
3' hsp86

 1300

TTTTTTTTTTTTTATTATGTATATTGATCTTTATTATTTAAATATTACTT5'

AAAAAAAAAAAAATAATACATATAACTAGAAATAATAAATTTATAATGAA3'
3' hsp86

 1350

TTTTCGTTTTTTCTTCTTTTTATTATTTTTTTTTTTTTTTATATTTTATA5'

AAAAGCAAAAAAGAAGAAAAATAATAAAAAAAAAAAAAAATATAAAATAT3'
3' hsp86

 1400

CAAATGGTAATTCAAATAAAAGGTATAAATTTATATTTAATTTTCTTTTA5'

GTTTACCATTAAGTTTATTTTCCATATTTAAATATAAATTAAAAGAAAAT3'
3' hsp86

 1450
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TGGATAAATAAAAGAAAAATATAAATATATAAAAATATAAAAATATATAT5'

ACCTATTTATTTTCTTTTTATATTTATATATTTTTATATTTTTATATATA3'
3' hsp86

 1500

ATGTATATTGGGGTGATGATAAAATGAAAGATAATATATATATATATATA5'

TACATATAACCCCACTACTATTTTACTTTCTATTATATATATATATATAT3'
3' hsp86

 1550

TCTTTATTTTTTTTTTTTTGTAGACCCCATTGTGAGTACATAAATATATT5'

AGAAATAAAAAAAAAAAAACATCTGGGGTAACACTCATGTATTTATATAA3'
3' hsp86

 1600

ATATAACTCGAGTTACCCCCTTCCCACCTTCCTCTTCTTCTTGGGTCCAG5'

TATATTGAGCTCAATGGGGGAAGGGTGGAAGGAGAAGAAGAACCCAGGTC3'
3' hsp86 3HA-NLS-Cas9-NLS codon optimised with

NLS

 1650

AACTTCCagatctGCCAGATGAGCCgctagcACCAGAACTCCCCTTCTTC5'

TTGAAGGtctagaCGGTCTACTCGGcgatcgTGGTCTTGAGGGGAAGAAG3'

3HA-NLS-Cas9-NLS codon optimised with

NLS

 1700

TTCTTGGCTTGTCCAGCTTTCTTTGTAGCGGCAGGCCTTTTGTCTCCTCC5'

AAGAACCGAACAGGTCGAAAGAAACATCGCCGTCCGGAAAACAGAGGAGG3'

3HA-NLS-Cas9-NLS codon optimised with

NLS

Cas9 ...ised

 1750

TAACTGAGACAAATCAATTCTTGTCTCATAAAGTCCTGTTATACTCTGGT5'

ATTGACTCTGTTTAGTTAAGAACAGAGTATTTCAGGACAATATGAGACCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 1800
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GTATCAAAGTTGCATCAAGCACCTCCTTGGTTGAAGTGTACCTCTTTCTG5'

CATAGTTTCAACGTAGTTCGTGGAGGAACCAACTTCACATGGAGAAAGAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 1850

TCTATAGTAGTGTCAAAATACTTAAAGGCAGCTGGAGCTCCAAGGTTTGT5'

AGATATCATCACAGTTTTATGAATTTCCGTCGACCTCGAGGTTCCAAACA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 1900

AAGTGTGAACAAATGAATTATATTTTCAGCCTGCTCCCTAATTGGCTTGT5'

TTCACACTTGTTTACTTAATATAAAAGTCGGACGAGGGATTAACCGAACA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 1950

CCCTGTGTTTATTGTATGCACTAAGTACCTTATCTAAGTTTGCATCAGCA5'

GGGACACAAATAACATACGTGATTCATGGAATAGATTCAAACGTAGTCGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2000

AGTATAACACGTTTTGAAAACTCAGAAATTTGTTCAATAATCTCATCCAA5'

TCATATTGTGCAAAACTTTTGAGTCTTTAAACAAGTTATTAGAGTAGGTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2050

GTAGTGTTTATGCTGTTCCACAAACAACTGCTTTTGTTCGTTGTCCTCAG5'

CATCACAAATACGACAAGGTGTTTGTTGACGAAAACAAGCAACAGGAGTC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2100

GAGAACCTTTCAATTTTTCGTAATGACTTGCAAGATACAAGAAGTTTACA5'

CTCTTGGAAAGTTAAAAAGCATTACTGAACGTTCTATGTTCTTCAAATGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2150
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TACTTACTAGGAAGGGCTAACTCATTACCCTTTTGTAACTCACCTGCTGA5'

ATGAATGATCCTTCCCGATTGAGTAATGGGAAAACATTGAGTGGACGACT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2200

TGCCAACATCCTCTTCCTACCATTTTCCAATTCAAACAAACTATATTTTG5'

ACGGTTGTAGGAGAAGGATGGTAAAAGGTTAAGTTTGTTTGATATAAAAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2250

GAAGTTTTATTATAAGATCCTTCTTTACCTCCTTGTAACCCTTGGCTTCA5'

CTTCAAAATAATATTCTAGGAAGAAATGGAGGAACATTGGGAACCGAAGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2300

AGGAAATCTATAGGATTCTTTTCAAATGAACTACGTTCCATTATAGTTAT5'

TCCTTTAGATATCCTAAGAAAAGTTTACTTGATGCAAGGTAATATCAATA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2350

ACCTAACAATTCTTTCACAGACTTCAATTTTTTAGATTTACCCTTTTCCA5'

TGGATTGTTAAGAAAGTGTCTGAAGTTAAAAAATCTAAATGGGAAAAGGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2400

CCTTAGCCACAACAAGTACTGAGTAAGCAACTGTAGGACTATCAAAACCT5'

GGAATCGGTGTTGTTCATGACTCATTCGTTGACATCCTGATAGTTTTGGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2450

CCGTATTTCTTTGGGTCCCAATCTTTCTTCCTTGCAATAAGTTTATCACT5'

GGCATAAAGAAACCCAGGGTTAGAAAGAAGGAACGTTATTCAAATAGTGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2500
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GTTACGCTTTGGTAATATTGATTCCTTACTGAAACCTCCTGTTTGAACCT5'

CAATGCGAAACCATTATAACTAAGGAATGACTTTGGAGGACAAACTTGGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2550

CGGTTTTCTTAACAATGTTTACTTGAGGCATAGAAAGTACCTTCCTTACT5'

GCCAAAAGAATTGTTACAAATGAACTCCGTATCTTTCATGGAAGGAATGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2600

GTTGCGAAATCCCTACCCTTATCCCACACAATTTCTCCTGTTTCTCCGTT5'

CAACGCTTTAGGGATGGGAATAGGGTGTGTTAAAGAGGACAAAGAGGCAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2650

TGTTTCTATCAATGGACGCTTACGAATTTCTCCGTTGGCCAAGGTTATTT5'

ACAAAGATAGTTACCTGCGAATGCTTAAAGAGGCAACCGGTTCCAATAAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2700

CAGTTTTGAAAAAGTTCATAATATTAGAATAGAAAAAGTACTTAGCGGTA5'

GTCAAAACTTTTTCAAGTATTATAATCTTATCTTTTTCATGAATCGCCAT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2750

GCCTTACCAATTTCCTGCTCTGACTTTGCTATCATCTTTCTTACGTCATA5'

CGGAATGGTTAAAGGACGAGACTGAAACGATAGTAGAAAGAATGCAGTAT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2800

AACCTTGTAGTCACCGTATACAAACTCAGACTCCAACTTAGGGTATTTCT5'

TTGGAACATCAGTGGCATATGTTTGAGTCTGAGGTTGAATCCCATAAAGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2850
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TAATCAAAGCAGTACCAACTACAGCGTTAAGATAAGCATCGTGTGCATGG5'

ATTAGTTTCGTCATGGTTGATGTCGCAATTCTATTCGTAGCACACGTACC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2900

TGGTAATTATTTATCTCTCTTACCTTATAAAATTGGAAGTCCTTACGGAA5'

ACCATTAATAAATAGAGAGAATGGAATATTTTAACCTTCAGGAATGCCTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 2950

GTCAGAAACAAGTTTACTTTTAAGTGTTATTACTTTCACTTCACGAATCA5'

CAGTCTTTGTTCAAATGAAAATTCACAATAATGAAAGTGAAGTGCTTAGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3000

ATTTGTCATTTTCGTCGTACTTAGTATTCATACGACTGTCAAGAATCTGA5'

TAAACAGTAAAAGCAGCATGAATCATAAGTATGCTGACAGTTCTTAGACT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3050

GCTACGTGCTTGGTTATCTGACGAGTTTCTACTAACTGTCTTTTTATAAA5'

CGATGCACGAACCAATAGACTGCTCAAAGATGATTGACAGAAAAATATTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3100

ACCAGCCTTGTCCAATTCACTCAAACCTCCACGTTCAGCTTTTGTCAAGT5'

TGGTCGGAACAGGTTAAGTGAGTTTGGAGGTGCAAGTCGAAAACAGTTCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3150

TATCAAACTTTCTTTGTGTAATTAACTTGGCGTTCAAAAGCTGACGCCAG5'

ATAGTTTGAAAGAAACACATTAATTGAACCGCAAGTTTTCGACTGCGGTC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3200
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TAGTTTTTCATCTTCTTAACAACTTCCTCTGATGGCACATTGTCACTCTT5'

ATCAAAAAGTAGAAGAATTGTTGAAGGAGACTACCGTGTAACAGTGAGAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3250

ACCTCTGTTTTTATCTGAACGTGTTAAAACCTTGTTATCAATTGAATCAT5'

TGGAGACAAAAATAGACTTGCACAATTTTGGAACAATAGTTAACTTAGTA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3300

CTTTTAAAAAACTTTGTGGTACTATATGGTCTACGTCATAATCTGAAAGA5'

GAAAATTTTTTGAAACACCATGATATACCAGATGCAGTATTAGACTTTCT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3350

CGGTTTATATCCAACTCCTGGTCAACGTACATGTCACGTCCGTTTTGCAA5'

GCCAAATATAGGTTGAGGACCAGTTGCATGTACAGTGCAGGCAAAACGTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3400

ATAGTATAAGTACAATTTTTCATTCTGTAACTGAGTGTTTTCAACTGGGT5'

TATCATATTCATGTTAAAAAGTAAGACATTGACTCACAAAAGTTGACCCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3450

GCTCTTTTAAAATTTGAGATCCTAATTCTTTAATTCCCTCTTCTATCCTC5'

CGAGAAAATTTTAAACTCTAGGATTAAGAAATTAAGGGAGAAGATAGGAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3500

TTCATACGCTCCCTTGAGTTTTTCTGACCCTTTTGGGTGGTTTGGTTCTC5'

AAGTATGCGAGGGAACTCAAAAAGACTGGGAAAACCCACCAAACCAAGAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3550
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CCTGGCCATCTCAATCACAATGTTTTCTGGCTTGTGTCTACCCATCACTT5'

GGACCGGTAGAGTTAGTGTTACAAAAGACCGAACACAGATGGGTAGTGAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3600

TAACCAATTCGTCTACCACCTTCACGGTTTGCAATATTCCCTTTTTTATT5'

ATTGGTTAAGCAGATGGTGGAAGTGCCAAACGTTATAAGGGAAAAAATAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3650

GCTGGACTACCGGCAAGATTAGCAATATGTTCATGTAATGAATCTCCTTG5'

CGACCTGATGGCCGTTCTAATCGTTATACAAGTACATTACTTAGAGGAAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3700

TCCTGAAACTTGGGCCTTTTGAATGTCCTCTTTAAAAGTCAATGAATCGT5'

AGGACTTTGAACCCGGAAAACTTACAGGAGAAATTTTCAGTTACTTAGCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3750

CGTGAATTAATTGCATGAAATTCCTGTTGGCGAAACCATCTGATTTAAGG5'

GCACTTAATTAACGTACTTTAAGGACAACCGCTTTGGTAGACTAAATTCC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3800

AAGTCAAGTATTGTCTTACCTGATTGTTTGTCTCTAATACCATTTATTAA5'

TTCAGTTCATAACAGAATGGACTAACAAACAGAGATTATGGTAAATAATT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3850

CTTTCTTGATAATCTTCCCCAACCTGTATACCTCCTACGCTTAAGTTGCT5'

GAAAGAACTATTAGAAGGGGTTGGACATATGGAGGATGCGAATTCAACGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3900
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TCATAACTTTATCATCGAATAAATGAGCGTATGTCTTAAGTCTTTCTTCT5'

AGTATTGAAATAGTAGCTTATTTACTCGCATACAGAATTCAGAAAGAAGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 3950

ATCATTTCACGGTCCTCGAACAATGTCAAAGTAAGAACAATGTCCTCTAA5'

TAGTAAAGTGCCAGGAGCTTGTTACAGTTTCATTCTTGTTACAGGAGATT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4000

AATATCTTCATTTTCCTCGTTATCAAGAAAGTCCTTGTCCTTAATTATTT5'

TTATAGAAGTAAAAGGAGCAATAGTTCTTTCAGGAACAGGAATTAATAAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4050

TCAATAAGTCATGGTAGGTACCCAATGATGCATTAAATCTATCTTCCACA5'

AGTTATTCAGTACCATCCATGGGTTACTACGTAATTTAGATAGAAGGTGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4100

CCTGATATTTCTACAGAATCAAAACATTCAATTTTTTTGAAGTAGTCCTC5'

GGACTATAAAGATGTCTTAGTTTTGTAAGTTAAAAAAACTTCATCAGGAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4150

TTTCAACTGCTTAACTGTTACTTTTCTATTGGTCTTAAATAATAAATCCA5'

AAAGTTGACGAATTGACAATGAAAAGATAACCAGAATTTATTATTTAGGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4200

CAATAGCCTTTTTCTGTTCTCCTGATAAGAAGGCTGGCTTTCTCATTCCC5'

GTTATCGGAAAAAGACAAGAGGACTATTCTTCCGACCGAAAGAGTAAGGG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4250
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TCAGTCACATACTTAACCTTTGTCAACTCATTATACACTGTGAAGTACTC5'

AGTCAGTGTATGAATTGGAAACAGTTGAGTAATATGTGACACTTCATGAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4300

GTAAAGGAGACTGTGTTTTGGTAAAACTTTCTCATTTGGTAAATTTTTAT5'

CATTTCCTCTGACACAAAACCATTTTGAAAGAGTAAACCATTTAAAAATA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4350

CGAAATTTGTCATCCTCTCTATGAAAGACTGAGCACTTGCTCCCTTATCT5'

GCTTTAAACAGTAGGAGAGATACTTTCTGACTCGTGAACGAGGGAATAGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4400

ACCACCTCTTCAAAATTCCAAGGGGTTATTGTCTCTTCTGACTTCCTGGT5'

TGGTGGAGAAGTTTTAAGGTTCCCCAATAACAGAGAAGACTGAAGGACCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4450

CATCCAAGCGAAACGAGAATTTCCCCTGGCCAATGGACCCACATAGTATG5'

GTAGGTTCGCTTTGCTCTTAAAGGGGACCGGTTACCTGGGTGTATCATAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4500

GAATACGGAATGTTAAAATCTTTTCTATTTTTTCTCTATTGTCCTTAAGA5'

CTTATGCCTTACAATTTTAGAAAAGATAAAAAAGAGATAACAGGAATTCT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4550

AAAGGGTAAAAATCCTCCTGCCTCCTCAAAATTGCGTGTAACTCACCTAA5'

TTTCCCATTTTTAGGAGGACGGAGGAGTTTTAACGCACATTGAGTGGATT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4600
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ATGAATTTGATGAGGAATAGAACCATTGTCGAAGGTACGTTGCTTACGCA5'

TACTTAAACTACTCCTTATCTTGGTAACAGCTTCCATGCAACGAATGCGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4650

ATAAATCCTCACGGTTCAATTTTACAAGAAGCTCTTCTGTTCCGTCCATC5'

TATTTAGGAGTGCCAAGTTAAAATGTTCTTCGAGAAGACAAGGCAGGTAG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4700

TTCTCTAATATTGGTTTTATAAATTTGTAAAATTCCTCTTGTGAGGCACC5'

AAGAGATTATAACCAAAATATTTAAACATTTTAAGGAGAACACTCCGTGG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4750

TCCATCTATGTATCCGGCATAACCGTTTTTAGATTGGTCAAAAAAAATCT5'

AGGTAGATACATAGGCCGTATTGGCAAAAATCTAACCAGTTTTTTTTAGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4800

CTTTGTATTTTTCAGGCAACTGCTGACGAACAAGTGCCTTAAGAAGTGTT5'

GAAACATAAAAAGTCCGTTGACGACTGCTTGTTCACGGAATTCTTCACAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4850

AAATCTTGGTGGTGTTCATCGTACCTCTTAATCATACTTGCACTTAATGG5'

TTTAGAACCACCACAAGTAGCATGGAGAATTAGTATGAACGTGAATTACC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4900

AGCTTTTGTTATCTCAGTGTTTACCCTTAATATGTCTGACAAAAGAATAG5'

TCGAAAACAATAGAGTCACAAATGGGAATTATACAGACTGTTTTCTTATC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 4950
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CGTCTGACAAATTTTTGGCGGCCAAAAATAAATCGGCATATTGATCACCA5'

GCAGACTGTTTAAAAACCGCCGGTTTTTATTTAGCCGTATAACTAGTGGT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5000

ATTTGGGCCAACAAATTGTCAAGGTCGTCGTCGTATGTGTCTTTACTAAG5'

TAAACCCGGTTGTTTAACAGTTCCAGCAGCAGCATACACAGAAATGATTC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5050

TTGTAACTTGGCATCCTCTGCAAGGTCAAAATTAGATTTGAAATTAGGTG5'

AACATTGAACCGTAGGAGACGTTCCAGTTTTAATCTAAACTTTAATCCAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5100

TTAAACCTAATGAAAGTGCTATTAAATTACCGAACAATCCATTCTTTTTT5'

AATTTGGATTACTTTCACGATAATTTAATGGCTTGTTAGGTAAGAAAAAA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5150

TCACCAGGCAACTGGGCAATAAGATTTTCCAAACGTCTACTCTTAGACAA5'

AGTGGTCCGTTGACCCGTTATTCTAAAAGGTTTGCAGATGAGAATCTGTT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5200

CCTTGCAGACAAAATTGCCTTTGCGTCCACACCACTGGCATTAATTGGGT5'

GGAACGTCTGTTTTAACGGAAACGCAGGTGTGGTGACCGTAATTAACCCA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5250

TTTCTTCAAACAACTGATTGTAAGTCTGTACTAATTGAATAAACAATTTA5'

AAAGAAGTTTGTTGACTAACATTCAGACATGATTAACTTATTTGTTAAAT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5300
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TCAACATCAGAGTTATCTGGGTTAAGATCACCCTCAATAAGGAAGTGTCC5'

AGTTGTAGTCTCAATAGACCCAATTCTAGTGGGAGTTATTCCTTCACAGG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5350

ACGAAATTTAATCATGTGTGCAAGTGCTAAATATATTAAACGTAAATCGG5'

TGCTTTAAATTAGTACACACGTTCACGATTTATATAATTTGCATTTAGCC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5400

CCTTGTCAGTTGAGTCAACCAATTTTTTCCTCAAGTGGTAAATAGTAGGG5'

GGAACAGTCAACTCAGTTGGTTAAAAAAGGAGTTCACCATTTATCATCCC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5450

TACTTTTCGTGGTATGCTACCTCATCAACAATGTTACCAAAAATAGGATG5'

ATGAAAAGCACCATACGATGGAGTAGTTGTTACAATGGTTTTTATCCTAC3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5500

CCTTTCGTGTTTCTTGTCCTCTTCCACAAGGAAAGATTCCTCTAATCTAT5'

GGAAAGCACAAAGAACAGGAGAAGGTGTTCCTTTCTAAGGAGATTAGATA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5550

GGAAGAAACTGTCATCCACCTTGGCCATTTCATTAGAAAATATTTCTTGT5'

CCTTCTTTGACAGTAGGTGGAACCGGTAAAGTAATCTTTTATAAAGAACA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5600

AAGTAGCAAATACGATTTTTCCTTCTAGTATAACGTCTCCTAGCTGTCCT5'

TTCATCGTTTATGCTAAAAAGGAAGATCATATTGCAGAGGATCGACAGGA3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5650
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CTTAAGTCTTGTTGCTTCTGCGGTTTCACCAGAATCAAACAAAAGGGCAC5'

GAATTCAGAACAACGAAGACGCCAAAGTGGTCTTAGTTTGTTTTCCCGTG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5700

CAATTAAATTCTTTTTTATTGAATGACGGTCTGTATTACCAAGCACCTTA5'

GTTAATTTAAGAAAAAATAACTTACTGCCAGACATAATGGTTCGTGGAAT3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5750

AATTTTTTACTTGGCACCTTATACTCGTCAGTAATCACTGCCCATCCTAC5'

TTAAAAAATGAACCGTGGAATATGAGCAGTCATTAGTGACGGGTAGGATG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5800

AGAATTAGTACCAATATCTAATCCTATACTATATTTTTTGTCCATTGAAC5'

TCTTAATCATGGTTATAGATTAGGATATGATATAAAAAACAGGTAACTTG3'

3HA-NLS-Cas9-NLS codon optimised with

Cas9 codon optimised

 5850

CGGCAGCAGGTACACCGTGTATACCTACCTTTCTCTTCTTCTTAGGTGCC5'

GCCGTCGTCCATGTGGCACATATGGATGGAAAGAGAAGAAGAATCCACGG3'

3HA-NLS-Cas9-NLS codon optimised with

NLS

 5900

ATTGATCCAGCGTAATCAGGTACATCGTATGGATAAGAACCAGCGTAGTC5'

TAACTAGGTCGCATTAGTCCATGTAGCATACCTATTCTTGGTCGCATCAG3'

3HA-NLS-Cas9-NLS codon optimised with

HA

HA

 5950
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AGGTACGTCGTAAGGGTATCCAGCATAATCAGGAACATCGTATGGATACA5'

TCCATGCAGCATTCCCATAGGTCGTATTAGTCCTTGTAGCATACCTATGT3'

3HA-NLS-Cas9-NLS codon optimised with

HA

HA

 6000

TCctaggTGATATATTTCTATTAGGTATTTATTATTATAAAATATAAATC5'

AGgatccACTATATAAAGATAATCCATAAATAATAATATTTTATATTTAG3'
5' CAM

 6050

TTGAATGATAATAAATAAAATATTAGTTATTCCTTTTCTAGTTTAAAATA5'

AACTTACTATTATTTATTTTATAATCAATAAGGAAAAGATCAAATTTTAT3'
5' CAM

 6100

TACATATTATAAATATATATATATATATATATATTTTTATTGTGACAAGA5'

ATGTATAATATTTATATATATATATATATATATAAAAATAACACTGTTCT3'
5' CAM

 6150

ATATATAATTATAAATTATATTATTTATTTTTGTATTTTTTTTTTTTTTT5'

TATATATTAATATTTAATATAATAAATAAAAACATAAAAAAAAAAAAAAA3'
5' CAM

 6200

TTTTTTTTTTCTTTTTTTGTTTTATTTTTCTTTTTTTTTATAAATATTAT5'

AAAAAAAAAAGAAAAAAACAAAATAAAAAGAAAAAAAAATATTTATAATA3'
5' CAM

 6250

TTTTTTCTTTTATCATGCACATTGGAATAATACATTAATATATATATATA5'

AAAAAAGAAAATAGTACGTGTAACCTTATTATGTAATTATATATATATAT3'
5' CAM

 6300

TATTATATTATACATATATTGAATAATGTTTATAAAAAATGCATAACTTA5'

ATAATATAATATGTATATAACTTATTACAAATATTTTTTACGTATTGAAT3'
5' CAM

 6350
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TATGAATATAATTTTTTTTAAATATGACAAAAAGAAAAAAAAAAAAAACC5'

ATACTTATATTAAAAAAAATTTATACTGTTTTTCTTTTTTTTTTTTTTGG3'
5' CAM

 6400

AAAAAAAATTAAAATTGAAATGAAATATATAAATATATTATTTATATATA5'

TTTTTTTTAATTTTAACTTTACTTTATATATTTATATAATAAATATATAT3'
5' CAM

 6450

TTATACATTGTTTAATACTACTACATGTATATATATATATTATATATATA5'

AATATGTAACAAATTATGATGATGTACATATATATATATAATATATATAT3'
5' CAM

 6500

TATATATATCAATTTTTTCAAAAATAAATTAATATAAAAAGAGGGGAAAA5'

ATATATATAGTTAAAAAAGTTTTTATTTAATTATATTTTTCTCCCCTTTT3'
5' CAM

 6550

AAAAAAAAAAAAAAAAAAAAAGATAATTAAGTAAGCATTTAAAAATATAT5'

TTTTTTTTTTTTTTTTTTTTTCTATTAATTCATTCGTAAATTTTTATATA3'
5' CAM

 6600

AAATTGATAATATATAAAATTAATCACATATAAACTAATATAATTTATAA5'

TTTAACTATTATATATTTTAATTAGTGTATATTTGATTATATTAAATATT3'
5' CAM

 6650

AATAAGGAAAATAAAATATTACCATAAAATAAAAATAAAAATAAAAAAAA5'

TTATTCCTTTTATTTTATAATGGTATTTTATTTTTATTTTTATTTTTTTT3'
5' CAM

 6700

AAAAAAAAAACACCTTTTTTTATATATATTAATATATAATTATCTCTTAG5'

TTTTTTTTTTGTGGAAAAAAATATATATAATTATATATTAATAGAGAATC3'
5' CAM

 6750
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AAAAAATATTGTATAATTATATATGTAATGATTTATATAAAAAAATAAAA5'

TTTTTTATAACATATTAATATATACATTACTAAATATATTTTTTTATTTT3'
5' CAM

 6800

TTATACAAGTATATATTTTGTTTCTATAAATTGATATCTTAATTATTTAT5'

AATATGTTCATATATAAAACAAAGATATTTAACTATAGAATTAATAAATA3'
5' CAM

 6850

TATTAGAAATAGATATTTTTATAATAAACCAATAGATAAAATTTGTAGAG5'

ATAATCTTTATCTATAAAAATATTATTTGGTTATCTATTTTAAACATCTC3'
5' CAM

 6900

AAAAAAAAATAAAAATAAAAATAAAAATAATATAATATATAATAAAATAA5'

TTTTTTTTTATTTTTATTTTTATTTTTATTATATTATATATTATTTTATT3'
5' CAM

 6950

AATAATATTATATAAATATATTTTAATTTTTTTTACAAAATGGTTAACAA5'

TTATTATAATATATTTATATAAAATTAAAAAAAATGTTTTACCAATTGTT3'
5' CAM

 7000

AGAAGAAGCTCAGAGGCATGCAAGCTTCGATCCATATAATTATTAATAGG5'

TCTTCTTCGAGTCTCCGTACGTTCGAAGCTAGGTATATTAATAATTATCC3'
5' CAM

 7050

TACTTTTTTTTTTTATATATGGGAATTTCCTTATAGGGCCCGCATGCTTA5'

ATGAAAAAAAAAAATATATACCCTTAAAGGAATATCCCGGGCGTACGAAT3'
5' CAM

Gibson overlap 5' PcDT

 7100

GCTAATTCGCTTGTAAGAGGTACTCTCGTTTATGCAAAACTATTTGATAT5'

CGATTAAGCGAACATTCTCCATGAGAGCAAATACGTTTTGATAAACTATA3'
5' PcDT

 7150
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AGCATTTTAACAAGTACACATATATATATGTAATATATATACTATATATA5'

TCGTAAAATTGTTCATGTGTATATATATACATTATATATATGATATATAT3'
5' PcDT

 7200

TCTATTGCATGTGTACTAAGCATGTGCATGGCATCCCCTTTTTCTCGTGT5'

AGATAACGTACACATGATTCGTACACGTACCGTAGGGGAAAAAGAGCACA3'
5' PcDT

 7250

TTAAAACAGTTTGTATGATAAAATATAAAGGATTTGAAAAAGAGAAAAAA5'

AATTTTGTCAAACATACTATTTTATATTTCCTAAACTTTTTCTCTTTTTT3'
5' PcDT

 7300

ATATATGATCTCATCCTATATAGCGCCATAATTTTTATTTGGGTTGAATA5'

TATATACTAGAGTAGGATATATCGCGGTATTAAAAATAAACCCAACTTAT3'
5' PcDT

 7350

AAATTTTCTACTAAATTTAGGTGTAAGTAAAATAATGGAATATATATAAG5'

TTTAAAAGATGATTTAAATCCACATTCATTTTATTACCTTATATATATTC3'
5' PcDT

 7400

TACAATAAAAAAGTGCATAAATTAAAAAATTTTTATAATAAATATTTTTT5'

ATGTTATTTTTTCACGTATTTAATTTTTTAAAAATATTATTTATAAAAAA3'
5' PcDT

 7450

TTAAAAAAGTCAATAATAATATTAAATATATATAACACAGGATTATATAT5'

AATTTTTTCAGTTATTATTATAATTTATATATATTGTGTCCTAATATATA3'
5' PcDT

 7500

GTTCACTACAATTTTTTATATTATAATATAAATTCTTTTCAATTTTCATT5'

CAAGTGATGTTAAAAAATATAATATTATATTTAAGAAAAGTTAAAAGTAA3'
5' PcDT

 7550
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TTATTTTACATACACTTTCCTTTTTTGTCACTATATTTTAATATTCACAT5'

AATAAAATGTATGTGAAAGGAAAAAACAGTGATATAAAATTATAAGTGTA3'
5' PcDT

 7600

ATTTAGTTTAAATACTGGCTATTTCTTTCTACATTTGCTAGTAACAATTG5'

TAAATCAAATTTATGACCGATAAAGAAAGATGTAAACGATCATTGTTAAC3'
5' PcDT

 7650

TGTAGTGCTTATATATATACACACACCTAAAACTTACAAACCATGGTTGG5'

ACATCACGAATATATATATGTGTGTGGATTTTGAATGTTTGGTACCAACC3'
5' PcDT hDHFR

 7700

TTCGCTAAACTGCATCGTCGCTGTGTCCCAGAACATGGGCATCGGCAAGA5'

AAGCGATTTGACGTAGCAGCGACACAGGGTCTTGTACCCGTAGCCGTTCT3'

hDHFR

 7750

ACGGGGACCTGCCCTGGCCACCGCTCAGGAACGAATTTAGATATTTCCAG5'

TGCCCCTGGACGGGACCGGTGGCGAGTCCTTGCTTAAATCTATAAAGGTC3'

hDHFR

 7800

AGAATGACCACAACCTCTTCAGTAGAAGGTAAGCAGAATCTGGTGATTAT5'

TCTTACTGGTGTTGGAGAAGTCATCTTCCATTCGTCTTAGACCACTAATA3'

hDHFR

 7850

GGGTAAAAAAACCTGGTTCTCCATTCCTGAGAAGAATCGACCTTTAAAGG5'

CCCATTTTTTTGGACCAAGAGGTAAGGACTCTTCTTAGCTGGAAATTTCC3'

hDHFR

 7900

GTAGAATTAATTTAGTTCTCAGCAGAGAACTCAAGGAACCTCCACAAGGA5'

CATCTTAATTAAATCAAGAGTCGTCTCTTGAGTTCCTTGGAGGTGTTCCT3'

hDHFR

 7950
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GCTCATTTTCTTTCCAGAAGTCTAGATGATGCCTTAAAACTTACTGAACA5'

CGAGTAAAAGAAAGGTCTTCAGATCTACTACGGAATTTTGAATGACTTGT3'

hDHFR

 8000

ACCAGAATTAGCAAATAAAGTAGACATGGTCTGGATAGTTGGTGGCAGTT5'

TGGTCTTAATCGTTTATTTCATCTGTACCAGACCTATCAACCACCGTCAA3'

hDHFR

 8050

CTGTTTATAAGGAAGCCATGAATCACCCAGGCCATCTTAAACTATTTGTG5'

GACAAATATTCCTTCGGTACTTAGTGGGTCCGGTAGAATTTGATAAACAC3'

hDHFR

 8100

ACAAGGATCATGCAAGACTTTGAAAGTGACACGTTTTTTCCAGAAATTGA5'

TGTTCCTAGTACGTTCTGAAACTTTCACTGTGCAAAAAAGGTCTTTAACT3'

hDHFR

 8150

TTTGGAGAAATATAAACTTCTGCCAGAATACCCAGGTGTTCTCTCTGATG5'

AAACCTCTTTATATTTGAAGACGGTCTTATGGGTCCACAAGAGAGACTAC3'

hDHFR

 8200

TCCAGGAGGAGAAAGGCATTAAGTACAAATTTGAAGTATATGAGAAGAAT5'

AGGTCCTCCTCTTTCCGTAATTCATGTTTAAACTTCATATACTCTTCTTA3'

hDHFR

 8250

GATTAACCGCGGGGTACCCCATTAAATTTATTTAATAATAGATTAAAAAT5'

CTAATTGGCGCCCCATGGGGTAATTTAAATAAATTATTATCTAATTTTTA3'

hD...R 3' hrp2

 8300

ATTATAAAAATAAAAACATAAACACAGAAATTACAAAAAAAATACATATG5'

TAATATTTTTATTTTTGTATTTGTGTCTTTAATGTTTTTTTTATGTATAC3'

3' hrp2

 8350
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AATTTTTTTTTTGTAATCTTCCTTATAAATATAGAATAATGAATCATATA5'

TTAAAAAAAAAACATTAGAAGGAATATTTATATCTTATTACTTAGTATAT3'

3' hrp2

 8400

AAACATATCATTTTTCATTTATTTACATTTAAAATTATTGTTTCAGTATC5'

TTTGTATAGTAAAAAGTAAATAAATGTAAATTTTAATAACAAAGTCATAG3'

3' hrp2

 8450

TTTAATTTATTATGTATATATAAAAATAACTTACAATTTTATTAATAAAC5'

AAATTAAATAATACATATATATTTTTATTGAATGTTAAAATAATTATTTG3'

3' hrp2

 8500

AATATATGTTTATTAATTCATGTTTTGTAATTTATGGGATAGCGATTTTT5'

TTATATACAAATAATTAAGTACAAAACATTAAATACCCTATCGCTAAAAA3'

3' hrp2

 8550

TTTACTGTCTGTATTTTTCTTTTTTAATTATGTTTTAATTGTATTTTATT5'

AAATGACAGACATAAAAAGAAAAAATTAATACAAAATTAACATAAAATAA3'

3' hrp2

 8600

TTTATTATTGTTCTTTTTATAGTATTATTTTAAAACAAAATGTTTTTTCT5'

AAATAATAACAAGAAAAATATCATAATAAAATTTTGTTTTACAAAAAAGA3'

3' hrp2

 8650

AAGAACTTATAATAATAATAAATATAAATTTTAATAAAAATTATATTTAT5'

TTCTTGAATATTATTATTATTTATATTTAAAATTATTTTTAATATAAATA3'

3' hrp2

 8700

CTTTTACAATATGAACATAAAGTACAACATTAATATATAGCTTTTAATAT5'

GAAAATGTTATACTTGTATTTCATGTTGTAATTATATATCGAAAATTATA3'

3' hrp2

 8750



Wednesday, July 4, 2018 10:11 AM Page 25 of 30
pDCsgRNA6

TTTTATTCCTAATCATGTAAATCTTAAATTTTTCTTTTTAAACATATGTT5'

AAAATAAGGATTAGTACATTTAGAATTTAAAAAGAAAAATTTGTATACAA3'

3' hrp2

 8800

AAATATTTATTTCTCATTATATATAAGGACATATTTATTAAACCGCAGAG5'

TTTATAAATAAAGAGTAATATATATTCCTGTATAAATAATTTGGCGTCTC3'

3' hrp2

 8850

AAATCTAGAGGTACCGAGCTCGAATTCGCCCTATAGTGAGTCGTATTACA5'

TTTAGATCTCCATGGCTCGAGCTTAAGCGGGATATCACTCAGCATAATGT3'

3' hrp2

Gibson overlap donor cloning

 8900

ATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTT5'

TAAGTGACCGGCAGCAAAATGTTGCAGCACTGACCCTTTTGGGACCGCAA3'

donor cloning

 8950

ACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAA5'

TGGGTTGAATTAGCGGAACGTCGTGTAGGGGGAAAGCGGTCGACCGCATT3'

donor cloning

 9000

TAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGA5'

ATCGCTTCTCCGGGCGTGGCTAGCGGGAAGGGTTGTCAACGCGTCGGACT3'

donor cloning

 9050

ATGGCGAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGT5'

TACCGCTTACCGCGGACTACGCCATAAAAGAGGAATGCGTAGACACGCCA3'

donor cloning

 9100

ATTTCACACCGCATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGC5'

TAAAGTGTGGCGTATACCACGTGAGAGTCATGTTAGACGAGACTACGGCG3'

donor cloning

 9150
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ATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGAC5'

TATCAATTCGGTCGGGGCTGTGGGCGGTTGTGGGCGACTGCGCGGGACTG3'

donor cloning

 9200

GGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCC5'

CCCGAACAGACGAGGGCCGTAGGCGAATGTCTGTTCGACACTGGCAGAGG3'

donor cloning

 9250

GGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAG5'

CCCTCGACGTACACAGTCTCCAAAAGTGGCAGTAGTGGCTTTGCGCGCTC3'

donor cloning

 9300

ACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAA5'

TGCTTTCCCGGAGCACTATGCGGATAAAAATATCCAATTACAGTACTATT3'

donor cloning

 9350

TAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGA5'

ATTACCAAAGAATCTGCAGTCCACCGTGAAAAGCCCCTTTACACGCGCCT3'

donor cloning Gibson overlap

 9400

ACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCAT5'

TGGGGATAAACAAATAAAAAGATTTATGTAAGTTTATACATAGGCGAGTA3'
 9450

GAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTA5'

CTCTGTTATTGGGACTATTTACGAAGTTATTATAACTTTTTCCTTCTCAT3'
 9500

TGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTT5'

ACTCATAAGTTGTAAAGGCACAGCGGGAATAAGGGAAAAAACGCCGTAAA3'

AmpR

 9550

TGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGC5'

ACGGAAGGACAAAAACGAGTGGGTCTTTGCGACCACTTTCATTTTCTACG3'

AmpR

 9600
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TGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACA5'

ACTTCTAGTCAACCCACGTGCTCACCCAATGTAGCTTGACCTAGAGTTGT3'

AmpR

 9650

GCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATG5'

CGCCATTCTAGGAACTCTCAAAAGCGGGGCTTCTTGCAAAAGGTTACTAC3'

AmpR

 9700

AGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGC5'

TCGTGAAAATTTCAAGACGATACACCGCGCCATAATAGGGCATAACTGCG3'

AmpR

 9750

CGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGG5'

GCCCGTTCTCGTTGAGCCAGCGGCGTATGTGATAAGAGTCTTACTGAACC3'

AmpR

 9800

TTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTA5'

AACTCATGAGTGGTCAGTGTCTTTTCGTAGAATGCCTACCGTACTGTCAT3'

AmpR

 9850

AGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAA5'

TCTCTTAATACGTCACGACGGTATTGGTACTCACTATTGTGACGCCGGTT3'

AmpR

 9900

CTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGC5'

GAATGAAGACTGTTGCTAGCCTCCTGGCTTCCTCGATTGGCGAAAAAACG3'

AmpR

 9950

ACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTG5'

TGTTGTACCCCCTAGTACATTGAGCGGAACTAGCAACCCTTGGCCTCGAC3'

AmpR

 10000
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AATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAAT5'

TTACTTCGGTATGGTTTGCTGCTCGCACTGTGGTGCTACGGACATCGTTA3'

AmpR

 10050

GCCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTT5'

CGGTTGTTGCAACGCGTTTGATAATTGACCGCTTGATGAATGAGATCGAA3'

AmpR

 10100

CCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCA5'

GGGCCGTTGTTAATTATCTGACCTACCTCCGCCTATTTCAACGTCCTGGT3'

AmpR

 10150

CTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGG5'

GAAGACGCGAGCCGGGAAGGCCGACCGACCAAATAACGACTATTTAGACC3'

AmpR

 10200

AGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATG5'

TCGGCCACTCGCACCCAGAGCGCCATAGTAACGTCGTGACCCCGGTCTAC3'

AmpR

 10250

GTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACT5'

CATTCGGGAGGGCATAGCATCAATAGATGTGCTGCCCCTCAGTCCGTTGA3'

AmpR

 10300

ATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAA5'

TACCTACTTGCTTTATCTGTCTAGCGACTCTATCCACGGAGTGACTAATT3'

AmpR

 10350

GCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATT5'

CGTAACCATTGACAGTCTGGTTCAAATGAGTATATATGAAATCTAACTAA3'

AmpR

 10400

TAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGAT5'

ATTTTGAAGTAAAAATTAAATTTTCCTAGATCCACTTCTAGGAAAAACTA3'
 10450
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AATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTC5'

TTAGAGTACTGGTTTTAGGGAATTGCACTCAAAAGCAAGGTGACTCGCAG3'
 10500

AGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGC5'

TCTGGGGCATCTTTTCTAGTTTCCTAGAAGAACTCTAGGAAAAAAAGACG3'
 10550

GCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTT5'

CGCATTAGACGACGAACGTTTGTTTTTTTGGTGGCGATGGTCGCCACCAA3'
 10600

TGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTT5'

ACAAACGGCCTAGTTCTCGATGGTTGAGAAAAAGGCTTCCATTGACCGAA3'
 10650

CAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAG5'

GTCGTCTCGCGTCTATGGTTTATGACAGGAAGATCACATCGGCATCAATC3'
 10700

GCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTA5'

CGGTGGTGAAGTTCTTGAGACATCGTGGCGGATGTATGGAGCGAGACGAT3'
 10750

ATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGG5'

TAGGACAATGGTCACCGACGACGGTCACCGCTATTCAGCACAGAATGGCC3'
 10800

GTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAA5'

CAACCTGAGTTCTGCTATCAATGGCCTATTCCGCGTCGCCAGCCCGACTT3'
 10850

CGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAA5'

GCCCCCCAAGCACGTGTGTCGGGTCGAACCTCGCTTGCTGGATGTGGCTT3'
 10900

CTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGG5'

GACTCTATGGATGTCGCACTCGATACTCTTTCGCGGTGCGAAGGGCTTCC3'
 10950

GAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGC5'

CTCTTTCCGCCTGTCCATAGGCCATTCGCCGTCCCAGCCTTGTCCTCTCG3'
 11000

GCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTC5'

CGTGCTCCCTCGAAGGTCCCCCTTTGCGGACCATAGAAATATCAGGACAG3'
 11050
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GGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGG5'

CCCAAAGCGGTGGAGACTGAACTCGCAGCTAAAAACACTACGAGCAGTCC3'
 11100

GGGGCGGAGCCTATCGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCC5'

CCCCGCCTCGGATAGCTTTTTGCGGTCGTTGCGCCGGAAAAATGCCAAGG3'
 11150

TGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCT5'

ACCGGAAAACGACCGGAAAACGAGTGTACAAGAAAGGACGCAATAGGGGA3'
 11200

GATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCG5'

CTAAGACACCTATTGGCATAATGGCGGAAACTCACTCGACTATGGCGAGC3'
 11250

CCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAG5'

GGCGTCGGCTTGCTGGCTCGCGTCGCTCAGTCACTCGCTCCTTCGCCTTC3'
 11300

AGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAA5'

TCGCGGGTTATGCGTTTGGCGGAGAGGGGCGCGCAACCGGCTAAGTAATT3'
 11350

TGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAA5'

ACGTCGACCGTGCTGTCCAAAGGGCTGACCTTTCGCCCGTCACTCGCGTT3'
 11400

CGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACT5'

GCGTTAATTACACTCAATCGAGTGAGTAATCCGTGGGGTCCGAAATGTGA3'
 11450

TTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTT5'

AATACGAAGGCCGAGCATACAACACACCTTAACACTCGCCTATTGTTAAA3'
 11500

CACACAGGAAACAGCTATGACCATGATTACGCCAAGCTATTTAGGTGACA5'

GTGTGTCCTTTGTCGATACTGGTACTAATGCGGTTCGATAAATCCACTGT3'
 11550

CTATAGAATACTC5'

GATATCTTATGAG3'
 11563
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Host cell remodeling by pathogens: the exomembrane
system in Plasmodium-infected erythrocytes
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One sentence summary: Plasmodium parasites remodel the host erythrocyte in various ways, including the formation of several membranous
compartments, together referred to as the exomembrane system, within the erythrocyte cytosol that together are key to the sweeping changes in the
host cell.
Editor: Alain Filloux

ABSTRACT
Malaria is caused by infection of erythrocytes by parasites of the genus Plasmodium. To survive inside erythrocytes, these
parasites induce sweeping changes within the host cell, one of the most dramatic of which is the formation of multiple
membranous compartments, collectively referred to as the exomembrane system. As an uninfected mammalian
erythrocyte is devoid of internal membranes, the parasite must be the force and the source behind the formation of these
compartments. Even though the first evidence of the presence these of internal compartments was obtained over a century
ago, their functions remain mostly unclear, and in some cases completely unknown, and the mechanisms underlying their
formation are still mysterious. In this review, we provide an overview of the different parts of the exomembrane system,
describing the parasitophorous vacuole, the tubovesicular network, Maurer’s clefts, the caveola-vesicle complex, J dots and
other mobile compartments, and the small vesicles that have been observed in Plasmodium-infected cells. Finally, we
combine the data into a simplified view of the exomembrane system and its relation to the alterations of the host
erythrocyte.

Keywords: malaria; host–parasite interaction; pathogenesis; exomembrane system; plasmodium

INTRODUCTION
Soon after the discovery of the Plasmodium parasite in the late
1800s as an intracellular pathogen of erythrocytes that causes
malaria (Laveran 1880), it became clear that the parasite induces
sweeping changes within the host cell. Staining of infected ery-
throcytes with Romanowsky and Giemsa stains revealed punc-
tate staining patterns that were absent from uninfected ery-
throcytes (Schüffner 1899; Maurer 1900, 1902; Stephens and
Christophers 1903). It also became clear that different Plasmod-
ium species induce different changes, as indicated by their dif-
ferent staining patterns (Table 1). The development of staining

protocols and the identification of the different staining patterns
have been described in detail (Lanzer et al. 2006; Wickert and
Krohne 2007).

There are five species of Plasmodium parasites that infect
humans: Plasmodium falciparum, P. vivax, P. ovale, P.malariae and
P. knowlesi, although the latter is a zoonotic infection and not
spread from human to human. Of these, P. vivax is the most
widespread globally, but nearly all the fatalities (most recent
estimates indicate around 600 000 fatalities owing to malaria
annually; WHO 2014) are the result of infection with P. falci-
parum. After infection of a host, the parasites undergo a period
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of replication in the liver. Infectious progeny, called merozoites,
are subsequently released into the blood stream, where they
infect either erythrocytes and/or reticulocytes. It is this stage
that leads to clinical malaria. Despite differences in host cell
preference, length of the intraerythrocytic lifecycle and the
number of progeny produced, the basics of the intraerythro-
cytic lifecycle of these species are very similar: after binding to
an erythrocyte, the parasite invades the host cell by pushing it-
self into the host cell, causing an indentation in the membrane
of the host. This indentation grows until the parasite is com-
pletely surrounded bymembrane, at which point themembrane
pinches off behind the invading merozoite, leaving the parasite
free in the cytosol, but still surrounded by membrane. The com-
partment surrounding the parasites is referred to as the par-
asitophorous vacuole (PV) and the membrane that delineates
the PV is referred to as the parasitophorous vacuole membrane
(PVM). For the first half of the intraerythrocytic cycle (which in
total lasts between 24 and 72 h, depending on the species), the
parasite remains in the ring form, which displays low metabolic
activity and changes little morphologically. The parasite then
transitions to the trophozoite (feeding) stage, in which it be-
comes more metabolically active and grows rapidly. DNA syn-
thesis and nuclear division, but not cytokinesis, take place un-
til ultimately the parasite becomes a schizont with the onset of
nuclear division; the total number of nuclei formed in a mature
schizont ranges from 8 to 32, depending on the species (Bannis-
ter et al. 2000). Rapid cytokinesis then allows budding of individ-
ual nuclei and the organelles required for invasion to form in-
dividual merozoites, which are finally released from the host in
a process referred to as egress (Blackman and Carruthers 2013)
and subsequently invade new erythrocytes.

Uninfected erythrocytes have a low metabolic activ-
ity (Gronowicz, Swift and Steck 1984; Chasis et al. 1989)
and do not synthesize phospholipids. After invasion by
a parasite, the host erythrocyte undergoes numerous
transformations, including changes in its rigidity, adhe-
siveness and permeability to nutrients. During in vitro growth,
the parasite requires many nutrients from outside the cell,
including sugars, amino acids, purines, vitamins, choline and
fatty acids (Divo et al. 1985; Asahi et al. 2005; Asahi 2009). As
an example, glucose uptake increases over 50-fold in infected
erythrocytes as compared to uninfected erythrocytes (Scheibel,
Adler and Trager 1979; Roth et al. 1982; Asahi et al. 1996; Lang-
Unnasch and Murphy 1998). The adhesiveness of the infected
erythrocyte also increases, promoting survival of the parasite in
the host by sequestering infected erythrocytes in the periphery
and thereby preventing clearance in the spleen (Langreth and
Peterson 1985).

Underlying all these changes are parasite proteins that are
exported from the parasite into the host erythrocyte. For exam-
ple, the increased adhesiveness of the infected erythrocyte to
endothelial cells that removes mature parasites from the cir-
culation (Bignami and Bastianelli 1889; Miller 1969) is mediated
by PfEMP1 (Aley, Sherwood and Howard 1984; Leech et al. 1984b;
Baruch et al. 1995; Smith et al. 1995; Su et al. 1995), a parasite pro-
tein that is transported to the surface of the host erythrocyte,
where it is part of the knob complex, the structure that is re-
quired for the binding of PfEMP1 to the endothelium, formed to-
getherwithKAHRP (Leech et al. 1984a; Crabb et al. 1997) and likely
many other proteins (Oberli et al. 2014, 2016). The increased up-
take of solutes such as glucose and hypoxanthine is potentially
regulated by Clag 3.1, a protein that forms the Plasmodium sur-
face anion channel (PSAC) or that acts on a host protein to in-
crease nutrient uptake (Nguitragool et al. 2011), and the changes
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Figure 1. Overview of the elements of the exomembrane system that have been described in the literature. Not all parts have been described in all Plasmodium species,
and some parts are species-specific. CVC- caveola-vesicle complex; TVN - tubovesicular network

in deformability aremediated bymany proteins that bind to and
modify the host cytoskeleton (Maier et al. 2008, 2009; Prajapati
and Singh 2013).

However, the most striking change in the infected cell ob-
served in Giemsa-stained smears is the one that was identi-
fied over a hundred years ago: the de novo formation of an ex-
omembrane system in the infected erythrocyte that is detected
by Romanowsky and Giemsa staining. This collection of mem-
branous compartments that are not present in uninfected cells
first came into focus with the application of electronmicroscopy
(EM) to the study of infected erythrocytes, starting with the
first EM images of thin sections of erythrocytes infected with
P. berghei and P. knowlesi (Fulton and Flewett 1956) (which fi-
nally laid to rest doubts about of the intracellular localization of
the parasites), followed by the groundbreaking studies of Maria
Rudzinska, William Trager and Masamichi Aikawa, among oth-
ers. These revealed that the parasite resides within an intraery-
throcytic membrane-bound compartment, the PV, the mem-
brane of which separates the parasite from the cytosol of the
erythrocyte (Ladda, Arnold and Martin 1966), and that the in-
fected cell contains various other membranous compartments,
including the Maurer’s clefts (MCs) (Trager, Rudzinska and Brad-
bury 1966; Aikawa 1971; Hanssen et al. 2008a).

The development of an in vitro culture system (Trager and
Jensen 1976) allowedmore detailed investigation of infected ery-
throcytes, while the development of transfection technologies
for genetic manipulation of the parasite (Goonewardene et al.
1993; Wu et al. 1995; Wu, Kirkman andWellems 1996; Crabb et al.
1997; Sultan et al. 1997) provided the opportunity to alter and
delete genes and examine the contribution of individual pro-
teins. The expression of fluorescent proteins further allowed the
unraveling of the pathways through which parasite proteins are
transported into the host erythrocyte (VanWye and Haldar 1997;
de Koning-Ward et al. 1998). Together with the use of various flu-
orescent membrane stains (Behari and Haldar 1994), these tech-
nologies have provided awealth of information on the formation
and function of the exomembrane system.

Ultimately, the changes in adhesiveness and permeability
exhibited by the infected erythrocyte depend on specific fea-
tures of the exomembrane system, and all the parasite proteins
involved in these changes are in one way or another trans-
ferred to the host cell through parts of the exomembrane sys-
tem. Here we describe the different parts of this exomembrane
system (Fig. 1). For the purposes of this review, this is defined
as the collection of membranous compartments within the in-
fected erythrocyte beyond the plasma membrane of the para-
site that are not present in uninfected erythrocytes. Included are
the PV, the tubovesicular network (TVN), the MCs, the caveola-
vesicle complex (CVC), J dots and other mobile compartments,
and small vesicles. As most experiments have been performed
on P. falciparum, most of this review will by necessity focus on

the exomembrane system of this parasite species, but where
differences with other parasites are known, these will also be
described.

THE PARASITOPHOROUS VACUOLE AND
PARASITOPHOROUS VACUOLE MEMBRANE
Invasion of erythrocytes by P. falciparum is an active and rapid
process; in under 60 seconds, extracellular merozoites bind and
penetrate host erythrocytes (Dvorak et al. 1975; Cowman and
Crabb 2006). Subsequently, the intracellular parasite resides in
a sealed compartment inside the erythrocyte, distinct from the
erythrocyte cytosol—the PV. The PVM that demarcates the PV
is a continuous membrane separating the parasite from the
erythrocyte cytosol. The lumen of the PV is a small space, with
electronmicrograph images indicating its diameter to be around
50 nm (Trelka et al. 2000). In contrast to the related Apicom-
plexan parasites of the genus Babesia, where the PVM disin-
tegrates shortly after completion of invasion (Rudzinska et al.
1976; Repnik et al. 2015), Plasmodium parasites remain within
the PV throughout the intraerythrocytic cycle. As the parasite
grows and replicates, the PVM expands to accommodate the
growing parasite, but at all stages closely surrounds the para-
site. The PVM only ruptures in the final stages of egress of inva-
sive daughter merozoites from the erythrocyte (Blackman and
Carruthers 2013).

The PV was first described in the related Apicomplexan par-
asites Eimeria perforans, E. stidae and Toxoplasma gondii (Scholty-
seck and Piekarski 1965) before being described in P. falciparum
by Ladda, Arnold and Martin (1966). In electron micrographs,
the PV lumen appears substantially less electron dense than
the surrounding erythrocyte cytosol (for early examples, see
Rudzinska, Trager and Bray 1965; Aikawa 1971), indicating that
hemoglobin is unable to cross the PVM. While it is common-
place in electron micrographs to see a distinct space between
the parasite and PVM, this has been suggested to be an arti-
fact of chemical fixation (Hanssen et al. 2013). Indeed, the PV lu-
men is not detected when the fixation protocol is switched from
glutaraldehyde-based to high-pressure fixation and freeze sub-
stitution (Hanssen et al. 2013). It was suggested early on that the
diameter of the PV in EM images is sensitive to the osmolarity
of the fixative (Blackburn and Vinijchaikul 1970).

Formation of the PV and PVM

The PVM forms very rapidly—in a fraction of a minute (Joiner
1991)—but precisely how the PV and itsmembrane form remains
undetermined. Using an internal membrane system (consisting
of the inner membrane complex, actin and surface receptors)
attached to the erythrocyte surface through a moving junction,
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Figure 2. Four potential scenarios to explain the formation of the PVM during invasion of host erythrocytes. The PVM may be derived solely from the host membrane
(A) or the parasite (B). Alternatively, host and parasite components may both contribute directly to the forming PVM (C). As a fourth possibility, the erythrocyte may
donate membrane to form the PVM with parasite lipids acting to replenish this translocation of host cell membrane (D). Host phospholipids are indicated in black,
parasite-derived phospholipids are indicated in blue.

the parasite pushes itself into the cell during invasion of the host
erythrocyte (Besteiro, Dubremetz and Lebrun 2011; Harvey et al.
2014). Often, the only point of direct contact detected between
parasite and erythrocytemembrane is at this junction (for exam-
ples, see Ladda, Aikawa and Sprinz 1969; Bannister, Butcher and
Mitchell 1977; Aikawa et al. 1978; Bannister et al. 1986). Although
this may again be an artifact of fixation, it may also indicate that
the erythrocyte membrane indents without direct contact with
the parasite surface.

There is a long-standing controversy over whether the PVM
is derived from parasite or host material. The total volume of
the PV is miniscule compared to that of the host erythrocyte
(less than 1/10 000th the size; Burghaus and Lingelbach 2001)
and the small size of the PV presents technical difficulties for
specific isolation of the contents of the PV for proteomic analy-
ses. Furthermore, the inability to separate the PVM from other
membranes in the infected cell hinders lipidomic analyses. For
these reasons, various alternative techniques have been used in
an attempt to decipher the origin of the PVM.

Electron micrographs show that, during its formation,
the PVM is continuous with the erythrocyte membrane
(Aikawa et al. 1978). Usingfluorescence videomicroscopy to track
fluorescent lipophilic probes used to label the erythrocyte mem-
brane, Ward, Miller and Dvorak (1993) showed that the concen-
tration of such probes in the PVM was indistinguishable from
that in the erythrocyte membrane and did not change in con-
centration during invasion. This led to the conclusion that the
PVM is derived from lipids of the erythrocyte membrane with
no addition of lipids from exogenous sources (Fig. 2A). A sim-
ilar conclusion was drawn by Haldar and Uyetake (1992), who
used fluorescent lipophilic probes to label the host cell, show-
ing that erythrocyte lipids were internalized upon invasion and
ended up in the PVM. However, in both studies the fluorescent
probes used were transferred to the intracellular parasite itself
over time, indicating that such probes can transfer across aque-
ous space. Thus, the behavior of such probesmay not accurately
mirror that of endogenous erythrocyte phospholipids. Pouvelle
and colleagues allowed parasites to invade erythrocytes labeled
with 1,1-dihexadecyl-tetramethylindocarbocyanine perchlorate
(DiIC16, a fluorescent, non-exchangeable lipophilic molecule)
and observed that fluorescence surrounded the parasite in its
vacuole. When DilC16-labeled parasites were allowed to invade
unlabeled erythrocytes, the fluorescence signal remainedwithin
the parasite (Pouvelle, Gormley and Taraschi 1994). This pro-
vided further support for the hypothesis that the PVM is exclu-
sively or predominantly host cell derived.

In contrast, other authors have reported that erythrocyte
membrane lipids make only a minimal contribution to the PVM,
with parasite-derived lipids comprising the majority of the PVM
(Fig. 2B). When Mikkelsen and colleagues allowed parasites that

had been metabolically labeled with fluorescent lipid precur-
sors to invade erythrocytes, the label initially localized apically
in the parasite. However, during invasion the label appeared to
be secreted into the erythrocyte membrane from the invading
merozoite and was eventually seen in the PVM, surrounding
the parasite (Mikkelsen et al. 1988). It was concluded that the
PVM results from parasite-derived lipids that are inserted into
the host cell membrane. In concordance with this, Dluzewski
et al. (1992) detected much lower levels of chemically labeled
host phosphatidylethanolamine in the PVM than in the host
cell membrane. This led to the conclusion that there must be
a non-erythrocyte membrane source for PVM lipids. An impor-
tant footnote is that when Ward, Miller and Dvorak (1993) repli-
cated these experiments by tracking fluorescently labeled phos-
phatidylethanolamine and phosphatidylserine, they detected
the labeled phospholipids in the PVM, leading them to derive
a different conclusion. Therefore, the debate as to whether the
PVM is derived from the erythrocyte or parasite persisted.

Subsequently, Dluzewski and colleagues performed very el-
egant experiments measuring the change in surface area of
the erythrocyte upon parasite invasion. This study showed
that there was no appreciable decrease in erythrocyte surface
area between uninfected erythrocytes and erythrocytes that
had been invaded by one, two, three or even four parasites
(Dluzewski et al. 1995), leading to the conclusion that the PVM
must be derived of lipids from a source other than the erythro-
cyte (Fig. 2C) or that the erythrocyte membrane used for PVM
formation is replenished by parasite-derived lipids (Fig. 2D).

If the PVM is produced, at least in part, from parasite-derived
phospholipids, questions over the source of these phospho-
lipids arise. Themost likely source is the rhoptries—club-shaped
apical secretory organelles unique to Apicomplexan parasites
that are released during invasion. Ladda, Aikawa and Sprinz
(1969) first posited a role for rhoptries in parasite invasion. The
rhoptries decrease in size by over 75% upon invasion (Hanssen
et al. 2013). Rhoptries in P. falciparum and P. knowlesi parasites
contain lamellar membranous whorls (Bannister et al. 1986;
Stewart, Schulman and Vanderberg 1986). On the basis of
their analogous appearance to lamellar bodies within pul-
monary alveolar cells (Joiner 1991), these multilamellar whorls
in the rhoptries most likely represent preformed membranes.
It has been calculated that rhoptries contain enough mem-
branous material to create a vacuole sufficiently large to
encapsulate an invading merozoite (Bannister and Mitchell
1989). During invasion, rhoptry secretion occurs concomi-
tantly with PVM formation (Aikawa et al. 1981; Bannister
and Mitchell 1989). Indeed, in the presence of cytochalasin
D or PMSF, compounds that permit merozoite attachment
and rhoptry release while blocking invasion, electron-lucent,
hemoglobin-deficient vacuoles are seen within the erythrocyte
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(Aikawa et al. 1981; Dluzewski et al. 1989; Riglar et al. 2011). These
vesicles receive lamellar material from the parasite, indicat-
ing transfer of parasite phospholipid from the parasite into a
vacuole-like structure (Dluzewski et al. 1989). Therefore, the par-
asite rhoptries possess the capacity to be a major contributor
of lipids during PVM formation. However, not all rhoptry mem-
brane is deposited in the PVM. In P. knowlesi and P. falciparum,
some rhoptrymembrane persists in themerozoite once the PVM
has fully formed (Bannister et al. 1975; Hanssen et al. 2013) and
this may have a structural role within the merozoite itself.

PVM compositionmay provide clues to its biogenesis. Freeze-
fracture (McLaren et al. 1977) and immuno-EM (Atkinson et
al. 1988; Dluzewski et al. 1989), as well as fluorescence mi-
croscopy (Ward, Miller and Dvorak 1993), have shown that the
PVM surrounding P. falciparum and P. knowlesi parasites lacks
all major erythrocyte membrane and cytoskeletal proteins, in-
cluding spectrin, ankyrin and band 3. It has been suggested
that this is evidence that the PVM is not erythrocyte derived
(Atkinson et al. 1988), although such findings do not automat-
ically preclude the erythrocyte from contributing to the PVM
(Dluzewski et al. 1989). During invasion by T. gondii, the tight
junction acts as a molecular sieve (Mordue et al. 1999) and
it is feasible that a similar exclusion process in Plasmodium-
infected erythrocytes allows phospholipids, but not proteins,
to pass. Interestingly, in the related Apicomplexan Babesia di-
vergens, glycophorin A, spectrin and band 3 are present in the
PVM (Repnik et al. 2015). Repnik and colleagues hypothesize
that such erythrocyte membrane proteins are also present in
the P. falciparum PVM, but are rapidly degraded by parasite
proteases.

Although the PVM is devoid of most major erythrocyte pro-
teins, several authors have detected some (but not all) proteins
that reside in cholesterol-rich detergent-resistant membrane
rafts (DRMs) in the PVM (Lauer et al. 2000; Nagao, Seydel and
Dvorak 2002; Murphy et al. 2004). This led to the hypothesis that
such erythrocyte-derived lipid rafts contribute to the PVM. Low-
level removal of cholesterol from the erythrocyte does not affect
erythrocyte membrane function but does block DRM formation,
prevent DRMs forming vacuoles and block invasion by the par-
asite (Samuel et al. 2001). Therefore, it is possible that, during
invasion, the parasite recruits DRMs from the erythrocyte mem-
brane, and this aids in PVM formation.

As well as rhoptry lipids potentially playing an important
role in PVM formation, proteins contained within the rhoptries
may also be involved (Riglar et al. 2011). As shown by fluores-
cence microscopy and immuno-EM, secretion of rhoptry pro-
teins occurs concurrently with PVM formation (Bannister et al.
1986; Carruthers and Sibley 1997; Riglar et al. 2011). For example,
a Plasmodium spp. ortholog of the erythrocyte cytoskeletal pro-
tein stomatin, Pfstomatin, is hypothesized to recruit DRMs from
the erythrocyte membrane to form the PVM (Hiller et al. 2003).
Parasite and host proteins may play key roles in active recruit-
ment of DRMs to the PVM. However, it is also possible that the
physical forces generated by the parasite forming its initial inva-
sion pit may act to destabilize the erythrocyte membrane (Ban-
nister et al. 1975) thereby triggering coalescence of DRMs into a
vacuole-like structure (Murphy et al. 2007).

In conclusion, several decades of elegant and complicated
experiments have done little to settle the question of whether
the PVM is parasite or host derived (Topolska et al. 2004; Bietz
et al. 2009; Zuccala and Baum 2011). However, it seems most
likely that the erythrocytic contribution is likely one of initial
membrane material: this is then extensively added to and al-
tered by parasite material derived from the rhoptries.

Expanding the PVM

As the intracellular parasite grows, the PVM expands to accom-
modate it, with the width of the lumen of the PV, the space be-
tween the PVM and the parasite plasma membrane, remaining
roughly constant at ∼20–30 nm (200–300 Å) throughout the in-
traerythrocytic life cycle (Ladda, Arnold and Martin 1966) (al-
though as mentioned above, there is debate about how accu-
rately the width of the PV is represented in EM images owing
to the potential for artifacts of the fixation procedure). How the
expansion of the PV is regulated so that it expands at a similar
rate as the parasite and the origin of the phospholipids that al-
low the expansion are unknown. As the erythrocyte is devoid of
internal membranes and has at most a severely reduced capac-
ity to produce phospholipids (Marks, Gellhorn and Kidson 1960),
the host cell cannot be the source of the membranes. The par-
asite makes a full suite of phospholipids (Dechamps et al. 2010)
and during in vitro culture does not rely on exogenous phospho-
lipids (although it does require fatty acids from the medium;
Asahi et al. 2005; Asahi 2009), indicating that the source of the
phospholipids for the expansion of the PVM must be the par-
asite. However, there is no obvious mechanism for the trans-
port of parasite-derived phospholipids through the aqueous lu-
men of the PV to the PVM. Similarly, there is no indication that
there is a direct physical connection between the PVM and the
erythrocyte membrane or that there is vesicular transport be-
tween these two membranes that may deliver phospholipids to
the PVM. The parasite produces a broad-specificity phospholipid
transport protein, PFA0210c, which is exported to the erythro-
cytes and also resides in the PV (van Ooij et al. 2008, 2013). As
PFA0210c can transfer phospholipids between membranes, it is
possible that this protein may accept phospholipids in the par-
asite (either the ER or the parasite plasma membrane) and de-
liver these to the PVM. It is not clear how the directionality or
rate of this phospholipid transfer might be regulated. Further-
more, how the shape of the PVM and relatively stable distance
between the parasite plasmamembrane and the PVM are main-
tained remain to be discovered.

Necklace of beads

One curious aspect of the PV is a compartmentalization that
occurs early in the intraerythrocytic stages. Transgenically ex-
pressed fluorescent proteins that are secreted into the PV are
detected in a dot-like pattern, referred to as a ‘necklace of beads’,
instead of the continuous circular pattern that would be ex-
pected if the PVwere one uninterrupted compartment. This pat-
tern is detected primarily in young rings (Wickham et al. 2001;
Adisa et al. 2003; Spielmann et al. 2006); at later stages, the PV
does form a continuous compartment, as judged by the circular
localization of soluble fluorescent proteins. Investigations using
fluorescence recovery after photobleaching (FRAP) experiments
have revealed that the diffusion of the soluble fluorescent pro-
teins between the compartments is slower than expected for
freely diffusing proteins (Wickham et al. 2001; Adisa et al. 2003),
indicating that while there is a connection between the ‘beads’,
it is likely constricted, preventing free diffusion of the proteins.
The export apparatus that transfers proteins across the PVM (de-
scribed in more detail below) is also detected in this ‘necklace of
beads’ pattern in early rings (Bullen et al. 2012; Riglar et al. 2013),
although it is unclear whether this affects its function, or re-
flects the organization of PV and the PVM. Exactly how beads are
formed and if they have a specific role or are merely a remnant
of the mechanism of PV formation remains to be determined.
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Transport across the PVM

The PVM forms a significant barrier to the uptake of nutrients
and the export of proteins. Nutrients pass the erythrocyte mem-
brane through nutrient transporters and then need to traverse
the PVM to reach the parasite. Moving in the opposite direction
are the proteins exported by the parasite to modify many of the
properties of the erythrocyte; these need to be translocated from
the PV lumen to the erythrocyte cytosol. Both processes are es-
sential for the parasite (Divo et al. 1985; Asahi et al. 2005; Asahi
2009; Beck et al. 2014; Elsworth et al. 2014) and interestingly, they
may involve the function of one parasite protein, namely EXP2.

Elegant patch clamp experiments on parasites freed from
the erythrocyte revealed the presence of a pore in the PVM
that allows the passive diffusion of solutes up ∼1400 Da (Desai,
Krogstad andMcCleskey 1993; Desai and Rosenberg 1997). Under
the conditions tested, this pore was open 98% of the time (Desai
and Rosenberg 1997), allowing for nearly uninterrupted trans-
port of nutrients. The PVM of the related apicomplexans T. gondii
(Schwab, Beckers and Joiner 1994) and E. nieschulzi (Werner-Meier
and Entzeroth 1997) also allows diffusion of solutes, with a very
similar size cut-off. Two T. gondii proteins, GRA17 and GRA23,
were recently identified as forming the solute pore (Gold et al.
2015). GRA17 appears to be themajor pore component, as GRA17
null mutants have a much more severe phenotype than GRA23
null mutants; a double mutant could not be obtained, hence
GRA23 must partially complement the function of GRA17. Inter-
estingly, overexpression of GRA17 increased the growth rate of
the parasites, indicating that nutrient uptake may be the lim-
iting factor in the growth of T. gondii. The PV of GRA17 mutant
parasites becomes expanded compared to wild-type parasites
and often collapses, and its membrane is impermeable to small
fluorescent solutes that readily diffuse into the PV of wild-type
parasites. Furthermore, GRA17 and GRA23 changed the conduc-
tivity of Xenopus laevis oocytes injected with mRNA encoding
these proteins, showing directly that these proteins can func-
tion as pores. The functional ortholog of GRA17 in Plasmodium
spp. is EXP2. EXP2 was initially discovered as a PVM protein that
is abundantly expressed throughout the entire intraerythrocytic
lifecycle (Johnson et al. 1994; Fischer et al. 1998), and hence is
in the expected subcellular location to function as a nutrient
channel. Complementation of a T. gondii GRA17 mutant with
P. falciparum EXP2 reinstated the wild-type phenotype, showing
the functional equivalence of the two genes. GRA17, GRA23 and
EXP2 have distant similarity to hemolysin E of Escherichia coli,
a protein that multimerizes within membranes to form pores,
further supporting their role as a pore and suggesting a mech-
anism through which the proteins are inserted into the mem-
brane (Parker and Feil 2005).

In contrast to nutrient uptake, transport of proteins from the
PV to the erythrocyte cytosol is mediated by a large protein com-
plex, termed the Plasmodium translocon of exported proteins
(PTEX) (de Koning-Ward et al. 2009; Bullen et al. 2012; Riglar et
al. 2013; Beck et al. 2014; Elsworth et al. 2014; Spillman, Beck
and Goldberg 2015). This complex was initially thought to con-
sist of at least five proteins: PTEX150 and PTEX88, two proteins
with unknown functions; the ATPase HSP101, which is thought
to supply the energy for translocation (El Bakkouri et al. 2010);
the thioredoxin Trx2; and EXP2, which has been speculated to
form the central translocation channel, also based on its dis-
tant resemblance to E. coli hemolysin E (de Koning-Ward et al.
2009). The finding that some improperly folded exported pro-
teins jam the export channel and that binding of skeleton bind-
ing protein 1 (SBP1) to EXP2 is more readily detected when it is

improperly folded has further provided evidence that EXP2 could
indeed be the portal through which exported proteins cross the
PVM (Mesen-Ramirez et al. 2016). Several additional proteins that
appear to associate with the PTEX, including PfPV1, Pf113 and
Hsp70-x, have since been discovered, although the association
of these protein with the PTEX may be weaker and more tran-
sient than that of the five core components (Elsworth et al. 2016;
Mesen-Ramirez et al. 2016). Based on solubility experiments,
EXP2 appears to be the membrane-bound component of the
PTEX (Bullen et al. 2012), whereas the other components are pe-
ripherally associated with themembrane and likely are involved
in recruiting client proteins to the EXP2 pore. The predicted size
of the pore formed by hemolysin E is large enough to accommo-
date polypeptide chains (Parker and Feil 2005), indicating that
unfolded proteins may be able to pass through a pore formed by
EXP2. Interestingly, although protein export is an essential pro-
cess (Beck et al. 2014; Elsworth et al. 2014), mutants lacking Trx2
or PTEX88 have been obtained in P. berghei (Matthews et al. 2013;
Matz et al. 2015b) (although one group has reported that PTEX88
is refractory to deletion (Matthews et al. 2013), whichmay reflect
the difference in the selection of the mutants (FACS and drug) in
the two studies). The thioredoxin mutant has a growth defect in
vivo and in vitro (Matthews et al. 2013), whereas the PTEX88 mu-
tant exports proteins with an efficiency indistinguishable from
wild-type parasites, but loses the ability to sequester and grows
slower (Matz et al. 2015b; Chisholm et al. 2016). Such a specific
phenotype of a mutant of the export machinery may indicate
that individual components of the translocon may be required
to direct the export of only a subset of exported proteins.

Perhaps surprisingly, existing data suggest that the location
of the PTEX varies according to the species and the host cell.
The P. falciparum PTEX is located in the PVM (Bullen et al. 2012;
Riglar et al. 2013), but in P. berghei the complex is also present in
loops resembling the TVN (Matz et al. 2015a;Meibalan et al. 2015).
Similarly, when growing in reticulocytes, the P. falciparum PTEX
complex, as indicated by the presence of EXP2, is also partially
located outside of the PVM (Meibalan et al. 2015).

Thus, one protein, EXP2, appears to be involved in both pro-
cesses, the transport of solutes and proteins across the PVM, as
was initially suggested by Gold et al. (2015). One interesting fea-
ture of the PTEX is that the expression profiles of the individual
components are different; EXP2 is transcribed almost uniformly
throughout the intraerythrocytic life cycle, whereas transcrip-
tion of the other four components peaks late in the life cycle,
as often seen with proteins that are packaged in the merozoite
and released after invasion (Bullen et al. 2012). As the compo-
nents of large macromolecular complexes are often synthesized
at the same time, this may further indicate potential alternate
functions for the individual parts of the PTEX. EXP2 is produced
during the liver stage of infection (this stage precedes the ery-
throcytic cycle in the parasite lifecycle), as are PTEX components
PTEX150, PTEX88 and Trx2 (Vaughan et al. 2012; Matz et al. 2015b;
Kalanon et al. 2016), whereas HSP101 is not detected at this stage
(Matz et al. 2015b; Kalanon et al. 2016). Furthermore, the parasite
load in the livers of mice infected with EXP2 null parasites was
significantly decreased compared to the parasite load in mice
infected with control parasites (Kalanon et al. 2016). Previously,
only two proteins have been reported to be exported during the
liver stage (Singh et al. 2007; Orito et al. 2013), although a well-
established reporter for protein export is not exported (Kalanon
et al. 2016). Hence, during the liver stage, in the absence of the
other PTEX components, EXP2 may function solely as a nutrient
transporter. Possibly, thismay reflect the origin of EXP2, which in
the ancestor of the Apicomplexans may have functioned solely
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as a solute pore, but during subsequent speciation have been
co-opted to function in parallel as a protein pore through re-
cruitment of additional proteins that were already present in the
parasite (HSP101 and Trx2) and possibly newly evolved (PTEX150
and PTEX88). Interestingly, Trx2 has also been detected in an
unidentified internal compartment (Kehr et al. 2010), perhaps in-
dicating that the original function of Trx2 is in this organelle and
that it was recruited for protein export only later.

Formation of the cytostome and hemoglobin uptake

In addition to uptake of nutrients from the surroundings, degra-
dation of hemoglobin inside the parasite is an important source
of nutrients for the parasite and increases the space avail-
able within the erythrocyte to accommodate the growing par-
asite, although viable P. berghei parasites that neither digest
hemoglobin nor produce hemozoin have been produced (Lin et
al. 2015). Hemoglobin degradation in the parasite takes place
within the digestive vacuole (also referred to as the food vac-
uole), a lysosome-like organelle containing enzymes that break
down hemoglobin and convert heme, a toxic catabolite, into
non-toxic hemozoin (Goldberg 2005). As with the uptake of nu-
trients, the PVM forms a barrier to the uptake of hemoglobin,
which in this case is overcome by a specialized structure in the
PVM called the cytostome (previously referred to as the ‘mi-
cropyle’) (Garnham et al. 1961; Rudzinska, Trager and Bray 1965;
Aikawa, Huff and Spinz 1966; Aikawa 1971; Seed et al. 1976).
This appears as a cup-shaped, double-membraned invagination
of the PVM and the parasite plasma membrane, the lumen of
which is continuous with the erythrocyte cytosol (Yayon et al.
1984); EM images clearly reveal the presence of electron-dense
hemoglobin in this compartment (Aikawa, Huff and Spinz 1966;
Yayon et al. 1984). The neck portion of the invagination, where
it connects with the parasite plasma membrane and the PVM,
is approximately 50 nm wide and is surrounded by an electron
dense ring (Langreth et al. 1978), which was recently shown to be
a double-layered ring (Milani, Schneider and Taraschi 2015) that
contains actin. Experiments using erythrocytes loaded with flu-
orescent beads of various sizes showed that particles up to 50–70
nm in diameter could be taken up by the cytostome (Goodyer et
al. 1997). It was originally thought that the cytostome pinches
off from the parasite plasma membrane and the PVM to form
a double-membraned vesicle that transports hemoglobin to the
digestive vacuole (Yayon et al. 1984), but more recent investiga-
tions support the model that the cytostome is a static structure
in the parasite fromwhich vesicles bud off to deliver hemoglobin
(Milani, Schneider and Taraschi 2015), a process that likely in-
volves Rab5 (Elliott et al. 2008; Ezougou et al. 2014).

Cytostomes form soon after invasion, and can also be de-
tected on merozoites (Bannister and Mitchell 2009; Hanssen,
McMillan and Tilley 2010), and remain present throughout the
intraerythrocytic cycle (Lazarus, Schneider and Taraschi 2008).
Each intracellular parasite contains on average two to three cy-
tostomes (Milani, Schneider and Taraschi 2015), but parasites
with more cytostomes have been detected (Aikawa and Jordan
1968; Slomianny 1990; Abu Bakar et al. 2010; Milani, Schneider
and Taraschi 2015); usually these multiple cytostomes are in
close proximity. Therefore, it appears that cytostomes in the in-
tracellular parasites either originate from an invagination that
already exists in the merozoite or are newly formed cytostomes.
Recent studies of the role of iron in artemisinin resistance in
P. falciparum and electron tomography studies using P. chabaudi-
infected erythrocytes have indicated that hemoglobin break-
down initiates early in the ring stage, indicating that the cy-

tostomes seen in rings are actively taking up hemoglobin (Wendt
et al. 2016; Xie et al. 2016).

The function of cytostomes depends on dynamin, an
ATPase that promotes the pinching off of clathrin-coated vesi-
cles. Within parasites, the dynamin Dyn1 localizes to small re-
gions near the plasma membrane (Li et al. 2004; Zhou et al.
2009). The dynamin inhibitor dynasore blocks the transport and
breakdown of hemoglobin (Zhou et al. 2009; Milani, Schneider
and Taraschi 2015) and alters the shape of the cytostome, but
does not prevent cytostome formation (Milani, Schneider and
Taraschi 2015). Actin polymerization likely plays an important
role in the formation or stabilization of the cytostome, as treat-
ment with jasplakinolide or cytochalasin D causes elongation
of the cytostome, accumulation of electron-dense, hemoglobin-
containing vesicles in the parasite and a slight decrease in the
number of cytostomes (Milani, Schneider and Taraschi 2015).

How the cytostome is formed remains unclear—a double-
membraned invagination is anuncommon structure so there are
few, if any, examples that could provide insight into its forma-
tion. Formation of cytostomes requires the membranes of the
PVM and parasite plasma membrane to come together and in-
vaginate, a process that undoubtedly relies on the function of
dedicated (unidentified) parasite proteins in the parasite plasma
membrane and the PVM. It has been speculated that the cy-
tostome is produced during the ‘big gulp’, a movement of the
parasite during which it changes from a relatively flat, cup-
shaped cell to a spherical cell, where it is left at the far end of the
parasite (Elliott et al. 2008). However, this model cannot explain
the presence of multiple cytostomes in the parasite, and hence
how the cytostome is produced remains unknown.

The role of cytostomes in the transport of digestive enzymes
to the digestive vacuole is similarly unclear; severalmechanisms
have been proposed, including transport of proteins through the
PV, leading to entrapment of the enzymes between the mem-
branes of the cytostome and subsequent transport to the diges-
tive vacuole (Francis et al. 1994), and direct transport of the pro-
teins to the cytostome from the secretory organelles (Klemba et
al. 2004). The lack of marker proteins hampers its further inves-
tigation, but the cytostome is most likely of great importance
to the parasite and further study of this compartment will very
likely reveal very interesting new biological principles.

Potentially related to the uptake of hemoglobin is the cen-
tral cavity (also referred to as ‘spherical structure’) that has been
described in P. falciparum and P. berghei (Abu Bakar et al. 2010;
Grüring et al. 2011). This is a large indentation in the surface
of the parasite that extends into the center of the parasite. It is
filled with erythrocyte cytosol and excludes GFP present in the
parasite cytosol. This compartment appears similar to a large
hemoglobin-containing compartment that has been detected in
various EM studies (Rudzinska, Trager and Bray 1965; Trager,
Rudzinska and Bradbury 1966; Yayon et al. 1984). Although the
central cavity appears internal to the parasite, it is directly con-
nected to the erythrocyte cytosol. The central cavity develops in
the ring stage and persists until the parasite matures into a sch-
izont. Digestive vacuoles are detected in close proximity to the
central cavity, and although the functional significance of that
is not understood it does indicate that these compartments are
separate entities (Grüring et al. 2011).

The PV and PVM during egress

At the end of the erythrocytic cycle, merozoites are released
by the rupture of the PVM and the erythrocyte membrane. It
is believed that the PVM lyses before the erythrocyte (Bosia
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et al. 1993; Wickham, Culvenor and Cowman 2003; Blackman
and Carruthers 2013), despite an earlier report that the erythro-
cyte membrane lyses first (Salmon, Oksman and Goldberg 2001).
Immediately prior to egress, the parasite releases the protease
SUB1, and likely other proteins, into the PV through the release
of the contents of the exonemes in a protein kinase G-regulated
process (Yeoh et al. 2007; Collins et al. 2013b). In the PV, SUB1
cleaves several proteins, including members of the MSP1 com-
plex (Child et al. 2010; Das et al. 2015), SERA5 and SERA6 (Yeoh
et al. 2007; Ruecker et al. 2012) and potentially other proteins
(Silmon de Monerri et al. 2011), but what causes the dissolution
of the PVM is not clear. As the membrane is permeable to so-
lutes, its rupture is unlikely to be mediated by changes in osmo-
larity and may require specific proteins. Perforin-like protein 1
(PLP1), a member of the membrane-attack complex/perforin su-
perfamily of proteins that can disrupt phospholipid bilayers by
forming transmembrane pores, is required for the release of T.
gondii from thehost cell (Kafsack et al. 2009; Roiko andCarruthers
2013). In host cells infected with a mutant lacking TgPLP1, the
PVM remains intact when egress is induced with an ionophore
and the mutant is avirulent in vivo (Kafsack et al. 2009). Plasmod-
ium spp. encode five PLPs (Carlton et al. 2002; Gardner et al. 2002),
of which two are expressed during the blood stages (Kaiser et al.
2004; Garg et al. 2013). However, P. bergheimutants lacking either
one of the genes encoding these proteins, PbPPLP1 and PbPPLP2,
do not display an obvious phenotype in the asexual lifecycle,
although gametocytes (sexual blood-stage forms that develop
from the asexual stages) lacking PbPPLP2 are unable to egress
and are transmitted to the mosquito vector inefficiently (Ishino,
Chinzei and Yuda 2005; Deligianni et al. 2013). Investigation of
PPLP2 in P. falciparum revealed that it is selectively required for
the breakdown of the erythrocytemembrane in gametocytes; Pf-
PPLP2 null mutants undergo PVM rupture similarly to wild-type
parasites (Wirth et al. 2014). In asexual blood stages, PfPPLP1 is
secreted into the PV and is localized next to the PVMand the ery-
throcyte plasmamembrane (Garg et al. 2013). Although the effect
of deletion of this protein is not known, it may be responsible for
PVM rupture and/or the ‘poration’ of the erythrocyte membrane
that occurs shortly before its rupture (Glushakova et al. 2010). On
the other hand, PVM rupture in liver stages of P. berghei clearly
involves a role for a parasite phospholipase (Burda et al. 2015),
raising the possibility that a similar enzyme may be involved in
blood-stage egress. Hence, the mechanism of breakdown of the
PVM is unclear and needs to be investigated further.

Roles of the PV and PVM

Several roles for the PV and PVM have been proposed (Lingel-
bach and Joiner 1998), but the exact functions of the PV and
the PVM remain unclear. As the PVM forms such a large bar-
rier and the parasite has the ability to break down the PVM, as
seen during egress, it is unlikely that the PV is simply a remnant
of the invasion process and therefore likely performs an impor-
tant function(s). Several related apicomplexans, including Thei-
leria spp. and Babesia spp. (Rudzinska et al. 1976; Fawcett, Musoke
and Voigt 1984; Asada et al. 2012; Repnik et al. 2015), exit the PV
soon after entry into the host cell and subsequently reside free in
the cytosol. Therefore, the erythrocyte cytosol does not appear
to be an inhospitable environment for parasite growth.

Limiting our understanding of the roles of the PV and PVM in
Plasmodium spp. is the low number of PV and PVM proteins that
have been functionally characterized (Spielmann et al. 2012). Us-
ing a biotinylation approach that specifically modified soluble
PV proteins, a proteomics study identified 27 proteins present in

the PV at the late ring/early trophozoites, including the known
PV proteins glycophorin-binding protein 130 and SERP (SERA5)
(Nyalwidhe and Lingelbach 2006). All members of the family
of SERA proteins contain a signal sequence and a papain-like
domain and those that are expressed during the intraerythro-
cytic stage may be present in the PV. Whereas some are likely
to be active proteases, the active site cysteine has been replaced
with a serine in SERA5 and several other members of the fam-
ily, rendering them enzymatically non-active (Arisue et al. 2011;
Stallmach et al. 2015). Interestingly, over half of the identified
PV proteins were proteases or chaperones, indicating that pro-
tein folding and processing is likely to be an important aspect of
the PV. In addition, merozoite surface proteins MSP7 and mem-
bers of the MSP3 family were identified, although this may re-
flect a step in the formation of protein complexes on the mero-
zoite surface rather than a function of these proteins in the
PV itself. This study identified PfPV1, which was later shown
to be an essential PV protein (Chu, Lingelbach and Przyborski
2011) and found to associate with the PTEX (Elsworth et al. 2016),
although its function remains unknown. Other known soluble
PV proteins include the merozoite surface proteins S-antigen
(Culvenor and Crewther 1990), GLURP (Borre et al. 1991) (which
are encoded in the same genetic region as theMSP3 familymem-
bers) and ABRA (MSP9) (Stahl et al. 1986; Chulay et al. 1987), and
the proteases SERA6, an active cysteine protease (Ruecker et al.
2012), and SUB1, a subtilisin-like protease. Whereas all other PV
proteins listed here are transported to the PV through the se-
cretory pathway, SUB1 is released from exonemes, which are
specialized secretory organelles that release their contents into
the PV in a protein kinase G-dependent manner at a very late
stage in the intraerythrocytic cycle (Yeoh et al. 2007; Collins et al.
2013b).

EXP1, EXP2 and members of the ETRAMP family are the only
well-established PVM proteins (Simmons et al. 1987; Johnson et
al. 1994; Spielmann, Fergusen and Beck 2003; Spielmann et al.
2006), and of these, only EXP2 can be assigned a function, as de-
scribed above, although EXP1 may function as a glutathione S
transferase (Lisewski et al. 2014).

The large fraction of PV proteins that function in the pro-
cessing of other proteins, either through proteolysis or protein
folding, may reflect the need for exported proteins to be un-
folded prior to export (Gehde et al. 2009) and the extensive pro-
cessing of protein complexes on the merozoite surface. Poten-
tially, the main function of the PVM is to retain SUB1 and other
PV enzymes in a small volume to promote the rapid matura-
tion of other soluble PV, PMV and merozoite surface proteins.
It is also possible that the cytosol of the erythrocyte is a less-
than-hospitable environment from which the parasite needs to
be shielded and that Theileria spp. and Babesia spp. have evolved
mechanisms to counteract the damaging effects of this environ-
ment. The phenotype of a mutant Plasmodium parasite that es-
capes the PV following invasion would provide great insight into
the role of the PV.

THE TUBOVESICULAR NETWORK
The TVN is the least defined and most poorly understood part
of the exomembrane system. For the purpose of this review, it
is defined as the membranous compartment that is contiguous
with the PVM but that is not positioned adjacent to the para-
site plasma membrane. The TVN is most often detected as a
loop that protrudes from the PVM into the erythrocyte cytosol. In
EM images (for example, see Kara et al. 1988; Elford, Cowan and
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Ferguson 1995, 1997), it can frequently be detected as a nearly
complete loop that encircles hemoglobin, although it is not clear
from these 2D images whether it forms a complete sphere in
which hemoglobin is trapped. EM images of parasites released
by osmotic lysis from the erythrocyte often reveal a long, slen-
der protrusion from the PVM, possibly indicating that the loop
is not fully folded back on itself (Elford, Cowan and Ferguson
1995). Whereas these experiments indicate that there is a phys-
ical connection between the PVM and the TVN membrane, the
presence of a continuous lumen is less clear. Soluble PV-targeted
GFP in some cases also labels the TVN (Wickham et al. 2001;
Adisa et al. 2003), indicating a direct connection, and FRAP exper-
iments revealed that in some instances the fluorescence signal
in the TVN can be recovered although in other cases no recov-
ery was detected, even within the same sample (Wickham et al.
2001; Adisa et al. 2003). EM images revealed a possible constric-
tion at the junction of the PVM and the TVN (Elford, Cowan and
Ferguson 1995). How this relates to the inconsistency in the re-
sults of the FRAP experiments is not clear; possibly there are
changes in the properties of the TVN and its connection to the
PVM as the intracellular parasite matures.

The TVN was first visualized by fluorescence microscopy
by Haldar and colleagues using fluorescent ceramide analogs
(Behari and Haldar 1994; Lauer et al. 1997). The TVN appears to
contain high levels of sphingolipids, as this organelle is brightly
stained after the addition of fluorescent ceramide, and remains
stained even after back extraction (Haldar et al. 1991), leaving
only the fluorescent ceramide that has been converted to sphin-
gomyelin. However, ceramide also readily stains other intraery-
throcytic organelles, such as theMCs, and is often used as a gen-
eral membrane stain.

Inhibitors of sphingomyelin synthesis induce dissipation of
the TVN and a decrease in the uptake of nutrients (Lauer et al.
1997). This has been interpreted to indicate that the TVN plays
an important role in nutrient uptake. As the inhibitor treat-
ment was performed over a long period (12 h), it is possible
that other processes in the parasite were also affected, indepen-
dently adding to the decrease in nutrient uptake. Hence, the role
of the TVN in the uptake of nutrients requires further investiga-
tion.

Study of the TVN has been hampered by the lack of dis-
tinct protein markers. EXP1 and EXP2 are present on the TVN
(Kara et al. 1988; Johnson et al. 1994; Lauer et al. 1997; Fischer
et al. 1998), but as these markers also visualize the PVM, their
utility as TVN markers is limited. The protein PFC0435w (also
known as parasite-infected erythrocyte surface protein (PIESP1))
was initially localized to the surface of the host erythrocyte (Flo-
rens et al. 2004), but a PFC0435w-GFP fusion was detected at the
junction of the PVM and the TVN (van Ooij et al. 2008). This
protein contains a fringe-like domain characteristic of proteins
involved the transfer of glycosyl residues (Yuan et al. 1997).
Fringe-like proteins are generally secreted and play important
signaling roles in development in higher eukaryotes (Takeuchi
and Haltiwanger 2010) and the formation of lipooligosaccha-
ride in bacteria (Sirisena et al. 1992; Chen and Coleman 1993).
PFC0435w may therefore play an important role in signaling in
the PVM or in the modification of merozoite surface proteins.
The presence of GFP at the C terminus in the fusion protein
may obscure a potential ER-retention signal (TDEL) in the C ter-
minus of the protein (Raykhel et al. 2007), although the C ter-
mini of PFC0435w orthologs in other Plasmodium spp. fit the con-
sensus for an ER retention signal much less (the C termini of
the P. knowlesi and P. chaubaudi orthologs are EAGEL and YN-
TEL, respectively), indicating that the protein may not be re-

tained in the ER. The apparent essentiality of the gene encoding
PFC0435w in P. falciparum (Maier et al. 2008) and P. berghei (van
Ooij et al. 2008) indicates that this protein performs an important
function, but this has also prevented the genetic investigation of
a potential role in TVN formation or maintenance. Furthermore,
the exported protein PFD0495c was reported to have a role in the
acquisition of phospholipids for the TVN (Tamez et al. 2008), but
this appears not to be an essential role as parasites lacking the
PFD0495c gene are viable (Maier et al. 2008).

The function of the TVN thus remains unresolved, and the
lack of specific markers to visualize this organelle provides an
obstacle to further study. Potentially it forms a reservoir of lipids
for the expanding PVM or it may have a function in sensing the
conditions within the erythrocyte. It has also been suggested
that it increases the surface area facing the erythrocyte cytosol
and thereby increases nutrient uptake (Lingelbach and Joiner
1998). As the TVN is an elaborate structure with a distinct mor-
phology, there must be a dedicated set of proteins that build
andmaintain this organelle. While challenging, identification of
these proteins will allow this important organelle to be investi-
gated in much greater detail.

MAURER’S CLEFTS
The initial observation of host cell modification by Plasmod-
ium parasites was made by George Maurer, who detected stain-
ing within infected erythrocytes outside of the parasite (Maurer
1902). These modifications, the MCs, are the most striking and
best characterized—molecularly as well as functionally—part of
the exomembrane system. The first detailed examination of the
MCs was provided by Trager, Rudzinska and Bradbury (1966) in
EM images of blood from individuals infected with P. falciparum,
in which they detected ‘narrow clear clefts bounded on each
side by two unit membranes’ in the erythrocyte cytosol. MCs are
membranous compartments of 500–600 nm in length. Morphol-
ogy varies between parasite strains, although in most isolates
the MCs are single membranous compartments with a lumen
that appears less dense than the erythrocyte cytosol. MCs are
normally present underneath the erythrocyte membrane, but,
despite their name, are not connected to the extracellular space.
Initially they were thought to be cast-off parts of the limiting
membrane, but they have since been shown to form a central
component of the system that transports parasite proteins to
the erythrocyte surface.

Formation of MCs

A ground-breaking study by Grüring et al. (2011) that imaged
infected erythrocytes in 3D over the entire intraerythrocytic
lifecycle showed that the MCs, contrary to earlier beliefs, are
made very early after invasion, from which point on the num-
ber of MCs remains constant at around 15 per infected ery-
throcyte; multiply-infected erythrocytes contain ‘proportionally
more clefts’ (Cooke et al. 2006). Early MCs contain only some of
the markers that are associated with mature MCs (for example
REX1, but not SBP1), indicating that there must be transfer of
proteins from the parasite to the MCs after the MCs have been
formed (Grüring et al. 2011). Early speculation that the MCs re-
main connected to the PVM throughout the intraerythrocytic
cycle, based on EM images of serial sections of infected ery-
throcytes (Wickert et al. 2003), was resolved by careful tomogra-
phy showing thatMCs are separate, unconnected compartments
(Hanssen et al. 2008b) and that little transfer of contents between
MCs occurs (Grüring et al. 2011).
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In parasites that have lost REX1 (Hanssen et al. 2008a; Dixon et
al. 2011; McHugh et al. 2015) or the region of chromosome 9 that
encodes REX1 through REX 4 (such as in the D10 strain of P. falci-
parum; Day et al. 1993) theMCs appear asmultiple, stacked discs.
Similar stacked MCs are detected in the Saint Lucia strain of P.
falciparum (Aikawa et al. 1986). That REX1 is present in MCs from
a very early time point (Grüring et al. 2011) may indicate that it
plays an important part in formation of the compartments.

Interaction of MCs with the host cytoskeleton

For the first 20–24 h of the intraerythrocytic lifecycle, the MCs
are present as motile compartments, after which they attach
to the cytoskeleton and remain immobile (Grüring et al. 2011).
Several MC resident proteins bind to proteins in the erythrocyte
cytoskeleton, including SBP1, which binds the cytoskeletal pro-
teins 4.1R and spectrin (Blisnick et al. 2000; Kats et al. 2015) and
Pf332, which binds actin (Waller et al. 2010). In parasites lack-
ing SBP1, MCs are slightly thinner and lie slightly further from
the erythrocyte membrane, but there are no gross alterations in
their morphology (Cooke et al. 2006; Maier et al. 2007; Kats et al.
2015). Furthermore, SBP1 is already present on the MC when it
is still motile (Grüring et al. 2011), so additional factors must be
required for the attachment to the cytoskeleton. In contrast, in
the absence of Pf332 the number of MCs decreases while the size
of the MCs increases and they become stacked (Glenister et al.
2009).

One protein that may form the link between MCs and the
cytoskeleton is MAHRP2. This protein is detected in an electron
dense tether of approximately 100–200 nm in length and awidth
of 30–50 nm that appears to connect the MC to the erythro-
cyte cytoskeleton or membrane (Pachlatko et al. 2010). A sim-
ilar tether was detected in electron tomography studies of in-
fected erythrocytes (Hanssen et al. 2008b). In the initial report
describing MAHRP2, the protein was detected from the tropho-
zoite stage onwards, making it tempting to speculate that it is
the appearance of MAHRP2 (and potentially other proteins of
the tether) on the MC that tethers the MC to the cytoskeleton,
thereby allowing the initiation of protein transport to the sur-
face. However, a more recent report has shown that MAHRP2
is already present in young rings and colocalizes with the MC
marker REX1, although in the early stages, not all the MCs that
contain REX1 also contains MAHRP2 (McMillan et al. 2013). The
inability to disrupt the gene encoding MAHRP2 has hampered
further investigations, but does indicate the important role of
this protein (Pachlatko et al. 2010). In addition, deletion of the
gene encoding PfPTP1, an MC-resident protein that interacts
with several otherMC resident protein, affects the actin network
in the host erythrocyte and also leads to a severe change in the
morphology of the MCs, although the mutant parasites are vi-
able. Potentially PfPTP1 interacts with the cytoskeleton directly
or is required for the proper of transport of a protein (or proteins)
that mediates the attachment of the MCs to the actin cytoskele-
ton (Rug et al. 2014).

Sorting of proteins to the erythrocyte surface

The function of the MCs is thought to be the sorting of parasite
proteins to the erythrocyte surface. The first evidence for this
came when the loss of electron dense material surrounding the
MCs was noted in knob-less parasites, and a similar loss of elec-
tron dense material was seen at the schizont stage, when the
formation of knobs ends (Aikawa et al. 1986). Many parasite pro-
teins known to be transported to the surface or the cytoskeleton

of the infected erythrocyte are detected at the MCs, including
KAHRP (Wickham et al. 2001), PfEMP1 (Kriek et al. 2003; Wickert
et al. 2003) and members of the STEVOR (Kaviratne et al. 2002;
McRobert et al. 2004; Przyborski et al. 2005) and RIFIN families
(Khattab and Klinkert 2006). How the cargo of the MCs is sorted
and transported to the surface is unclear. In several mutants,
including those lacking REX1 (Dixon et al. 2011), SBP1 (Cooke et
al. 2006; Maier et al. 2007), Pf332 (Glenister et al. 2009) (although
this has been disputed; Hodder et al. 2009), MAHRP1 (Spycher et
al. 2008), PfPTP1 (Rug et al. 2014) or several uncharacterized pro-
teins whose genes were deleted in a large-scale study (Maier et
al. 2008), transport of PfEMP1 to the surface is blocked. Interest-
ingly, in the mutants lacking REX1, SBP1 or Pf332, KAHRP is still
transported to the surface, implying that the mutants likely af-
fect a pathway specific for PfEMP1. Several of the uncharacter-
ized proteins that play a part in the transport of PfEMP1 to the
surface are conserved in other Plasmodium species that do not
produce PfEMP1, and therefore must have a role broader than
transport of knob-specific cargo (Maier et al. 2008). The mecha-
nism of transport of transmembrane proteins from the MCs to
the erythrocyte surface remains unclear, although there may be
a role for the 25 nm vesicles that have been detected in close
proximity to the MCs, as described in more detail below.

In addition, a role for MCs during egress of the parasite has
been proposed. Decreasing the expression level of four families
of MC resident proteins, PfMC-2TM and three related families,
PfEPF1, PfEPF3 and PfEPF4, using a promoter competition ap-
proach resulted in an alteration in the release of themerozoites.
In contrast towild-type parasites,mature schizonts inwhich the
expression of these four families was downregulated did not re-
lease any additional parasites after an initial release of one to
three parasites through the pore that is produced at the time of
erythrocyte lysis (Mbengue et al. 2013). Hence, the erythrocyte
membrane may be modified by these MC resident proteins to
facilitate rapid release of the parasites (Glushakova et al. 2005;
Abkarian et al. 2011).

Essential functions of the MCs

No mutations that result in loss of MCs have been reported and
MCs, or organelles very similar to MCs, have been detected in all
Plasmodium species (Table 1) suggesting that MCs are essential
for intraerythrocytic growth, although several mutations lead to
altered morphology of MCs, as do certain hemoglobinopathies
(Cyrklaff et al. 2011). However, of the genes encodingMC proteins
that have been targeted only one, MAHRP2, has been refractory
to deletion (Pachlatko et al. 2010). The gene encoding PfD80 is
also refractory to deletion (Maier et al. 2008), but the initial local-
ization of PfD80 to MCs was indirect (Vincensini et al. 2005) and a
PfD80-GFP fusion associates with the erythrocyte cytoskeleton,
without any indication that it is associated with MCs (Tarr et al.
2014). Potentially, the exported proteins encoded by the genes
found to be refractory to deletion by Maier et al. (2008) may re-
side in the MC. The localization of MAHRP2 indicates that it may
play a part in attachment of the MCs to the cytoskeleton, as de-
scribed above, which may be essential for the transport of para-
site proteins to the erythrocyte surface.

It is not known which parasite proteins transported through
MCs are essential for parasite growth in vitro. Genes encoding
proteins involved in the increased adhesiveness of the infected
erythrocyte can be deleted readily, indicating that the increased
cellular adhesiveness mediated by PfEMP1 in knobs is not an es-
sential process in vitro, although in vivo this is likely to be very
important for survival in the host. Potentially, the critical factor
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required for parasite growth in vitro that is transported through
the MCs functions together with Clag3 to initiate nutrient im-
port. Clag3 does not require the PTEX export system to reach the
erythrocyte surface, but is not active on its own, as parasites that
lack active HSP101 and hence are unable to export proteins are
not sensitive to sorbitol (Beck et al. 2014) which requires active
PSAC activity (Nguitragool et al. 2011). This would fit the observa-
tion that Clag3 is present during the ring stage but infected cells
do not become sensitive to sorbitol until the trophozoite stage
(Saul, Graves and Edser 1990). As mutants that cannot transport
PfEMP1 to the surface are viable, the essential factor in the MCs
is unlikely to be transported via the same pathway as PfEMP1.

THE CAVEOLA-VESICLE COMPLEX
In erythrocytes infected with parasites of the P. vivax-type (in-
cluding P. vivax, P. simium and P. cynomolgi) or the P. ovale-type
(including P. ovale, P. simiovale and P. fieldi), caveoli-like compart-
ments are detected at the plasma membrane of the erythrocyte
(Table 1). The first detailed description of these was provided
in 1975 by Aikawa and colleagues through EM studies (Aikawa,
Miller and Rabbege 1975; Sterling et al. 1975). The CVC consists
of a cup-shaped invagination of the erythrocyte plasma mem-
brane (a caveola) with a diameter of about 90 nm that is sur-
rounded by small vesicles of about 50 nm. In many cases, the
base of the caveola is flattened and marked with an electron
dense material, whereas the vesicles are surrounded by small
fibrils (Aikawa,Miller andRabbege 1975). TheCVCs of P. cynomolgi
appear more extensive, with longer extensions than those in
P. vivax (Aikawa, Miller and Rabbege 1975). Early studies by To-
bie and Coatney (1961) using fluorescein-labeled globulins iso-
lated from an individual accidentally infected with P. cynomolgi
bastianellii showed that parasite-derived antigens were located
in a pattern reminiscent of Schüffner dots, and found a simi-
lar pattern in P. vivax-infected cells. A similar Schüffner-dot-like
pattern in P. vivax-infected erythrocytes was detected using a
monoclonal antibody called A20 in immunofluorescence assays,
whereas in EM studies, this antibody labels the CVC (Udagama
et al. 1988), providing further evidence that the CVCs give rise to
the Schüffner dot staining.

The caveola, but not the vesicles, is open to the extra-
cellular surroundings (Aikawa, Miller and Rabbege 1975). EM
and immunofluorescence studies showed that the caveola con-
tains parasite antigens (Matsumoto, Aikawa and Barnwell 1988;
Barnwell et al. 1990), and surface iodination experiments of P.
vivax-infected erythrocyte showed the presence of a 95 kDa pro-
tein on the surface of the infected erythrocyte (Barnwell et al.
1990). Determination of the localization of three different anti-
gens, including a 95 kDa protein, using monoclonal antibodies,
showed that two of the antigens (95 and a 70 kDa antigen) are
present almost exclusively in the CVC, with additional staining
in small vesicles in the cytosol. A third protein was detected not
only in the CVC, but also in the clefts (Barnwell et al. 1990). Lo-
calization in two different compartments indicates that trans-
port of proteins to the CVC may be directed through the clefts,
although further evidence for the formation of the CVC and its
connection to other organelles is lacking. In P. brasilium, a 137
kDa antigen present in the CVC was also detected in the mi-
cronemes, indicating that CVC proteins are already present dur-
ing the invasion process and the CVCs are made very soon af-
ter invasion of the erythrocyte (Torii et al. 1989). Similarly, the
95 kDa antigen is detected in P. cynomolgi-infected erythrocytes
at very early stages of the infection. This antigen remains the

only CVC protein that has been characterized at a molecular
level. It was shown to be a member of the PHIST family, a family
of exported Plasmodium proteins (Matsumoto, Aikawa and Barn-
well 1988; Barnwell et al. 1990; Sargeant et al. 2006; Akinyi et al.
2012). Curiously, this protein has orthologs in P. falciparum and
P. knowlesi, two species that do not produce CVCs. It was spec-
ulated that a less conserved central region of the protein is re-
sponsible for the different localization of the protein in the dif-
ferent species. Attempts to delete the gene encoding this protein
in P. cynomolgi were unsuccessful, indicating that this protein,
and perhaps the CVC, is essential (Akinyi et al. 2012).

The function and origin of the CVC remain unclear. It was ini-
tially speculated that they were endocytic vesicles derived from
host membranes (Aikawa, Miller and Rabbege 1975), although
another study suggested that the CVCmay be derived frompara-
sitemembranes (Sterling et al. 1975). Themembrane of the cave-
ola binds ferritin, which stains erythrocyte membranes but not
parasite membranes, so there is a host component to the CVC
(Aikawa, Miller and Rabbege 1975). Erythrocytes infected with
P. vivax and P. cynomolgi are enlarged compared to uninfected ery-
throcytes, making it tempting to speculate that the CVCs are the
conduit throughwhich the additionalmembrane that allows the
erythrocyte to expand is delivered (Sterling et al. 1975).

VESICLES
Two types of vesicles have been detected in the cytosol of in-
fected erythrocytes: 25 nm uncoated vesicles and 80 nm coated
vesicles. The 25 nmvesicles are detected almost exclusively near
the MCs, whereas the 80 nm vesicles have been detected mostly
free in the erythrocyte cytosol.

The 25 nm vesicles are likely to be intimately linked with
the MCs and play an important part in the transfer of mate-
rial from the clefts to the surface of the erythrocyte. EM studies
captured the apparent fusion of one of these vesicles with the
surface of the erythrocyte plasma membrane (Wickert et al.
2003), although no staining with anti-PfEMP1 serum was de-
tected (Hanssen et al. 2008b). It was suggested that the latter
finding may reflect the small size and hence low number of
PfEMP1 molecules, rather that the absence of PfEMP1 in these
vesicles.

In contrast to the 25 nm vesicles, the 80 nm vesicles are
coated and detected in the erythrocyte cytosol. These vesicles
have been detected in the cytosol of infected erythrocytes and
become more prominent after treatment with AlF4, an activa-
tor of G proteins (Crabb et al. 1997; Trelka et al. 2000; Taraschi et
al. 2001, 2003; McMillan et al. 2013). In those cells, the vesicles,
which were 70–100 nm in diameter, were present in chains of
coated vesicles. Taraschi et al. (2003) detected PfSarp1, PfSec31p,
PfEMP1 and PfNSF on these vesicles; the presence of PfEMP1 in
these vesicles was subsequently confirmed by McMillan et al.
(2013). PfSarp1 and PfSec31p had been reported to be present
in the erythrocyte cytosol previously (Albano et al. 1999; Adisa
et al. 2002), but more recent reports using GFP fusions revealed
that these proteins are present exclusively inside the parasite
(Adisa et al. 2007). Although the 80 nm vesicles were readily de-
tected in AlF4-treated cells, they were rare in untreated cells
(Taraschi et al. 2003). In contrast, Hanssen et al. (2010) detected
80 nm vesicles quite readily when imaging infected erythrocytes
using electron tomography and concluded that there are approx-
imately 10 per infected cell. They further noted that these vesi-
cles are absent in the D10 strain, which lacks the genes encoding
REX proteins and several other exported proteins. As the MCs in
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D10 parasites are more stacked, the absence of 80 nm vesicles in
this strain may indicate that they are part of the same pathway
as the MC formation pathway. Little is known about the cargo
of these vesicles. Taraschi and colleagues showed that PfEMP1
is present in the vesicles detected in AlF4-treated samples. If
these vesicles are related in someway to MC formation, they are
likely to contain a plethora of MC proteins, most likely proteins
that are destined for the surface of the erythrocyte rather than
structural proteins, as these would be expected to be included at
the formation of the MC. If this is indeed the case, identification
of the cargo could shed light on the modification of the host cell
by the parasite through the MC.

MOBILE COMPARTMENTS AND J DOTS
Whereas the compartments (other than the vesicles) described
above are considered to be relatively static, the cytosol of
the infected erythrocyte also contains highly mobile compart-
ments. The first visualizations of motile compartments came
when infected cells were stainedwith fluorescent phospholipids
(Gormley, Howard and Taraschi 1992). These compartments
were initially detected during the early ring stage and were pro-
posed to play a role in the transport of phospholipids, as they
were stained with exogenously supplied fluorescent phospho-
lipids. Hibbs and Saul (1994) were the first to characterize motile
compartments in detail; using acridine orange, they detected
small moving compartments in P. falciparum-infected erythro-
cytes. These were observed mostly during the mid-ring to late-
ring stages and appeared to be tethered, despite being fully
motile. Fluorescent microscopy did not allow an accurate esti-
mation of their size, but they were estimated to be no larger
than 0.1–0.2µm in diameter. Very similarmoving compartments
were detected in the cytosol of erythrocytes infected with para-
sites that produce GFP-labeled PFC0435w, the same GFP-fusion
protein that was detected in the neck region of the TVN (van
Ooij et al. 2008). Similar to the acridine orange-stained vesicles,
these motile compartments were detected primarily in the mid-
ring stage. Over the course of observation, they did not appear
to move in a specific direction and did not accumulate at the
periphery of the infected host cell. As this is the same GFP fu-
sion that was detected in the TVN, expressed under the control
of the calmodulin promoter, the same caveat about the putative
ER-retention signal applies. Endogenous PFC0435w is produced
during the trophozoite stage, and therefore it is unlikely to be
a normal component of these motile compartments, but could
nonetheless serve as a useful marker. In erythrocytes infected
with wild-type parasites and stained with Rhodamine B similar
motile compartments to those detected in erythrocytes infected
with PFC0435w-expressing parasites were detected, indicating
that these compartments are not induced by the expression of
the transgene (van Ooij et al. 2008).

Kulzer et al. (2010) have described a population of moving
compartments characterized by the presence of the P. falciparum
proteins PFE0055c and PFA0660w, two type II HSP 40 proteins
that had previously been predicted to be exported (Hiller et al.
2004; Marti et al. 2004; Sargeant et al. 2006). As these two proteins
contain a J domain, these compartments were named J dots. J
dots do not contain the MC markers KAHRP, STEVOR, PfEMP3
and SBP1, indicating that they are distinct compartments, but
low levels of PfEMP1 were detected in them. Careful analysis of
their velocity revealed that J dots move nearly five times faster
than acridine orange-stained compartments, and hence it was
concluded that these motile compartments are separate enti-
ties. Further supporting this notion is the finding that PFE0055c

and PFA0660w are produced throughout the entire intraerythro-
cytic lifecycle and that the peak fluorescence signal of PFE0055c
is seen at the trophozoite stage, different from the mid-ring
peak of the acridine orange-positive compartments. Interest-
ingly, both J dots and acridine orange-stained compartments
were shown to be expelled from lysing cells, indicating that nei-
ther compartment is tightly bound to a cytoskeleton or tethered
to the exomembrane system through a membranous connec-
tion(Kulzer et al. 2010). J dots were not stained with the mem-
brane dye BODIPY ceramide, and thus may not be surrounded
by a membrane, although decreasing the cholesterol content of
the cell increased the solubility of PFE0055c and PFA0660w. The
small size of the J dots may prevent sufficient quantities of dye
to be incorporated for visualization. Mobile compartments were
also detected by Knuepfer et al. (2005) who showed that a PfEMP1
chimera can be seenmoving rapidly through the erythrocyte cy-
tosol. Similar fast moving compartments have been detected in
P. chabaudi; analysis of the localization of a GFP-tagged version of
the inhibitor of cysteine proteases revealed a rapidmovement of
the compartment through the host erythrocyte (Pei et al. 2013).

The function of the various motile vesicles is unclear. As
the acridine orange-stained compartments are made early and
then disappear, they may play a part in the early parts of the
rebuilding of the host cell. The presence of PFC0435c in both
acridine orange-stained compartments and the TVN may indi-
cate a connection between these two compartments. As acridine
orange-stained compartments are present during a time when
the MCs are also motile, it is possible that they represent MCs
prior to their attachment to the cytoskeleton. In contrast, it has
been speculated that J dots transport cholesterol, as the com-
partments were partly solubilized by the removal of cholesterol
(Kulzer et al. 2010). The parasite scavenges cholesterol from the
host (Maguire and Sherman 1990; Coppens 2013) and sets up a
gradient of cholesterol from the erythrocyte plasma membrane
to the parasite itself (Tokumasu et al. 2014), so without a clear
membranous connection between the erythrocyte and the PVM,
the pathway for transport of cholesterol could involve proteina-
ceous carriers in the erythrocyte cytosol. However, thiswould re-
quire host-derived or parasite-derived cholesterol-binding pro-
teins to be part of the J dots, which has not been demonstrated.
The presence of PfEMP1 in J dots could alternatively indicate a
role in transport of transmembrane proteins. With the discov-
ery or development of additional markers, it should be possible
to gain further insight into the function of J dots.

DISCUSSION
While the exomembrane system is described here as individ-
ual compartments (Fig. 1), in all likelihood the various mem-
branous compartments of the Plasmodium-infected erythrocyte
interact closely and function either together or in some combi-
nation of parts. As an example of this, the TVN is contiguous
with the PVM, and the two compartment share markers, such
as EXP1 and EXP2 (Kara et al. 1988; Johnson et al. 1994; Lauer et
al. 1997; Fischer et al. 1998). Similarly, the 25 nm vesicles are al-
ways detected next to MCs, indicating a possible involvement in
the transport of proteins from the clefts to the surface of the ery-
throcyte. These vesicles are of roughly similar size to the vesicles
seen in the CVC, possibly indicating that the CVC may also be
involved in transporting proteins and phospholipids to the sur-
face of the erythrocyte. It is striking that amarker of the CVC has
orthologs in species in which no CVC has been detected (Akinyi
et al. 2012).
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Figure 3. Model of host cell modification through the exomembrane system. (A) In newly invaded (young) parasites, the parasite is surrounded by a PVM that contains
indentations (forming the ‘necklace of beads’). Protein export and nutrient uptake occurs through EXP2. MCs are still mobile and a prominent TVN is present. Clag3
is exported but nutrient uptake through the PSAC does not yet occur. (B) After 20–24 h, hemoglobin uptake through the cytostome initiates and the MCs become
tethered to the cytoskeleton or erythrocyte membrane through MAHRP2, allowing transport of membrane proteins from the MC to the surface of the erythrocyte.
Transmembrane proteins are transported through the erythrocyte cytosol to the MCs by J dots. Transfer of proteins from the MCs to the erythrocyte surface occurs via
25 nm vesicles. (C) As the parasite matures, all the MCs become tethered, knobs are formed and an accessory factor for Clag3 is exported to activate the PSAC.

Some of the reportedly distinct membrane-bound structures
described in this reviewmay in fact represent the same compart-
ment. As they have been described using different techniques
and different molecular markers, a compartment may appear
different in alternate studies. Markers of the MCs are initially
present in mobile compartments, which may be the same as,
or related to, the acridine orange-stainedmobile compartments.
These in turnmay be identical to the PFC0435w-containing com-
partments, which, similar to MCs prior to attachment and the
acridine orange-stained compartments, are detected in the ring
stage, disappear at later stages and are motile. This possibil-
ity would be in line with the electron tomographic studies of
Hanssen et al.(2008b), which provided a detailed look at the in-
fected erythrocyte and did not detect the multitude of different
compartments that have been described; a caveat here is that
these studies relied on staining with BODIPY ceramide to visual-
ize the internal compartments, and some of the compartments
are apparently not visualized by this dye (Kulzer et al. 2010). The
acridine orange-stainedmobile compartments are, however, dif-
ferent from the J dots, as the timing of their presence and their
motile velocities are clearly different, but J dotsmay be the same
as the motile compartments that carry PfEMP1, as detected by
Knuepfer et al. (2005).

In a simplified model of the exomembrane system in in-
fected erythrocytes (Fig. 3), the parasite induces formation of
the nascent PV during entry of the erythrocyte. This occurs
through the invagination of the hostmembrane, with or without
the addition of parasite phospholipids to the host membrane.
After the PVM separates from the erythrocyte plasma mem-
brane, further expansion of the PVM is mediated by addition of
parasite-derived phospholipids. The mechanism of transfer of
these phospholipids to the growing PVM is unclear, but may in-
volve transfer by phospholipid transfer proteins and/or storage
of phospholipids in the TVN. In this model, we also propose that
EXP2 is released from the parasite soon after invasion and in-
serts into the PVM to allow for protein export and, based on its
ability to complement T. gondii GRA17mutants, nutrient uptake,
although this has not be experimentally demonstrated in Plas-

modium spp. Very early after infection, the MCs are formed, re-
sulting in motile compartments that have also been detected as
acridine orange-stained compartments and PFC0435w-positive
compartments (Fig. 3A). The MCs bind to the cytoskeleton of the
host cell during the early trophozoite stage (20–24 h post inva-
sion), possibly through the accumulation of MAHRP2 or synthe-
sis of another parasite protein and the subsequent formation
of tethers, and then become immobile (Fig. 3B). The stationary
MCs then mediate the transfer of parasite proteins to the host
cell, possibly using the 25 nmvesicles to transport cargo proteins
to the surface. The timing of the anchoring of the MCs is con-
comitant with the first appearance of parasite proteins on the
surface of the erythrocyte. PfEMP1 synthesis starts at approx-
imately 16 h post-infection (Kyes, Pinches and Newbold 2000),
but does not appear on the surface until about 6 h later (Gard-
ner et al. 1996). Members of the RIFIN and the STEVOR fami-
lies, proteins that contain two transmembrane domains, are also
transported to the surface of the erythrocyte and are produced
at approximately the same time as PfEMP1 (Kyes, Pinches and
Newbold 2000). As the MCs are well established at this time,
these proteins cannot be inserted into newly forming MCs, but
instead require a system for transport through the aqueous en-
vironment of the erythrocyte. Movement of J dots, which con-
tain chaperones (Kulzer et al. 2012), could be a potential mech-
anism for this. The heat shock proteins in J dots may play a
role in the folding and membrane insertion of transmembrane
proteins or the stabilization of these proteins in the absence
of a membrane, as no BODIPY-ceramide staining was detected
in these compartments. If EXP2 indeed is the portal through
which exported proteins with a transmembrane domain cross
the PVM, this has important implications for models of the
transport of these proteins to the surface of the erythrocyte. The
hemolysins to which EXP2 are related are very different trans-
porters than the Sec61 family of transporters that are involved in
transport of transmembrane proteins into the ER and the inser-
tion of these proteins into the membrane. In contrast to Sec61,
hemolysin E is not known to open to the lipid bilayer to release
proteins. Therefore, there is no obvious mechanism by which
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transmembrane proteins can partition into the lipid bilayer of
the PVM during translocation through EXP2 and hence these
proteins would be deposited in their entirety into the erythro-
cyte cytosol. The hydrophobic transmembrane domains would
likely require chaperones, either host derived, parasite derived
or both, during translocation to the MCs; it is possible that
the chaperones in the J dots perform this function (Kulzer et
al. 2012). There is evidence that PfEMP1, an exported protein
with transmembrane spanning regions, is not in a membrane-
bound form in the erythrocyte cytosol, giving further credence
to the idea that such proteins are transported in a solubilized
state (Knuepfer et al. 2005; Papakrivos, Newbold and Lingelbach
2005). Investigation of the potential association of additional
transmembrane-containing proteins with J dots will allow for
further insight into the transportmechanism of this class of pro-
teins. The finding that fast-moving particles are also detected in
host cells infected with P. chabaudi indicates that these compart-
ments may be involved in protein transport in many species of
Plasmodium (Pei et al. 2013).

One element that is clearly missing from this description
of the transport mechanisms in the exomembrane system is a
mechanism for fusion and budding of membranes. No known
fusion proteins are currently thought to be exported, despite ear-
lier reports (Adisa et al. 2001, 2002, 2007; Taraschi et al. 2003). It is
possible that the host erythrocyte retains sufficient membrane
fusion machinery for the parasite to utilize, or that a divergent
fusion system is created by the parasite that has escaped detec-
tion so far. Alternatively, as suggested in the simplified model
(Fig. 3), it is conceivable that after budding of the vesicles that
form the MCs soon after entry, no further vesicles are formed
(with the exception of the 25 nm vesicles) and proteins, includ-
ing transmembrane proteins, are transported to the MCs by J
dots without the need for vesicle formation.

Many questions remain outstanding regarding the forma-
tion of the exomembrane system and the flow of membranes
in the infected cell. As membranes and phospholipids are gen-
erally more difficult to study than proteins, greater understand-
ing of the membrane system is most likely to come from ge-
netic manipulation of the parasites. With the recent adaptation
of the Cas9 system for use in Plasmodium parasites (Ghorbal et
al. 2014; Lee and Fidock 2014; Wagner et al. 2014; Zhang et al.
2014; de Koning-Ward, Gilson and Crabb 2015) and new systems
to regulate gene expression (Pino et al. 2012; Collins et al. 2013a;
Prommana et al. 2013; Goldfless, Wagner and Niles 2014), the
means available to investigate the formation and function of the
exomembrane system has greatly improved. Undoubtedly there
remainmany aspects of the exomembrane system left to be dis-
covered and the resulting insights into the biology of Plasmodium
infection of its host erythrocyte will be invaluable.
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croscopy of Schüffner’s dots in Plasmodium vivax-infected hu-
man erythrocytes. Am J Pathol 1988;131:48–52.

van Ooij C, Tamez P, Bhattacharjee S et al. The malaria secre-
tome: from algorithms to essential function in blood stage
infection. PLoS Pathog 2008;4:e1000084.

van Ooij C, Withers-Martinez C, Ringel A et al. Identification of
a Plasmodium falciparum phospholipid transfer protein. J Biol
Chem 2013;288:31971–83.

VanWye JD, Haldar K. Expression of green fluorescent protein in
Plasmodium falciparum. Mol Biochem Parasit 1997;87:225–9.

Vaughan AM, Mikolajczak SA, Wilson EM et al. Complete Plas-
modium falciparum liver-stage development in liver-chimeric
mice. J Clin Invest 2012;122:3618–28.

Vincensini L, Richert S, Blisnick T et al. Proteomic analysis
identifies novel proteins of the Maurer’s clefts, a secretory



Sherling and van Ooij 721

compartment delivering Plasmodium falciparum proteins to
the surface of its host cell. Mol Cell Proteomics 2005;4:582–93.

Wagner JC, Platt RJ, Goldfless SJ et al. Efficient CRISPR-Cas9-
mediated genome editing in Plasmodium falciparum. Nat
Methods 2014;11:915–8.

Waller KL, Stubberfield LM, Dubljevic V et al. Interaction of the
exported malaria protein Pf332 with the red blood cell mem-
brane skeleton. Biochim Biophys Acta 2010;1798:861–71.

Ward GE, Miller LH, Dvorak JA. The origin of parasitophorous
vacuole membrane lipids in malaria-infected erythrocytes.
J Cell Sci 1993;106:237–48.

Wendt C, Rachid R, de Souza W et al. Electron tomography char-
acterization of hemoglobin uptake in Plasmodium chabaudi re-
veals a stage-dependent mechanism for food vacuole mor-
phogenesis. J Struct Biol 2016;194:171–9.

Werner-Meier R, Entzeroth R. Diffusion of microinjected mark-
ers across the parasitophorous vacuole membrane in cells
infected with Eimeria nieschulzi (Coccidia, Apicomplexa). Par-
asitol Res 1997;83:611–3.

WHO. World Malaria Report 2014. Geneva: World Health Organi-
zation, 2014.

Wickert H, Krohne G. The complex morphology of Maurer’s
clefts: from discovery to three-dimensional reconstructions.
Trends Parasitol 2007;23:502–9.

Wickert H, Wissing F, Andrews KT et al. Evidence for trafficking
of PfEMP1 to the surface of P. falciparum-infected erythrocytes
via a complex membrane network. Eur J Cell Biol 2003;82:
271–84.

WickhamME, Culvenor JG, Cowman AF. Selective inhibition of a
two-step egress of malaria parasites from the host erythro-
cyte. J Biol Chem 2003;278:37658–63.

Wickham ME, Rug M, Ralph SA et al. Trafficking and assem-
bly of the cytoadherence complex in Plasmodium falciparum-
infected human erythrocytes. EMBO J 2001;20:5636–49.

Wirth CC, Glushakova S, Scheuermayer M et al. Perforin-like pro-
tein PPLP2 permeabilizes the red blood cell membrane dur-
ing egress of Plasmodium falciparum gametocytes. Cell Micro-
biol 2014;16:709–33.

Wu Y, Kirkman LA, Wellems TE. Transformation of Plasmodium
falciparum malaria parasites by homologous integration of
plasmids that confer resistance to pyrimethamine. P Natl
Acad Sci USA 1996;93:1130–4.

Wu Y, Sifri CD, Lei HH et al. Transfection of Plasmodium falci-
parum within human red blood cells. P Natl Acad Sci USA
1995;92:973–7.

Xie SC, Dogovski C, Hanssen E et al. Haemoglobin degra-
dation underpins the sensitivity of early ring stage Plas-
modium falciparum to artemisinins. J Cell Sci 2016;129:
406–16.

Yayon A, Timberg R, Friedman S et al. Effects of chloroquine
on the feeding mechanism of the intraerythrocytic hu-
man malarial parasite Plasmodium falciparum. J Protozool
1984;31:367–72.

Yeoh S, O’Donnell RA, Koussis K et al. Subcellular discharge of
a serine protease mediates release of invasive malaria para-
sites from host erythrocytes. Cell 2007;131:1072–83.

Yuan YP, Schultz J, Mlodzik M et al. Secreted fringe-like sig-
naling molecules may be glycosyltransferases. Cell 1997;
88:9–11.

Zhang C, Xiao B, Jiang Y et al. Efficient editing of malaria par-
asite genome using the CRISPR/Cas9 system. MBio 2014;5:
e01414–4.

Zhou HC, Gao YH, Zhong X et al. Dynamin like protein 1 par-
ticipated in the hemoglobin uptake pathway of Plasmodium
falciparum. Chin Med J 2009;122:1686–91.

Zuccala ES, Baum J. Cytoskeletal and membrane remodelling
during malaria parasite invasion of the human erythrocyte.
Brit J Haematol 2011;154:680–9.



*For correspondence:Mike.

Blackman@crick.ac.uk (MJB);

Christiaan.vanOoij@crick.ac.uk

(CvO)

Competing interests: The

authors declare that no

competing interests exist.

Funding: See page 19

Received: 12 November 2016

Accepted: 26 February 2017

Published: 02 March 2017

Reviewing editor: Dominique

Soldati-Favre, University of

Geneva, Switzerland

This is an open-access article,

free of all copyright, and may be

freely reproduced, distributed,

transmitted, modified, built

upon, or otherwise used by

anyone for any lawful purpose.

The work is made available under

the Creative Commons CC0

public domain dedication.

The Plasmodium falciparum rhoptry
protein RhopH3 plays essential roles in
host cell invasion and nutrient uptake
Emma S Sherling1,2, Ellen Knuepfer3, Joseph A Brzostowski4, Louis H Miller2,
Michael J Blackman1,5*, Christiaan van Ooij1*

1Malaria Biochemistry Laboratory, The Francis Crick Institute, London, United
Kingdom; 2Laboratory of Malaria and Vector Research, National Institute of Allergy
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3Malaria Parasitology Laboratory, The Francis Crick Institute, London, United
Kingdom; 4Laboratory of Immunogenetics Imaging Facility, National Institute of
Allergy and Infectious Diseases, National Institutes of Health, Rockville, United
States; 5Department of Pathogen Molecular Biology, London School of Hygiene &
Tropical Medicine, London, United Kingdom

Abstract Merozoites of the protozoan parasite responsible for the most virulent form of
malaria, Plasmodium falciparum, invade erythrocytes. Invasion involves discharge of rhoptries,
specialized secretory organelles. Once intracellular, parasites induce increased nutrient uptake by
generating new permeability pathways (NPP) including a Plasmodium surface anion channel (PSAC).
RhopH1/Clag3, one member of the three-protein RhopH complex, is important for PSAC/NPP
activity. However, the roles of the other members of the RhopH complex in PSAC/NPP
establishment are unknown and it is unclear whether any of the RhopH proteins play a role in
invasion. Here we demonstrate that RhopH3, the smallest component of the complex, is essential
for parasite survival. Conditional truncation of RhopH3 substantially reduces invasive capacity.
Those mutant parasites that do invade are defective in nutrient import and die. Our results identify
a dual role for RhopH3 that links erythrocyte invasion to formation of the PSAC/NPP essential for
parasite survival within host erythrocytes.
DOI: 10.7554/eLife.23239.001

Introduction
Parasites of the genus Plasmodium are the causative agents of malaria, a disease that claims nearly
600,000 lives each year (WHO, 2014). Of the five Plasmodium species that infect humans, Plasmo-
dium falciparum is responsible for nearly all the mortality associated with malaria. The disease is the
result of asexual replication of the parasite in erythrocytes. For approximately the first half of the 48
hour P. falciparum intraerythrocytic life cycle, the parasite exists in a mononuclear trophozoite form
(the earliest stages of which are generally referred to as ring stages), during which the parasite
grows rapidly. During this phase, P. falciparum-infected erythrocytes gain the capacity to adhere to
host vascular endothelium, a process that depends on the export of parasite proteins to form adhe-
sive structures called knobs at the host erythrocyte surface. Nuclear division then commences, initiat-
ing differentiation into a schizont (a process called schizogony). This multinucleated form eventually
undergoes segmentation to form invasive merozoites that egress upon rupture of the infected eryth-
rocyte to invade new erythrocytes.

Egress and erythrocyte invasion involves the regulated discharge of several sets of apical merozo-
ite secretory organelles that are unique to apicomplexan parasites. The largest of these organelles,
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called rhoptries, contain several proteins involved in adhesion to the host cell. Rhoptries are also

thought to mediate formation of the nascent parasitophorous vacuole (PV), a membranous compart-

ment that surrounds the parasite after entry has been completed (Carruthers and Sibley, 1997;

Counihan et al., 2013). Despite the importance of rhoptries in invasion and subsequent host cell

remodeling, a detailed understanding of the function of many rhoptry proteins is lacking. Rhoptries

comprise at least two subdomains (Counihan et al., 2013) referred to as the rhoptry neck and the

rhoptry bulb. The contents of these subdomains likely mediate different functions, as reflected by

evidence suggesting that they are released sequentially during invasion (Zuccala et al., 2012). Pro-

teins of the rhoptry neck are well conserved between Plasmodium spp. and the related apicom-

plexan parasite Toxoplasma gondii, suggesting conserved functions (Counihan et al., 2013;

Proellocks et al., 2010). In contrast, proteins of the rhoptry bulb appear to be genus-specific, per-

haps reflecting functions unique to each parasite (Counihan et al., 2013). A function for several

P. falciparum rhoptry bulb proteins has been proposed, such as a role for a protein called RAMA in

transport of proteins to the rhoptry (Richard et al., 2009), but the inability to produce mutants lack-

ing these proteins has precluded conclusive assignments of function (Kats et al., 2006). Hence, the

molecular functions of most rhoptry proteins remain unknown.
One component of the P. falciparum rhoptry bulb that has received particular attention is the so-

called high molecular weight (HMW) rhoptry or RhopH complex, which consists of three proteins

called RhopH1/Clag, RhopH2, and RhopH3 (Cooper et al., 1988; Holder et al., 1985a). Whilst

RhopH2 and RhopH3 are each encoded by single-copy genes, RhopH1/Clag, the largest component

of the complex, exists in five isotypes encoded by separate genes entitled clag2, clag3.1, clag3.2,

clag8 and clag9 (Kaneko et al., 2001, 2005). RhopH1/Clag3.1 and RhopH1/Clag3.2 are nearly iden-

tical proteins that are expressed in a mutually exclusive manner (Chung et al., 2007;

Comeaux et al., 2011; Cortés et al., 2007). Each RhopH complex contains only one form of

RhopH1/Clag (Kaneko et al., 2005), so each parasite has the potential to produce four different

RhopH complexes, differentiated by the particular RhopH1/Clag isotype bound. All members of the

RhopH complex are expressed late in the intraerythrocytic cycle (Cooper et al., 1988). The complex

eLife digest Malaria is a life-threatening disease that affects millions of people around the
world. The parasites that cause malaria have a complex life cycle that involves infecting both
mosquitoes and mammals, including humans. In humans, the parasites spend part of their life cycle
inside red blood cells, which causes the symptoms of the disease. In order to survive and multiply,
malaria parasites need to make the red blood cell more permeable so that it can absorb nutrients
from the blood stream and get rid of the toxic waste products they generate.

It remains unclear how the parasites do this, but previous research has shown that the parasites
produce channel-like proteins that make red blood cells more permeable to nutrients. One of the
proteins involved in this process forms part of a complex with two other proteins, called RhopH2
and RhopH3. It is not known what these other two proteins do, and whether they are necessary for
creating the new nutrient channels.

Sherling et al. studied the RhopH3 protein to see if it is required to make red blood cells more
permeable. The experiments used a genetically modified version of the parasite, in which RhopH3
no longer interacted with the two other proteins. The findings show that RhopH3 has two important
roles: first, parasites need it to invade the red blood cells, and second, parasites cannot get
nutrients into the red blood cell without RhopH3.

Most antimalarial drugs work by preventing parasite replication in red blood cells, but parasites
are becoming increasingly resistant to these drugs. Understanding which proteins allow parasites to
invade and grow within blood cells will further the development of new malaria medication. The
next step will be to understand the molecular mechanisms by which RhopH3 promotes invasion and
subsequently facilitates nutrient uptake, and will help researchers to explore its potential as a drug
target.
DOI: 10.7554/eLife.23239.002
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is then released during invasion (Ling et al., 2003) and inserted into the nascent PV membrane
(PVM) soon after parasite entry (Ling et al., 2004; Sam-Yellowe et al., 1988).

Genetic and chemical genetic investigation has revealed a role for the RhopH1/Clag3 proteins in
the function of the Plasmodium surface anion channel (PSAC), a new permeability pathway (NPP)

induced in host erythrocytes following parasite entry and involved in nutrient acquisition by the intra-
cellular parasite (Nguitragool et al., 2011). Pharmacological inhibition of RhopH1/Clag3.2 function
was found to block PSAC/NPP activity, and selection for drug-resistant mutants revealed that part of

the protein is exposed at the surface of the erythrocyte and that it may form the channel itself
(Nguitragool et al., 2014; Sharma et al., 2015). However, parasites that do not produce either
RhopH1/Clag3.1 or RhopH1/Clag3.2 display only a small growth disadvantage (Comeaux et al.,

2011) and inhibition of the function of these proteins has only a small effect on parasite growth rates
in vitro (Pillai et al., 2012). Parasites lacking RhopH1/Clag9 are viable, and an early report sug-
gested that loss of the clag9 gene resulted in loss of binding to CD36 (Trenholme et al., 2000).

However, this has been disputed (Nacer et al., 2011), as a subsequent study identified another
gene closely linked to the clag9 gene that is important for CD36 binding (Nacer et al., 2015).

Hence, whilst the function of RhopH1/Clag9 remains to be determined, like RhopH1/Clag3.1 and
RhopH1/Clag 3.2, it is not essential. There are no reports describing a deletion, or attempted dele-
tion, of clag2 or clag8.

Much less is known of the function of the RhopH2 and RhopH3 components of the complex.
There is no report of attempted disruption of the rhopH2 gene, but the rhopH3 gene is refractory to
deletion in the haploid blood stages (Cowman et al., 2000), suggesting an essential role. Hints that

this might include a function in invasion derive from studies showing that antibodies to RhopH3 can
inhibit invasion (Cooper et al., 1988; Doury et al., 1994). However, whether RhopH3 plays other
essential roles that involve all forms of the RhopH complex is unknown.

Here we use a conditional mutagenesis approach to modify the rhopH3 gene in a manner that
prevents formation of the RhopH complex. The resulting mutant parasites show two distinct pheno-

types: a significant decrease in the level of erythrocyte invasion and a complete block in intracellular
development at the trophozoite stage. Our findings reveal that RhopH3 and the RhopH complex
have essential roles in two distinct stages of the erythrocytic lifecycle.

Results

Efficient conditional truncation of the rhopH3 gene
Previous attempts to disrupt the P. falciparum rhopH3 gene using conventional genetic techniques
were unsuccessful (Cowman et al., 2000), suggesting an indispensable role in asexual blood stages.
To gain insights into this role we therefore adopted the DiCre conditional recombinase system

recently adapted to P. falciparum (Collins et al., 2013) to examine the consequences of functional
inactivation of RhopH3. For this, we used Cas9-mediated genome editing (Ghorbal et al., 2014) to
introduce synthetic introns containing loxP sites (Jones et al., 2016) into the rhopH3 gene such that

they flanked an internal region spanning exons 4–6, the region of the gene that shows the highest
level of conservation across Plasmodium rhopH3 orthologs (Figure 1A, Figure 1—figure supple-

ment 1). This genomic modification was made in the DiCre-expressing P. falciparum 1G5DC parasite
clone (Collins et al., 2013) in order that excision of the floxed sequence could be induced by treat-
ment of the transgenic parasites with rapamycin. DiCre-mediated excision was predicted to gener-

ate an internally-truncated mutant form of rhopH3 lacking its most highly conserved region.
Successful modification of the rhopH3 gene in the transfected parasite population following intro-

duction of the targeting vector was confirmed by diagnostic PCR (not shown). Subsequent limiting

dilution cloning of the modified parasites resulted in the isolation of parasite clones rhopH3-loxP
5F5 and rhopH3-loxP 4B11, which were derived from independent transfections using different
guide RNAs. Modification of the native rhopH3 locus in the expected fashion was confirmed in both

parasite clones by diagnostic PCR and Southern blot (Figure 1B and Figure 1C). Both clones dis-
played RhopH3 expression levels and in vitro replication rates indistinguishable from the parental

1G5DC parasites (Figure 1—figure supplement 2), indicating that the modified rhopH3 gene gen-
erated wild type levels of RhopH3 and that the modifications had no impact on parasite viability.
The clones were therefore used for all subsequent experiments.
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Figure 1. Conditional truncation of the rhopH3 gene. (A) The rhopH3 gene comprises seven exons (numbered grey boxes) and six introns (blue lines).

Using Cas9-mediated recombination, the region spanning introns 3 to 6 was replaced with two loxP-containing (purple open arrowhead) P.

falciparum introns (SERA2 (orange line) and sub2 (green line)) flanking a recodonized and fused version of exons 4 to 6 (exon 4–6, green box).

Integration of this sequence by homologous recombination was promoted by the addition of sequences of exon 3 and 7 to either side of the introns.

Colored arrowheads, primer binding sites. B, S and X, BsgI, SacI and XmnI restriction sites. Dotted line, probe used for Southern blotting. Rapamycin-

induced site-specific recombination between the loxP sites removes the recodonized exon 4–6. (B) PCR analysis of rhopH3-loxP clones 5F5 and 4B11

confirms the expected gene modification event. Genomic DNA from parental 1G5DC (WT) parasites or the clones was used as template for PCR using

the indicated primers (see panel A). Numbers between the arrowheads indicate the expected size of the amplicon. (C) Southern blot analysis of

parental 1G5DC (WT) and the rhopH3-loxP parasite clones confirms the expected modification of the rhopH3 locus. Genomic DNA was digested with

BsgI, SacI and XmnI and hybridized with a radiolabeled probe that binds to part of exon 3 (dotted line in panel A). Expected fragment sizes

are 3016 bp for the WT rhopH3 locus and 3349 bp for the rhopH3-loxP locus. (D) Efficient rapamycin-induced truncation of the rhopH3 gene.

Clones rhopH3-loxP 5F5 and 4B11 were analyzed by PCR ~44 hr after treatment with DMSO (D) or rapamycin (R) using the indicated primers (see

panel A). Excision decreases the amplicon from 2760 bp to 1755 bp. (E) Southern blot showing efficient rapamycin-induced truncation of

the rhopH3 gene. Genomic DNA extracted from control or rapamycin-treated rhopH3-loxP clones 5F5 and 4B11 was digested and probed as

described in panel C. Expected fragment sizes are 3349 bp for the non-excised locus and 4784 bp for the excised locus. (F) Immunoblot analysis of

mature schizonts of rhopH3-loxP clone 5F5, examined ~44 hr following treatment at ring stage with DMSO (D) or rapamycin (R). The blots were probed

Figure 1 continued on next page
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To examine the efficiency of conditional excision of the floxed sequence in the rhopH3-loxP
clones, tightly synchronized ring stage cultures of both clones were divided into two and treated for

4 hr with either rapamycin or DMSO (vehicle control). Following washing and further incubation

for ~44 hr to allow maturation of the parasites to schizont stage (at which peak expression of

RhopH3 occurs (Cooper et al., 1988), genomic DNA from the clones was examined by PCR and

Southern blot. This revealed highly efficient excision of the floxed rhopH3 sequence (Figure 1D and

Figure 1E).
DiCre-mediated site-specific recombination between the introduced loxP sites in the modified

rhopH3 locus of the rhopH3-loxP parasites was expected to reconstitute a functional, albeit chimeric,

intron. Upon splicing of this intron exons 3 and 7 are placed in frame, producing a modified RhopH3

gene product (called RhopH344–6) that retains wild type N-terminal and C-terminal segments but

lacks residues encoded by exons 4–6. Extracts of the rapamycin-treated and control parasites were

analyzed by immunoblot ~44 hr following treatment using antibody anti-Ag-44, which recognizes an

epitope within the C-terminal segment of RhopH3 encoded by exon 7 (Coppel et al., 1987). As

shown in Figure 1F and Figure 1—figure supplement 3, rapamycin treatment produced the

expected change in mass, converting the ~110 kDa wild type RhopH3 to a ~70 kDa RhopH344–6

product. This conversion was highly efficient, with no residual full-length protein detected in the

rapamycin-treated schizonts. These results confirmed the excision data and demonstrated essentially

complete conditional truncation of RhopH3 within a single erythrocytic cycle in the rhopH3-loxP par-

asite clones.

Truncation of rhopH3 leads to mislocalization of other components of
the RhopH complex
We next aimed to determine the effects of RhopH3 truncation on its subcellular localization within

the parasite, as well as on the trafficking of other members of the RhopH complex. Immunofluores-

cence analysis (IFA) showed that, as expected, RhopH3 colocalized with the rhoptry marker RAP2

(Bushell et al., 1998; Crewther et al., 1990) in mature schizonts of control rhopH3-loxP parasites

(Figure 2A). However, in rapamycin-treated (RhopH344–6) parasites, this colocalization was lost,

although RAP2 was still detected in a punctate, apically-disposed pattern typical of rhoptries

(Figure 2A). To determine the effects of this mistrafficking on localization of the other two RhopH

complex proteins, control and rapamycin-treated rhopH3-loxP parasites were probed with anti-

RAP2 as well as either anti-RhopH1/Clag3.1 (Kaneko et al., 2005) or anti-RhopH2 antibodies

(Holder et al., 1985a). This showed that, as in the case of RhopH3, rhoptry localization of both

RhopH1/Clag3.1 and RhopH2 was lost in rapamycin-treated parasites (Figure 2A). These results indi-

cated that truncation of RhopH3 to the RhopH344–6 form resulted in mistrafficking of at least some

components of the RhopH complex. To determine whether the mistrafficked rhoptry proteins all

localized to the same parasite compartment, the parasites were co-stained with various combina-

tions of antibodies against two of the three complex proteins. This showed that neither RhopH2 nor

RhopH1/Clag3.1 colocalized with RhopH344–6 in the mutant parasites (Figure 2B). The RhopH2

and RhopH1/Clag3.1 signals were also distinct in the mutant parasites, although in this case some

limited colocalization of these proteins was apparent (bottom images, Figure 2B).

Figure 1 continued

with an antibody against RhopH3 (left panel) or the merozoite protein AMA1 (right panel) as a loading control. The expected molecular masses of WT

RhopH3 and RhopH344–6are ~110 kDa and~70 kDa, respectively. In panels B–F, positions of relevant molecular mass markers are indicated.

DOI: 10.7554/eLife.23239.003

The following figure supplements are available for figure 1:

Figure supplement 1. Multiple alignment of predicted primary sequences of rhopH3 orthologues from P. falciparum (PF3D7_0905400), Plasmodium

chabaudi (PCHAS_0416900) and Plasmodium vivax (PVX_098712).

DOI: 10.7554/eLife.23239.004

Figure supplement 2. Modification (floxing) of the rhoph3 gene does not impact on gene expression or parasite growth.

DOI: 10.7554/eLife.23239.005

Figure supplement 3. Conditional truncation of RhopH3 in both the 5F5 and 4B11 rhopH3-loxP clones.

DOI: 10.7554/eLife.23239.006
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Figure 2. Truncation of RhopH3 leads to mistrafficking of components of the RhopH complex and loss of complex formation. (A) IFA showing

colocalization of RhopH3, RhopH2 and RhopH1/Clag3.1 with the rhoptry marker RAP2 in schizonts of control (DMSO) rhopH3-loxP parasites but loss of

colocalization following rapamycin (Rapa) treatment. Parasite nuclei were visualized by staining with 4,6-diamidino-2-phenylindole (DAPI). Scale bar, 5

mm. (B) Colocalization of the members of the RhopH complex. RhopH3, RhopH2 and RhopH1/Clag3.1 colocalize in rhopH3-loxP parasites treated with

DMSO, but this colocalization is lost in parasites treated with rapamycin. (C) Mislocalisation and reduced levels of RhopH3 in naturally released free

merozoites of rhopH3-loxP parasites treated with rapamycin. Samples were probed with a monoclonal antibody to the merozoite surface marker MSP1

as well as anti-RhopH3 antibodies. Scale bar, 2 mm. (D) Immunoprecipitation reveals disruption of the RhopH complex in rapamycin-treated rhopH3-

loxP parasites. RhopH2 was immunoprecipitated from extracts of control or rapamycin-treated rhopH3-loxP parasites. Subsequent immunoblotting with

antibodies against RhopH3 or RhopH1/Clag3.1 revealed the absence of RhopH3 from the immunoprecipitates derived from the rapamycin-treated

parasites, although RhopH2 and RhopH1/Clag3.1 still showed association. Arrowheads indicate the expected position of migration of the full-length

(WT) and truncated RhopH3, and RhopH1/Clag3.1. The rhopH3-loxP clone 5F5 was used throughout for these experiments.

DOI: 10.7554/eLife.23239.007

The following figure supplement is available for figure 2:

Figure supplement 1. Truncation of RhopH3 leads to mistrafficking of components of the RhopH complex.

DOI: 10.7554/eLife.23239.008
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To better define the fate of the mistrafficked RhopH344–6 in the mutant parasites, rapamycin-
treated mature schizonts were probed with antibodies to the merozoite plasma membrane surface

marker MSP1. This indicated that the mutant protein was expressed in a location surrounding (and

so likely external to) the plasma membrane of individual segmented intracellular merozoites (Fig-

ure 2—figure supplement 1). In confirmation of this, IFA of naturally released free merozoites

showed that the truncated RhopH344–6 was often largely undetectable in merozoites of the mutant

parasites (Figure 2C).
One interpretation of these results was that truncation of RhopH3 interfered with formation of

the RhopH complex. To test this notion, we used a monoclonal antibody (mAb) specific for RhopH2

to immunoprecipitate the complex from extracts of schizonts of rhopH3-loxP clone 5F5. As shown in

Figure 2D, both RhopH3 and RhopH1/Clag3.1 were precipitated as expected from lysates of control

parasites. In contrast, RhopH344–6 was undetectable in the precipitate from lysates of rapamycin-

treated parasites, although RhopH1/Clag3.1 could still be detected. This showed that truncation of

RhopH3 ablates its association with RhopH2, although it does not appear to affect the interaction

between RhopH2 and RhopH1/Clag3.1. Collectively, these results suggested that truncation of

RhopH3 caused mistrafficking of other components of the complex, probably due to loss of the

association between RhopH3 and these other proteins.

Loss of the RhopH complex is a lethal event
The above results showed that whilst truncation of RhopH3 affected trafficking of the RhopH com-

plex, it did not prevent schizont development in the erythrocytic growth cycle in which the parasites

were treated with rapamycin (henceforth referred to as cycle 1). To evaluate the effects of RhopH3

modification and mistrafficking on longer-term parasite viability, we first exploited a recently devel-

oped assay in which parasite replication is assessed in 96-well microplates over a period of 5 – 7

erythrocytic cycles by visualization of the localized lysis of host erythrocytes in static cultures in 96-

well microplates. Under these conditions, successful parasite growth results in formation of micro-

scopically discernible zones of clearance of erythrocytes referred to as plaques (Thomas et al.,

2016). As shown in Table 1, in three separate assays DMSO-treated rhopH3-loxP parasites seeded

at ~10 parasites per well produced plaques in nearly every well, with a mean average of ~8 plaques

per well for clone 5F5 and ~5 plaques per well for clone 4B11 (Table 1). In contrast, in the plates

seeded with an identical density of rapamycin-treated parasites, only ~10% of the wells contained

plaques and no well contained more than one plaque (Figure 3A, Table 1). Analysis by diagnostic

PCR of several parasite clones isolated from individual plaques that appeared in plates seeded with

rapamycin-treated parasites revealed that in all cases they derived from parasites that possessed an

intact rhopH3-loxP gene, indicating that these corresponded to a small subpopulation of parasites in

which excision of the floxed sequence had not taken place (Figure 3B). Further analysis by PCR of

one of these non-excised clones showed that the DiCre cassette had been lost (Figure 3C) probably

due to a genomic rearrangement. This parasite clone (named RhopH3 NE) served as a useful control

for subsequent experiments.
To further examine the effects of RhopH3 truncation on long-term parasite viability, low parasi-

taemia cultures of the rhopH3-loxP clones 5F5 and 4B11 were divided equally into two flasks,

Table 1. Conditional truncation of RhopH3 results in decreased parasite survival as determined by plaque assay.

*Plaque assay no. Treatment †Proportion of wells containing plaques (%) Mean number of plaques/well

1
(clone 5F5)

DMSO 98.88 7.7

Rapamycin 10.56 0.11

2
(clone 5F5)

DMSO 100 9.1

Rapamycin 8.89 0.09

3
(clone 4B11)

DMSO 99.44 5.24

Rapamycin 9.44 0.1

*Three independent plaque assays were set up on different days.
†A total of 180 wells were used for each treatment in each assay.

DOI: 10.7554/eLife.23239.010
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Figure 3. Loss of long-term viability in parasites lacking the RhopH complex. (A) Representative wells seeded with identical concentrations (10

parasitised cells/well) of DMSO-treated or rapamycin-treated rhopH3-loxP clone 5F5 parasites, showing formation of plaques only in the wells seeded

with DMSO-treated parasites. Two of the plaques are indicated by white arrowheads. (B) PCR analysis of the rhopH3-loxP locus in the small number of

clones isolated from wells seeded with rapamycin-treated rhopH3-loxP parasites. The size of the PCR product indicates excision of the floxed sequence

had not taken place in these seven clones (numbered 1–7), whereas rapamycin induced efficient excision in the parent 5F5 clone (left-hand two tracks).

For PCR strategy, see Figure 1A. (C) PCR analysis of the modified SERA5 locus in parasite clone RhopH3 NE, showing loss of the DiCre cassette in this

clone. (D) Growth curves showing replication of parasites of the indicated clones over the course of 5 erythrocytic cycles. Data were averaged from

three biological replicate experiments and presented as the mean ± standard error of the mean (SEM). (E) Non-excised parasites quickly outgrow

RhopH344–6 parasites. The relative abundance of parasites harbouring the excised or intact rhopH3-loxP locus in a population of rapamycin-treated

rhopH3-loxP clone 5F5 parasites was determined by diagnostic PCR over the course of 7 erythrocytic growth cycles (indicated, where cycle 1 indicates

that in which treatment occurred). (F) Decreased erythrocyte invasion by rapamycin-treated rhopH3-loxP parasites. Parasites of the indicated clones

were treated with DMSO or rapamycin and allowed to invade fresh erythrocytes. Ring-stage parasitemia levels were determined 4 hr later. Data were

averaged from three biological replicate experiments. Error bars depict standard error of the mean. Statistical significance was determined by a two-

tailed t-test where p!0.01 (indicated by asterisks) and p>0.05, non-significant (ns).
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treated with either DMSO or rapamycin, then the parasites simply maintained in continuous culture,

monitoring increase in parasitaemia at 48 hr intervals as well taking samples for analysis by diagnos-

tic PCR. Cultures of the parental 1G5DC parasites as well as the DiCre-defective RhopH3 NE clone

were similarly treated and monitored in parallel. As shown in Figure 3D, whilst replication of the

1G5DC and RhopH3 NE parasites was unaffected by rapamycin treatment, the rapamycin-treated

5F5 and 4B11 clones showed a dramatic decrease in growth rate. However in both clones the

appearance of replicating parasites was evident by cycle 3, suggesting that these might correspond

to a minor population of normally-replicating non-excised parasites. Diagnostic PCR analysis of the

5F5 culture supported this notion. At the end of cycle 1, PCR using primers that distinguish between

the excised and non-excised locus showed the expected highly efficient excision of the floxed

rhopH3-loxP sequence in the rapamycin-treated culture, with the non-excised locus undetectable.

However, periodic examination of the parasites by diagnostic PCR over the ensuing 6 erythrocytic

cycles showed a time-dependent increase in the proportion of non-excised parasites in the rapamy-

cin-treated culture, suggesting that the initially undetectable population of non-excised parasites

gradually overgrew the cultures. This occurred likely as a result of a selective advantage conferred

on them by the replication defect displayed by the RhopH344–6 parasites. By cycle 5, the excised

locus was hardly detectable in the rapamycin-treated culture (Figure 3E). Together with the results

of the plaque assay, these results allowed us to conclude that truncation of RhopH3 results in com-

plete loss of long-term parasite viability.

Loss of the RhopH complex leads to an invasion defect
The severe growth defect displayed in the plaque and growth assays could result from an inability of

mutant parasites to egress from the host erythrocyte, a block in invasion, or a developmental arrest

during intracellular growth. We therefore next investigated the capacity of RhopH344–6 parasites

to undergo egress. For this, we used time-lapse differential interference contrast (DIC) microscopy

to observe the egress of merozoites from highly mature, synchronized schizonts at the end of cycle 1

(that is, ~45 hr following treatment of ring-stage rhopH3-loxP parasites with rapamycin or DMSO).

This revealed no gross differences in the efficiency or morphology of egress (Video 1), indicating

that the absence of the RhopH complex from rhoptries does not affect egress.
To investigate a potential invasion phenotype resulting from RhopH3 truncation, a synchronized

culture of rhopH3-loxP parasites at early ring stage was divided into two, treated with either DMSO

or rapamycin and then allowed to mature to schizont stage before purifying the mature schizonts

and adding them to fresh erythrocytes. After

incubation for a further 4 hr to allow the rhopH3-

loxP schizonts to undergo merozoite egress and

invasion, the percentage of erythrocytes infected

with cycle 2 ring-stage parasites was quantified.

The results consistently showed that the ring-

stage parasitemia values in cultures derived from

the rapamycin-treated rhopH3-loxP parasites

was only ~50% of that in their DMSO-treated

counterparts (Figure 3F). Importantly, invasion

by the control RhopH3 NE and the parental

1G5DC parasites was unaffected by rapamycin

treatment. Taken together with the other results,

these data showed that the absence of the

RhopH complex from parasite rhoptries signifi-

cantly affects the ability of the parasite to invade

new host cells.

The RhopH complex is required for
intracellular parasite development
Although the results of the above experiments

pointed to a severe invasion defect in parasites

lacking the RhopH complex, it was unclear

Video 1. Parasite egress is unaffected by loss of the

RhopH complex. Synchronized parasites of rhopH3-

loxP clone 4B11 were treated with DMSO or rapamycin

at ring stage, then allowed to mature to schizont stage

and further synchronised by incubation for 3–5 hr in the

presence of 1 mM (4-[7-[(dimethylamino)methyl]"2-(4-

fluorphenyl)imidazo[1,2-a]pyridine-3-yl]pyrimidin-2-

amine (compound 2), which reversibly stalls egress.

Egress of the parasites was then monitored by time-

lapse DIC video microscopy following removal of the

compound 2, as described previously (Das et al.,

2015). DMSO-treated samples are shown on the left,

rapamycin-treated are samples shown on the right.
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whether this could be sufficient to explain the results of the plaque assay, which indicated a com-

plete lack of long-term viability in the RhopH344–6 mutants. To explore this further, we examined

growth and development of the mutants using microscopic examination of Giemsa-stained cultures.

This showed that whereas rapamycin-treated rhopH3-loxP parasites appeared morphologically nor-

mal at the end of the cycle 1 as well as at the ring stage of cycle 2, development of the mutant para-

sites stalled at trophozoite stage in cycle 2 (Figure 4A) and the parasites did not develop into

schizonts. To confirm this developmental block we used flow cytometry to monitor the DNA content

of the parasites in cycle 2. This confirmed that rings derived from rapamycin-treated rhopH3-loxP

parasites did not increase their DNA content during cycle 2 (Figure 4B), that is, they did not prog-

ress to the multinuclear schizont stage. Taken together, these data indicated that the RhopH com-

plex is essential for the trophozoite to schizont developmental transition of the intracellular parasite.

Protein export occurs normally in the RhopH344–6 mutants
Export of parasite proteins into the host erythrocyte is important for parasite virulence and for the

uptake of nutrients; blocking export prevents modification of the erythrocyte surface with the knob

structures that play a role in cytoadhesion, and also prevents development of the parasite beyond

the trophozoite stage (Beck et al., 2014; Elsworth et al., 2014). Since we observed a similar growth

phenotype in cycle 2 in the RhopH344–6 parasites, we decided to determine whether the develop-

mental arrest was the result of a generalized defect in protein export. To do this, we examined the

subcellular localization of KAHRP and MAHRP1, parasite proteins that are established markers for

protein export and Maurer’s clefts (intraerythrocytic membranous structures of parasite origin)

respectively, in cycle 2 trophozoites derived from rapamycin-treated rhopH3-loxP parasites

(Crabb et al., 1997; Spycher et al., 2008). This revealed no discernible alterations in protein export

and Maurer’s cleft formation in the RhopH344–6 mutants (Figure 5A). This conclusion was corrobo-

rated by electron microscopy, which revealed the formation of knobs on the surface of erythrocytes

infected with rapamycin-treated rhopH3-loxP parasites (Figure 5B). We concluded that protein

export from the intracellular parasite can take place normally in the absence of the RhopH complex.

Import pathways are defective in rhopH3 mutant parasites
The developmental arrest observed in cycle 2 trophozoites of the RhopH344–6 parasites was strik-

ingly reminiscent of the effect of isoleucine starvation on P. falciparum (Babbitt et al., 2012). Isoleu-

cine is transported into the parasitized cell via the PSAC/NPP, the parasite-induced uptake pathway

responsible for enhanced nutrient uptake in parasite-infected erythrocytes (Martin and Kirk, 2007).

The PSAC/NPP is also responsible for the permeability of parasite-infected erythrocytes to the alco-

hol sugar sorbitol (Nguitragool et al., 2011), leading to the capacity of sorbitol solutions to mediate

osmotic lysis of infected erythrocytes. This lysis can be readily quantified by measuring levels of host

cell hemoglobin released following treatment of parasitized cells with a sorbitol solution (Pillai et al.,

2010). To determine whether the PSAC/NPP was functional in the RhopH344–6 mutants, their resis-

tance to sorbitol-mediated lysis was assessed. As shown in Figure 6A, erythrocytes infected with

parental 1G5DC parasites or the non-excised RhopH3 NE clone displayed the expected sensitivity to

sorbitol, as did erythrocytes infected with control (DMSO-treated) rhopH3-loxP parasites. In contrast,

erythrocytes infected with cycle 2 rapamycin-treated rhopH3-loxP parasites were insensitive to sorbi-

tol; the amount of hemoglobin released upon sorbitol treatment was not significantly different from

the amount released by treatment of the infected erythrocytes with an isotonic control buffer (PBS).
To further investigate the activity of the PSAC/NPP in the RhopH344–6 mutants, erythrocytes

infected with cycle 2 rings were incubated with 5-aminolevulinic acid (5-ALA). This compound is

excluded from uninfected erythrocytes but is taken up by infected erythrocytes and converted to

fluorescent protoporphyrin IX (PPIX) (Sigala et al., 2015). Import of 5-ALA has previously been

shown to be sensitive to furosemide, a small molecule inhibitor of PSAC/NPP, and is also blocked

upon downregulation of parasite export and PSAC/NPP activity in transgenic P. falciparum

(Beck et al., 2014; Sigala et al., 2015; Staines et al., 2004). Import of 5-ALA therefore acts as a

convenient reporter for PSAC/NPP activity. Examination by fluorescence microscopy (Figure 6B and

C) and flow cytometry (Figure 6D) showed that erythrocytes infected with DMSO-treated rhopH3-

loxP clone 5F5 and 4B11 parasites readily took up 5-ALA, whereas no fluorescence was observed in

erythrocytes infected with rapamycin-treated rhopH3-loxP parasites following incubation with 5-

Sherling et al. eLife 2017;6:e23239. DOI: 10.7554/eLife.23239 10 of 23

Research article Microbiology and Infectious Disease Cell Biology

http://dx.doi.org/10.7554/eLife.23239


ALA. In contrast, rapamycin-treatment had no effect on the capacity of the parental 1G5DC or

DiCre-deficient RhopH3 NE parasites to take up 5-ALA (Figure 6B–D). Combined, these results con-

vincingly indicate that the PSAC/NPP is defective in the rhopH3 mutants.

Discussion
In this study we have shown that RhopH3 plays a central role in the formation of a functional RhopH

complex and that mutation of RhopH3 results in two severe, but very distinct, phenotypes: (1)

a ~50% decrease in host erythrocyte invasion; and (2) a block in the development in the early tropho-

zoite stage of those parasites that do invade. This block in development is a lethal event; no para-

sites carrying the mutant form of the rhopH3-loxP gene were recovered in a plaque assay and

parasites with an intact rhopH3-loxP gene quickly outgrew the mutant parasites after rapamycin

treatment. These results represent the first published evidence that RhopH3 is essential and mark
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Figure 4. Loss of the RhopH complex results in developmental arrest. (A) Developmental block in rapamycin-

treated rhopH3-loxP parasites. Giemsa-stained images showing intracellular development of DMSO-treated and

rapamycin-treated rhopH3-loxP clone 5F5 parasites from the end of cycle 1 to the end of cycle 2. A clear

developmental block was evident in the rapamycin-treated parasites in cycle 2. The number of hours following the

beginning of cycle 1 is indicated, as well as its relation to the time point of rapamycin treatment (indicated in the

schematic timeline). (B) Flow cytometry analysis of DMSO-treated and rapamycin-treated rhopH3-loxP clones 5F5

and 4B11. Analysis was performed at the end of cycle 2 (92 hr after rapamycin-treatment). The intensity of Hoechst

33342 staining provides a measure of the DNA content of the parasites, reflecting parasite development.
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the first time a rhoptry protein has been shown to have two separate, seemingly unrelated functions

at different stages of the erythrocytic life cycle. RhopH3 is also the first rhoptry bulb protein to be

directly assigned a role in invasion; other rhoptry proteins previously experimentally implicated in

invasion are located in the rhoptry neck. The release of rhoptry neck proteins is considered the step

at which the parasite commits to host cell entry (Srinivasan et al., 2011), so the discovery of an

important invasion factor that is presumably released later in the invasion pathway is important.
Whilst it was surprising that loss of the function of the RhopH complex leads to two different,

seemingly unrelated, phenotypes, previous results had hinted at a role for RhopH3 and the complex

in both processes. RhopH3, and proteolytic fragments of RhopH3, can bind to erythrocytes and to

liposomes (Sam-Yellowe and Perkins, 1990, 1991). This appears to occur even in the absence of

other members of the RhopH complex, indicating that, for its role in invasion, RhopH3 may not
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Figure 5. Loss of the RhopH complex does not ablate parasite protein export. Cycle 2 (72 hr post rapamycin

treatment) DMSO-treated and rapamycin-treated rhopH3-loxP clone 5F5 trophozoite-stage parasites were probed

with antibodies against the parasitophorous vacuole membrane marker EXP2 to delineate the parasite in the

infected erythrocyte, as well as antibodies specific for either the Maurer’s cleft marker MAHRP1 (top panels) or the

export marker KAHRP (bottom panels). Scale bar, 5 mm. (B) Transmission electron micrograph showing a

comparison between cycle 2 parasites of DMSO-treated or rapamycin-treated rhopH3-loxP clone 5F5

parasites ~92 hr following rapamycin treatment. The developmental block in the RhopH344–6 parasite is clearly

evident, as is the presence of knobs (arrowed) on the surface of the erythrocyte in both cases. Components of the

mutant parasite labelled are the digestive vacuole (DV), haemozoin (H), nucleus (N), parasitophorous vacuole

membrane (PVM), cytostomes (C) and parasite plasma membrane (PPM). The mutant parasites displayed no

obvious ultrastructural differences from wild type trophozoites at a similar developmental stage (not shown). Scale

bar, 1 mm.
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Figure 6. Loss of the RhopH complex results in reduced sorbitol sensitivity and reduced uptake of exogenous small molecules. (A) Synchronous cycle 2

parasites of the indicated clone (parasitaemia ~5%) treated 72 hr previously with DMSO or rapamycin in cycle 1 were suspended in osmotic lysis buffer

containing 280 mM sorbitol or in PBS, and the resulting cell lysis determined by measuring the absorbance of the supernatant at 405 nm. An equal

volume of parasite culture was lysed in 0.15% (w/v) saponin to give a value for 100% lysis and all other absorbance values normalized to this. Data were
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Sherling et al. eLife 2017;6:e23239. DOI: 10.7554/eLife.23239 13 of 23

Research article Microbiology and Infectious Disease Cell Biology

http://dx.doi.org/10.7554/eLife.23239


require the function of the other proteins of the complex. Further supporting a role for RhopH3 in

invasion is the finding that anti-RhopH3 antibodies can block invasion (Doury et al., 1994; Sam-
Yellowe and Perkins, 1991). Nonetheless it is curious that ~50% of the parasites still enter the eryth-

rocyte in the absence of full-length RhopH3. RhopH344–6 may retain sufficient activity in 50% of the

parasites to allow invasion to take place. Alternatively, these parasites could use a RhopH3-indepen-

dent pathway. Invasion by P. falciparum relies on several redundant pathways and there is precedent

for a partial reduction of invasion by mutant parasites (Tham et al., 2012). It will be of interest to

determine whether invasion pathways that are currently thought to be redundant become essential

in the absence of wild type RhopH3. A third possibility is that RhopH3 is involved in a post-invasion
process. However, the invasion assay used here would detect all intracellular parasites that have

completed invasion. We therefore favor the interpretation that the observed decrease in the number

of newly invaded rhopH3-loxP parasites indicates that the invasion process is not completed in the

mutants.
The other phenotype displayed by the RhopH344–6 mutants, the block in development during

the early trophozoite stage, is likely the result of a defect in nutrient intake owing to improper traf-

ficking ablating the function of RhopH1/Clag. The loss of sorbitol sensitivity of erythrocytes infected
with the RhopH344–6 mutants and their impermeability to 5-ALA indicate that RhopH1/Clag3.1 (the

RhopH1/Clag3 isotype expressed in these 3D7-derived parasites) and RhopH1/Clag3.2 are not func-

tioning at the erythrocyte surface. RhopH1/Clag3 proteins are transported to the erythrocyte surface

in a PEXEL-independent manner (Beck et al., 2014) and are exposed on the surface of the erythro-

cyte (Nguitragool et al., 2014), but the mechanism by which these proteins are transported from

the rhoptry, beyond the PVM and to the erythrocyte plasma membrane is unknown. RhopH3 and

RhopH2 are have been detected in the PVM immediately after invasion, (Sam-Yellowe et al., 1988;
Hiller et al., 2003), as well as in the erythrocyte at later developmental stages of the intraerythro-

cytic parasite (Beck et al., 2014; Vincensini et al., 2008). It is likely that mislocalization of

RhopH344–6 in merozoites prevents the proper, or properly timed, release of the complex during

invasion and prevents RhopH1/Clag from being delivered to its correct location. As the RhopH1/

Clag3.1 and RhopH1/Clag3.2 in the trophozoite stage parasite derives entirely from protein that is

introduced during invasion (Ling et al., 2003), mislocalization at the merozoite stage likely cannot

be corrected by additional subsequent protein synthesis.
The complete arrest in development of the RhopH344–6 mutants in the cycle following gene

modification (cycle 2) also provides insight into the potential roles of the RhopH1/Clag proteins. Lit-

tle is known about these proteins other than the importance of the RhopH1/Clag3.1 and RhopH1/

Clag3.2 proteins in the PSAC (Nguitragool et al., 2011). However, chemical inhibition of RhopH1/

Clag3.2 function and PSAC activity in parasites cultured in rich medium (RPMI 1640, the same

medium used in this study) leads to only a small decrease in parasite viability (Pillai et al., 2012).

Similarly, parasites that do not produce RhopH1/Clag3.1 or RhopH1/Clag3.2 have only a minimal

growth disadvantage compared to wild type parasites in a competition assay (Comeaux et al.,
2011). Parasites lacking RhopH1/Clag9 have no apparent growth phenotype in vitro (the gene is

Figure 6 continued

averaged from three biological replicate experiments. Statistical significance was determined by a two-tailed t-test; significance levels are indicated:

p!0.001, ***; p!0.01, **;p!0.05, *; and p>0.05, non-significant (ns). (B) Uptake of 5-ALA by erythrocytes infected with either DMSO-treated or

rapamycin-treated rhopH3-loxP clone 5F5 parasites at cycle 2. Cultures were incubated overnight with 200 mM 5-ALA and uptake of the compound and

its subsequent conversation to PPIX in infected erythrocytes visualized by fluorescence microscopy. Infected erythrocytes were visualized by staining

with Hoechst 33342. Top panels show fields of view containing multiple infected erythrocytes of the indicated strain. Scale bar, 50 mm. Bottom panels

show individual infected erythrocytes. Scale bar, 5 mm. (C) Quantitation of the levels of uptake of 5-ALA by infected erythrocytes. For each condition, a

total of 1300 Hoechst-positive cells were analyzed for intensity of PPIX fluorescence using MetaMorph (Molecular Devices) and a statistical significance

was determined by a two-tailed t-test. Significance levels are indicated: p!0.0001, **** and p>0.05, non-significant (ns). (D) Flow cytometry analysis of

5-ALA-treated parasites. Uptake of 5-ALA and its subsequent conversation to PPIX in cycle 2 parasites following treatment in cycle 1 with rapamycin or

DMSO was determined by flow cytometry of Hoechst stained parasites. Gating was applied to distinguish Hoechst negative cells (red population),

Hoechst positive/PPIX negative cells (green population) and Hoechst positive/PPIX-positive cells (purple population). For the 1G5DC parental and

RhopH3-loxP NE parasite clones, most of the parasites were positive for both Hoechst and PPIX fluorescence regardless of their treatment with

rapamycin or DMSO. In contrast, for rapamycin-treated rhopH3-loxP clones 5F5 and 4B11, most of the parasites were Hoechst positive/PPIX negative

indicating a defect in 5-ALA uptake.
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absent from the D10 and T9-96 laboratory strains that lack part of chromosome 9) (Chaiyaroj et al.,
1994; Day et al., 1993). In contrast, parasites lacking RhopH1/Clag2 or RhopH1/Clag8 have not
been reported so the essentiality of these proteins is unknown. We speculate that the RhopH344–6
mutants very likely transport none of the RhopH1/Clag proteins to the erythrocyte surface. If so, the
observed growth phenotype is therefore essentially that of a disruption of all the clag genes. The
striking growth phenotype of this mutant is in stark contrast to the mild phenotype of RhopH1/
Clag3.2 inhibition (Pillai et al., 2012) or the absence of both the RhopH1/Clag3 proteins
(Comeaux et al., 2011) when the parasites are grown in RPMI. This may indicate that RhopH1/Clag2
and RhopH1/Clag8 play important roles in nutrient uptake as well, as previously suggested
(Pillai et al., 2012), and that RhopH complexes containing several different RhopH1/Clag proteins
together mediate the uptake of the nutrients required for parasite growth in the infected erythro-
cyte. Interestingly, most Plasmodium species encode fewer RhopH1/Clag proteins than P. falcipa-
rum; some species possess only two clag genes, comprising a clag9 orthologue and a second
orthologue more closely related to the other P. falciparum clag genes (Counihan et al., 2013;
Kaneko et al., 2001). In conclusion, our results raise the intriguing possibility that, in P. falciparum,
other RhopH1/Clag proteins, in addition to RhopH1/Clag3.1 and RhopH1/Clag3.2, function in nutri-
ent import.

Together the results presented in this study provide new insights into the role of the rhoptry in
the malarial blood stages and reveal that rhoptry proteins can function in multiple, distinct pro-
cesses. They furthermore show that the functions of rhoptry proteins extend beyond the initial inva-
sion of the erythrocyte and can affect parasite growth throughout the blood stage life cycle.

Note added in proof
A manuscript describing an alternative strategy to deplete Plasmodium falciparum of RhopH3 was
recently published by Ito and colleagues (Ito et al., 2017). These authors derive very similar conclu-
sions about the role of RhopH3 in the invasion process and nutrient uptake.

Materials and methods

Reagents and antibodies
Oligonucleotide primers were from Sigma-Aldrich (Gillingham, United Kingdom), as was rapamycin
(cat# R0395), which was prepared as a 10 mM stock in DMSO. 5-aminoleuvlinic acid (5-ALA) from
Sigma-Aldrich (cat# A3785) was prepared as a 1 mM stock in DMSO. Restriction enzymes were from
New England Biolabs (Ipswich, MA). The antifolate drug WR99120 (Jacobus Pharmaceuticals,
Princeton, NJ), was stored as a 20 mM stock in DMSO. Polyclonal antiserum a-Ag44, which recog-
nizes the C-terminal 134 amino acid residues of RhopH3 (Coppel et al., 1987), was a kind gift of
Ross Coppel (Monash University, Australia). A polyclonal antiserum against P. falciparum AMA1 has
been previously described (Collins et al., 2009), as have polyclonal antibodies against P. falciparum
MSP1 and the anti-MSP1 mAb 89.1 (Holder et al., 1985b). Other antibodies were kindly provided
by Osamu Kaneko, Nagasaki University Japan (rabbit anti-RhopH1/Clag3.1), John Vakonakis, Univer-
sity of Oxford UK (rabbit anti-MAHRP1), Ross Coppel at Monash University Australia (anti-KAHRP),
Tony Holder, the Francis Crick Institute UK (anti-RhopH2 mAb 61.3). Monoclonal antibody 7.7 (anti-
EXP2) was from The European Malaria Reagent Repository, contributed by Jana McBride, and the
mouse anti-RAP2 mAb MRA-876 was obtained from BEI resources, National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health (NIH), contributed by Allan Saul. Use of
these antibodies in immunoblot and IFA analyses have been described elsewhere (Holder et al.,
1985a; Kaneko et al., 2005; Coppel et al., 1987; Collins et al., 2009; Hall et al., 1983;
Oberli et al., 2014; Pei et al., 2005; Saul et al., 1992).

P. falciparum culture, transfection and growth analysis
All P. falciparum transgenesis work described used the 3D7-derived DiCre-expressing clone
1G5DiCre (Collins et al., 2013), here referred to as 1G5DC. Asexual blood stage parasites were
continuously cultured in RPMI 1640 medium containing Albumax (Gibco, Grand Island, NY) as a
serum substitute and synchronised using established procedures (Blackman, 1994). For introduction
of transfection plasmids, mature schizonts were enriched using Percoll (GE Healthcare) and
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electroporated using an Amaxa 4D electroporator and P3 Primary cell 4D Nucleofector X Kit L
(Lonza, Basel, Switzerland) using programme FP158 as described (Collins et al., 2013).

Long-term parasite growth as measured by plaque-forming ability was determined by diluting
trophozoite-stage cultures to a density of 10 parasites per well in complete medium with human
erythrocytes at a haematocrit of 0.75% and plating 200 mL of this suspension into flat bottomed 96

well microplates, as previously described (Thomas et al., 2016). Plates were incubated for 10 days
in gassed humidified sealed modular chambers before plaque formation was assessed by micro-
scopic examination using a Nikon TMS inverted microscope (40x magnification) and documented
using a Perfection V750 Pro scanner (Epson, Long Beach, CA).

Growth characteristics of mutant parasites were determined by microscopy of Giemsa-stained
thin films. Long-term growth was also measured using flow cytometry of hydroethidine-stained tro-
phozoite-stage parasites, as described (Stallmach et al., 2015). Cultures adjusted to a parasitaemia

of 0.1% were monitored every 48 hr for up to seven intraerythrocytic cycles. All experiments were
carried out in triplicate, data analysed using GraphPad Prism and presented as the mean ± standard
error of the mean (SEM). In addition, cells 92 hr post-rapamycin treatment were fixed in 4% formal-
dehyde and 0.1% glutaraldehyde and stained with 2 mM Hoechst 33342 (Invitrogen, Waltham, MA)

before detection of the Hoechst emission (a measure of DNA replication) by the 355 nm laser of a
LSR II (BD Biosciences, San Jose, CA), through a 440/40 nm bandpass filter. Doublet cells were
excluded using a FCS-A versus FCS-H display. Samples were analysed using FlowJo software.

Erythrocyte invasion assays were carried out using a modification of a method described previ-
ously (Moss et al., 2012). Highly synchronous, mature schizonts of the parasite clones under exami-
nation were enriched by centrifugation over Percoll cushions then added at a parasitaemia of 1% to
fresh erythrocytes. After incubation for 4 hr, parasites were stained with SYBR Green-I and the per-

centage of newly ring-infected erythrocytes was determined by flow cytometry using a BD FACS Cal-
ibur flow cytometer (BD Biosciences). SYBR Green-I was excited by a 488 nm 20 mW blue laser and
detected by a 530/30 filter. BD CellQuest Pro (BD Biosciences, UK) was used to collect 100,000
events per sample. Experiments were done in triplicate, data analysed using GraphPad Prism and

presented as the mean ± SEM.

Generation of rhopH3-loxP parasites and conditional RhopH3
truncation
Parasites harbouring a floxed segment of the genomic rhopH3 gene were generated by Cas9-medi-
ated replacement of rhopH3 endogenous introns 3 and 6 as well as the intervening sequence. The
repair plasmid, called pESS_R3_E46_loxP (synthesised by GENEWIZ, South Plainfield, NJ) comprised

synthetic heterologous loxP-containing SERA2 and sub2 introns (Jones et al., 2016) flanking a
recodonized form of rhopH3 exons 4–6. The complete native sequences of exons 3 and 7 were
included on either side of this central module to act as flanking regions for homology-directed
repair. Protospacer Workbench (MacPherson and Scherf, 2015) was used to identify 20 bp proto-

spacer sequences specifically targeting rhopH3. To generate pSgRNA plasmids expressing suitable
sgRNAs, InFusion-based cloning (Clontech, Mountain View, CA) was used to replace the BtgZI adap-
tor sequence of pL6-X (Ghorbal et al., 2014) with annealed oligos encoding a sgRNA targeting
rhopH3 exon 4 (RHOPH3_sgRNA_E4_F and RHOPH3_sgRNA_E4_R, generating pSgRNA1), 5

(RHOPH3_sgRNA_E5_F and RHOPH3_sgRNA_E5_R, generating pSgRNA2) or 6 (RHOPH3_sgR-
NA_E6_F and RHOPH3_sgRNA_E6_R, generating pSgRNA3) (see Table 2 for sequences of all oligo-
nucleotide primers used in this study). Schizonts of P. falciparum clone 1G5DC were transfected with
20 mg Cas9-expressing pUF1 (Ghorbal et al., 2014), 20 mg pESS_R3_E46_loxP repair plasmid and 8

mg of sgRNA-containing pSgRNA1, pSgRNA2 or pSgRNA3. Twenty-four hours post-transfection, the
electroporated parasites were treated with 2.5 nM WR99210 for 48 hr to select for transfectants har-
bouring pUF1 before returning the cultures to medium without drug. Integrant parasites generally

reached parasitaemia levels suitable for cryopreservation within 2–5 weeks.
Detection of integration of pESS_R3_E46_loxP in the parasite population was performed by diag-

nostic PCR using primers RHOPH3_exon2_F1 plus RHOPH3_exon5_WT_R (producing a product spe-

cific to the wild type rhopH3 locus), or RHOPH3_exon2_F1 plus RHOPH3_exon4-6rec_R and
RHOPH3_exon4-6rec_F plus RHOPH3_3UTR_R (producing products specific to the rhopH3-loxP
modified locus). Integrant parasite clones rhopH3-loxP 5F5 and rhopH3-loxP 4B11 were then iso-
lated by limiting dilution. Persistence of the integrated DiCre locus in these clones was confirmed by
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PCR analysis using primers +27 plus "11 producing a 1900 bp product specific to the integrated

DiCre cassette in 1G5DC parasites, or +27 plus "25 producing an amplicon of 1700 bp specific to
the unmodified SERA5 locus.

Recombination between the loxP sites was induced in tightly synchronised ring-stages of parasite
clones rhopH3-loxP 5F5 and rhopH3-loxP 4B11 by incubation for 4 hr in the presence of 100 nM

rapamycin in 1% (v/v) DMSO; mock treatment was with 1% (v/v) DMSO only (vehicle control). DiCre-
mediated excision of the floxed rhopH3 exons 4–6 was detected by PCR analysis of schizont stage
genomic DNA (harvested ~40 hr following mock or rapamycin treatment) using primers RHOPH3_ex-

on2_F1 and RHOPH3_exon7_R. Truncation of RhopH3 was evaluated by immunoblot analysis of SDS
extracts of mature Percoll-enriched schizonts, probing with anti-Ag44 antibodies (or anti-AMA1 as a

loading control) followed by horseradish-peroxidase secondary antibodies as described (Jean et al.,
2003).

Southern blot
For Southern blot analysis, a 738 bp probe corresponding to part of rhopH3 exon 3 was produced
by PCR amplification from P. falciparum IG5DC genomic DNA with primers RHOPH3_exon3_SB_F

and RHOPH3_exon3_SB_R (Table 2). Probe radiolabelling and hybridisation to SacI/BsgI/XmnI-
digested gDNA from clones of interest was as previously described (Ruecker et al., 2012).

Immunoprecipitation and immunoblot analysis
For analysis of RhopH complex formation, mature Percoll-enriched schizont-stage parasites (42 hr

post rapamycin or mock treatment) were harvested and stored at "80˚C. Frozen parasite pellets

were thawed into 100 mL NP-40 lysis buffer (1% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCL,
5 mM EDTA, 5 mM EGTA pH 8.0) containing a complete protease inhibitor cocktail

(Roche, Indianapolis, IN). Samples were clarified by centrifugation at 14,000 rpm at 4˚C and the

supernatant passed through a 0.22 mm cellulose acetate Spin-X centrifuge tube filter (Corning Inc,
Corning, NY). 100 mL Protein G-Sepharose beads (Abcam, Cambridge, MA) were added to the

resulting supernatant and pre-clearing carried out at 4˚C overnight. Following addition of mAb 61.3

(Holder et al., 1985a), samples were incubated at 4˚C overnight before antigen-antibody complexes

were precipitated using Protein G-Sepharose beads overnight at 4˚C. The beads were washed five

Table 2. Oligonucleotide primers used in this study. Guide sequences shown in bold.

Primer name Sequence (5’"3’)

RHOPH3_sgRNA_E4_F taagtatataatattTTCTTCGTTTTTAAAAAAAGgttttagagctagaa

RHOPH3_sgRNA_E4_R ttctagctctaaaacCTTTTTTTAAAAACGAAGAAaatattatatactta

RHOPH3_sgRNA_E5_F taagtatataatattCACCGATTTTAGCTTTAAAGgttttagagctagaa

RHOPH3_sgRNA_E5_R ttctagctctaaaacCTTTAAAGCTAAAATCGGTGaatattatatactta

RHOPH3_sgRNA_E6_F taagtatataatattACATTCTTATCATTATATTTgttttagagctagaa

RHOPH3_sgRNA_E6_R ttctagctctaaaacACATTCTTATCATTATATTTaatattatatactta

RHOPH3_exon2_F1 AGGAAATGGCCCAGACGC

RHOPH3_exon5_WT_R TCTTTAAAGCTAAAATCGGTGATATTATGGCTC

RHOPH3_exon4-6rec_R CAGGAAGTTACCTTTCAGCAGGG

RHOPH3_exon4-6rec_F CCCTGCTGAAAGGTAACTTCCTG

RHOPH3_3UTR_R CGAATATGTAATCAGTTGTATTTTTTCTCTAAAAGTTCATAG

+27 CAATATCATTTGAATCAAACAGTGGT

"11 CTTTGCCATCCAGGCTGTTC

"25 CCATTGGACTAGAACCTTCAT

RHOPH3_exon7_R CATAAAGAACGTCTTGTTTTCTGTATCCAATACC

RHOPH3_exon3_SB_F CAAATATGCTATATGTGTAGGTACTCAATTTAAC

RHOPH3_exon3_SB_R CATATAACTTTGGAGATGTAGAACCACAAGG

DOI: 10.7554/eLife.23239.015
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times in wash buffer I (50 mM Tris-HCl pH 8.2, 5 mM EDTA, 0.5% Nonidet P-40, 1 mg/mL bovine

serum albumin, 0.5 M NaCl) and twice in wash buffer II (50 mM Tris-HCl pH 8.2, 5 mM EDTA, 0.5%

Nonidet P-40) before antigen-antibody complexes were eluted using NuPAGE LDS Sample Buffer

(Life Technologies, Carlsbad, CA) and proteins resolved using precast NuPAGE Novex 3–8% Tris-

Acetate protein gels (Life Technologies). Following electrophoresis, samples were evaluated by

immunoblot analysis probing with anti-Ag44 or anti-RhopH1/Clag3.1 antibodies followed by horse-

radish-peroxidase secondary antibodies as described (Jean et al., 2003).

Immunofluorescence microscopy
Immunofluorescence microscopy was performed on formaldehyde-fixed thin blood smears, permea-

bilised with 0.1% (v/v) Triton X-100. Monoclonal anti-RAP2 (MRA-876), directly labeled with Alexa

Fluor 594 using the Alexa Fluor 594 Antibody Labelling Kit (Life Technologies), was used at a dilution

of 1:300. Samples were probed with primary antibodies used at the following dilutions: anti-Ag44

(1:2000), mAb 61.3 (1:100), anti-CL3.1A (1:100), anti-MAHRPI (1:2000), anti-KAHRP (1:250), rabbit

anti-MSP1 (1:1000), mAb 89.1 (1:1000), and mAb 7.7 (1:100). Bound primary antibodies were

detected using Alexa Fluor 488-, 566- or 594-conjugated anti-rabbit or anti-mouse secondary anti-

bodies (Life Technologies), diluted 1:8000. Slides were mounted in ProLong Gold Antifade Mountant

with DAPI (Life Technologies) and trophozoite images captured using a Nikon Eclipse Ni-E widefield

microscope with a 100x/1.45NA objective and a Hamamatsu C11440 digital camera. Schizont stage

images were captured with a Zeiss LSM 880 using a 63x/1.4 NA objective equipped with an Airyscan

detector to improve the optical resolution of the scanned images. The DAPI, Alexa Fluor 488 and

Alexa Fluor 594 channels were imaged sequentially over the axial dimension and processed using

the integrated Zeiss software to enhance the optical resolution isometrically ~1.8 fold. All images

were processed using either the Zen 2012 or FIJI software packages. For display purposes, linear

adjustments were made to the intensity scale of each channel to equalize the intensity output to

enhance areas of co-localization. Relative intensities between samples are not comparable.

Transmission electron microscopy
Parasite cultures ~92 hr following rapamycin (or mock) treatment were fixed at 37˚C in 8% formalde-

hyde in 0.2 M phosphate buffer pH 7.4 (PB) for 15 min by adding 1 vol of fixative solution to 1 vol of

culture. The cells were pelleted, then further incubated in 2.5% glutaraldehyde, 4% formaldehyde in

0.1 M PB at room temperature for a further 30 min. Cells were washed in 0.1 M PB before being

embedded in 4% (w/v) low-melting point agarose in distilled water. The agarose-embedded samples

were cut into 1 mm3 blocks, post-fixed in 1% (w/v) OsO4 and 1.5% (w/v) potassium ferrocyanide for

60 min at 4˚C then incubated sequentially in 1% (w/v) tannic acid in 0.05 M PB for 45 min and 1% (w/

v) sodium sulphate in 0.05 M PB for 5 min. The samples were washed in water and dehydrated

through a graded series of ethanol before being embedded in Epon resin (Taab 812). Blocks were

trimmed and ultrathin 70 nm sections cut using a diamond knife on a UC6 Ultramicrotome (Leica

Microsystems, Wetzlar, Germany), picked up on 150 hexagonal mesh copper grids and post stained

with lead citrate before being imaged using a Tecnai G2 Spirit 120 kV transmission electron micro-

scope (FEI Company, Hillsboro, OR) with an Orius camera (Gatan Inc., Pleasanton, CA).

Analysis of erythrocyte membrane permeability
Sorbitol sensitivity of parasites was determined 72 hr following rapamycin or DMSO treatment

(that is, in cycle 2). Cultures at equal parasitaemia were incubated in osmotic lysis buffer (280 mM

sorbitol, 20 mM Na-HEPES, 0.1 mg/mL BSA, pH 7.4) for 7 min, then hemoglobin release determined

by measuring the absorbance of the cell supernatants at 405 nm, as previously

described (Ginsburg et al., 1985; Kirk et al., 1994).
5-ALA uptake was determined by incubating cultures of synchronous cycle 2 ring-stage parasites

overnight in phenol red-free RPMI 1640 medium (K-D Medical, Columbia, MD) supplemented with

200 mM 5-ALA. Just prior to analysis, parasite nuclei were stained by treatment with 2 mM Hoechst.

PPIX and Hoechst fluorescence were captured using a Zeiss LSM 880 equipped with a 63x/1.4 NA

objective in standard confocal detection mode. Images were captured with the same acquisition set-

ting so that measurements of intensity are directly comparable. Co-occurrence of PPIX and Hoechst

was quantified using the MetaMorph software ‘Cell Scoring’ application. Cells were also analyzed on
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a SORP LSRFortessa, detecting PPIX emission with a 532 nm laser through a 605/40 nm bandpass fil-

ter and Hoechst emission with the 406 nm laser through a 440/40 nm bandpass filter. Erythrocyte

doublets were excluded using a FCS-A versus FCS-H display and data analyzed by BD FACSDiva

software.

Time-lapse video microscopy
P. falciparum egress was imaged as previously described (Collins et al., 2013; Das et al., 2015),

using 1 mM (4-[7-[(dimethylamino)methyl]"2-(4-fluorphenyl)imidazo[1,2-a]pyridine-3-yl]pyrimidin-2-

amine (compound 2) to tightly synchronise egress. Following removal of compound 2 by washing,

parasites were suspended in fresh pre-warmed medium and introduced into a pre-warmed micros-

copy chamber on a temperature controlled microscope stage at 37˚C. Beginning 6 min after washing

off the compound 2, DIC images were collected at 5 s intervals for 30 min using a Nikon Eclipse Ni

Microscope fitted with a Hamamatsu C11440 digital camera and converted to QuickTime movies

using Nikon NIS-Elements software.
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