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Abstract 

 
The malaria parasite Plasmodium falciparum modifies the host red blood cell to establish 

virulence protein-trafficking pathways. The major virulence protein, P. falciparum 

erythrocyte membrane protein 1 (PfEMP1) is exported from the parasite to the red blood 

cell surface, where it mediates attachment of the infected cell to ligands on the host 

vascular endothelium. This process of sequestration enables infected red blood cells to 

avoid immune detection in the spleen and contributes to the development 

of severe malaria. The Maurer’s clefts are organelles formed by the parasite and are 

present in the red blood cell cytoplasm. The primary function of Maurer’s clefts is thought 

to be the transport of PfEMP1 to the red blood cell membrane.  

 

We investigate a Maurer’s clefts protein, ring-exported protein-1 (REX1) and its role in 

PfEMP1 trafficking. We show that Maurer’s clefts morphology is disrupted by knocking 

down REX1 and that PfEMP1 surface display is decreased. Using transfectant parasites 

expressing truncated forms of the protein, we identify a repeat region of REX1 that 

mediates Maurer’s clefts morphology and is required for efficient PfEMP1 trafficking. 

 

We have developed a method to enrich the Maurer’s clefts from infected red blood cells 

and define their protein composition by tandem mass spectrometry. We epitope-tag a 

number of putative and established Maurer’s clefts proteins and confirm the location of 

several novel Maurer’s clefts proteins. Using super-resolution microscopy, we localise 

Maurer’s clefts proteins to subcompartments within these organelles. Finally, we use co-

precipitation to describe a protein interaction network at the Maurer’s clefts.  
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Chapter 1 : Introduction 
1.1 Malaria - the disease 
In the distant past, it is suggested that the malaria parasite Plasmodium falciparum was 

transmitted from a gorilla to a human for the first time (Liu et al., 2010). Since this 

transmission event, P. falciparum has plagued our species. The symptoms of malaria were 

recorded as early as 2700 BCE in ancient Chinese medial writings. The lethality of P. 

falciparum has influenced the course of human evolution and caused the emergence of 

compensatory genetic diseases such as thalassaemia and sickle-cell disease (Taylor and 

Fairhurst, 2014).  

 

There are five species of Plasmodium that infect humans: P. falciparum, P. knowlesi, P. 

malariae, P. vivax and P. ovale. Of these species, P. falciparum causes the most mortality 

and is the most prevalent globally (WHO 2016). In 2015, there were an estimated 212 

million new cases of malaria. In the same year, malaria caused the deaths of 429,000 

people. Of the deaths due to malaria, 92% occurred in Africa, 6% in South-East Asia and 

2% in the Eastern Mediterranean (WHO 2016). Of those who died, an estimated 71% 

were children under the age of five.  

 
Malaria continues to have a devastating impact in low-income countries. However, 

important progress is being made towards reducing malaria prevalence and mortality. A 

number of countries have eliminated malaria between 2000-2016 (Figure 1.1). These 

include Sri Lanka, Argentina, Egypt, Morocco, Syria, Iraq, Turkey and nine other 

countries.  Since 2000, malaria mortality has decreased by 62%. This is due to the 

implementation of vector control measures, and an increasing proportion of suspected 

malaria cases receiving a rapid diagnostic test and effective antimalarial treatment (WHO 

2016). Interventions such as the use of insecticide-treated bed nets in sub-Saharan Africa 

has reduced childhood malaria mortality by 55% (WHO 2016). 

 

Artemisinin derivatives are the first-line drugs used to treat malaria. They are fast-acting 

drugs that have a ~1 h half-life in vivo, and are typically given with a partner drug (called 

artemisinin combination therapies) such as mefloquine, sulfadoxine-pyrimethamine, 

amodiaquine and piperaquine (Tilley et al., 2016). In 2009, partial resistance to artesunate 

(an artemisinin derivative) was reported in patients from Pailin in Cambodia (Htut, 2009). 
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The resistance manifests as delayed parasite clearance following drug treatment and has 

been experimentally linked to SNPs within the kelch 13 gene (PF3D7_1343700) (Ariey 

et al., 2014). Resistance to artemisinin combination therapies (including resistance to the 

partner drug) has been detected for four different drug combinations (WHO 2016). 

Stopping the spread of such parasites to Africa, as well as developing new drugs to treat 

malaria are important future challenges. 
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Figure 1.1 Countries endemic for malaria in 2000 and 2016.  

Countries were considered to have eliminated malaria after 3 consecutive years with no 

indigenous cases. Reprinted with permission from the World Health Organisation: 

World Malaria Report 2016, WHO, Copyright (2016) 

 
  

WORLD MALARIA REPORT 2016 WORLD MALARIA REPORT 2016 3

Figure 1.1 Countries endemic for malaria in 2000 and 2016. Countries with 3 consecutive years of zero 
indigenous cases are considered to have eliminated malaria. No country in the WHO European region reported indigenous 
cases in 2015 but Tajikistan has not yet had 3 consecutive years of zero indigenous cases, its last case being reported in July 
2014. Source: WHO database

3

Table 1.1 Global targets for 2030 and milestones for 2020 and 2025. Source:  (2)

Goals
Milestones Targets

2020 2025 2030

1. Reduce malaria mortality rates globally 
compared with 2015 ≥40% ≥75% ≥90%

2. Reduce malaria case incidence globally 
compared with 2015 >40% ≥75% ≥90%

3. Eliminate malaria from countries in which 
malaria was transmitted in 2015

At least 
10 countries

At least 
20 countries

At least 
35 countries

4. Prevent re-establishment of malaria in all 
countries that are malaria free

Re-establishment 
prevented

Re-establishment 
prevented

Re-establishment 
prevented

Countries not endemic for malaria, 2000
Countries endemic in 2000, no longer endemic in 2016Countries endemic for malaria, 2016
Not applicable
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1.1.1 Malaria pathology and mechanism of cytoadherence 
 
Infection with P. falciparum can cause symptoms such as fever, chills, headache and 

nausea. Severe malaria is a life-threatening condition with symptoms such as metabolic 

acidosis, severe anaemia, cerebral malaria, and coma. P. falciparum expresses antigens 

on the host red blood cell surface that enable the parasitised cell to bind to receptors on 

the host endothelium, such as CD36 and endothelial protein C receptor (EPCR). The 

adhesin P. falciparum erythrocyte membrane protein 1 (PfEMP1) is responsible for the 

binding of infected RBCs to endothelial cells. The PfEMP1 is a variant protein encoded 

by up to ~60 genes in the parasite genome. Despite the significance of PfEMP1 to the 

pathogenesis of P. falciparum-malaria, there are no drugs that prevent its trafficking or 

assembly. Naturally-acquired protective antibodies to malaria infection often bind to 

PfEMP1, but the extensive antigenic variation of PfEMP1 makes vaccine development to 

this protein a challenge (Beeson and Brown, 2002, Beeson et al., 2013). 

 

Expression of PfEMP1 is regulated epigenetically by the heterochromatic silencing of var 

promoters and mono-allelic expression of a single var gene in transcriptionally competent 

regions of the parasite nucleus (Ralph et al., 2005, Voss et al., 2006). This regulation 

results in the expression of a single PfEMP1 variant at the infected red blood cell surface. 

Each PfEMP1 variant binds to one or more specific host ligands such as cluster of 

differentiation 36 (CD36), intracellular adhesion molecule 1 (ICAM1), endothelial 

protein C receptor (EPCR) or chondroitin sulphate A (CSA), with the majority of PfEMP1 

variants binding to CD36, a ligand present throughout the vascular endothelium. The 

EPCR is expressed on cells in most tissues, including in the brain, and the binding of 

infected red blood cells to this receptor is associated with severe malaria (Turner et al., 

2013). The varied binding phenotypes of the PfEMP1 protein is a result of variation of 

extracellular adhesion domains: the Duffy binding-like (DBL) and cysteine-rich 

interdomain region (CIDR) (Figure 1.2A). 

 

Primigravid women in endemic areas are also at high risk of severe P. falciparum malaria, 

even if they were previously clinically immune. This is because parasitised RBCs express 

an adhesin on the RBC surface that specifically binds to chondroitin sulphate A (CSA) in 

the placental intervillous space. The PfEMP1 variant responsible for adhesion to CSA in 
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the placenta is var2csa, a gene conserved between parasite strains (Rogerson et al., 2007). 

In addition to causing maternal morbidity and mortality, P. falciparum infection of the 

placenta is associated with premature birth, low birth weight and stillbirths (de Moraes et 

al., 2013) (Figure 1.2B). 

 

1.2 Plasmodium falciparum biology 

1.2.1 Lifecycle of the parasite 
The definitive host of P. falciparum is the Anopheles mosquito (Figure 1.3a). A feeding 

mosquito ingests male and female forms of the parasite when it takes a blood meal. The 

male and female gametocytes activate within the mosquito midgut forming male 

microgametes and female microgametes. The male and female gametes fuse to form a 

zygote, which develops into the motile ookinete, which then crosses the midgut wall and 

develops into an oocyst on the mosquito stomach. A population of a motile form of the 

parasite, the sporozoite, is formed within the oocyst and eventually ruptures from the cyst 

and migrates to the mosquito salivary glands, where the sporozoites remain until injected 

into a human host during the course of a blood meal. In the human host, sporozoites 

invade hepatocytes and replicate into thousands of merozoites over the course of 1-2 

weeks. After the rupture of the infected hepatocyte, the merozoites enter the bloodstream 

and invade red blood cells (RBCs). Inside the red blood cell, the parasite develops inside 

the parasitophorous vacuole developing through the ring, trophozoite and schizont stages. 

During this development the parasite remodels the red blood cell and feeds on 

haemoglobin within the red blood cell cytoplasm (Figure 1.3b) until undergoing 

schizogony. The blood stage asexual cycle repeats approximately every ~48 h, with the 

rupture of schizonts and release of merozoites triggering the symptoms of malaria. A 

small proportion of parasites will develop into gametocytes that can be taken up by a 

feeding mosquito completing the lifecycle. 
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Figure 1.2 The adhesin PfEMP1 is responsible for the severe pathology of P. 

falciparum-malaria 

 
(A) The general structure of a PfEMP1 protein. The extracellular portion of the protein 

comprises the N-terminal segment (NTS) and a variable number of DBL and CIDR 

domains. A transmembrane domain (TM) inserts into the red blood cell membrane, 

followed by the acidic terminal segment (ATS) which interacts with knob-associated 

histidine rich protein (KAHRP) on the intracellular side of the red blood cell membrane, 

anchoring PfEMP1 and forming the virulence complex 

 

(B) Adhesion of infected red blood cells via PfEMP1 to ligands expressed on the surface 

of the vascular endothelium (CD36); in the placental intervillous space (CSA); and on 

cerebral endothelium (EPCR) 

  

NTS DBL1 CIDR1 DBL2 DBL3 CIDR2 TM ATS

semi-conserved head structure variable domains

A

B

Endothelial 
cell

CD36
CSA

Placenta
Cerebral 

endothelium

EPCR



 7 

 
 

 
 

Figure 1.3 The lifecycle of Plasmodium falciparum  

(A) The parasite undergoes asexual reproduction within the Anopheles mosquito, then 

commences asexual reproduction in hepatocytes within the human host.  

(B) After egress from hepatocytes, the merozoites invade red blood cells. The parasite 

remodels the host red blood cell by exporting the adhesin PfEMP1 (P. falciparum 

erythrocyte membrane protein-1) to the membrane surface, allowing the infected cell to 

bind to the host endothelium. PTEX = Plasmodium translocon of exported proteins; PVM 

= parasitophorous vacuole membrane; PPM = parasite plasma membrane; EPM = 

erythrocyte plasma membrane; ER = endoplasmic reticulum.  

Reprinted with permission from MacMillan Publishers Ltd: Nature Reviews 

Microbiology, de Koning-Ward, T., et al. Copyright (2016).  
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1.3 Export of parasite proteins by Plasmodium falciparum 
The malaria parasite P. falciparum remodels the host red blood cell throughout the course 

of its asexual development (for a review, see (de Koning-Ward et al., 2016)). The parasite 

is surrounded by a parasitophorous vacuole membrane across which proteins destined for 

export must transit (Figure 1.3B). A translocon spanning the parasitophorous vacuole 

membrane is responsible for exporting proteins to the red blood cell cytoplasm. Exported 

proteins have diverse functions within the host cell. Some remain soluble in the red blood 

cell cytoplasm, others localise to mobile structures such as J-dots (thought to be protein 

chaperone complexes) and Maurer’s clefts (organelles involved in virulence protein 

trafficking). Other exported proteins are targeted directly to the red blood cell skeleton 

and membrane. The major virulence protein, PfEMP1, is exported in a soluble state and 

becomes membrane-embedded once it reaches the Maurer’s clefts (Batinovic et al., 

2017). From the Maurer’s clefts, PfEMP1 is transported to the red blood cell membrane 

where it mediates cytoadherence (described in Sections 1.4.3 and 1.4.4). This section 

describes generic export pathways from the parasite to the red blood cell cytoplasm. 

Additionally, exported proteins that reach their target locations independently of 

Maurer’s clefts are discussed. 

1.3.1 The secretory pathway during the blood stages of P. falciparum 
The parasite exports proteins into the host red blood cell (by a pathway involving the 

secretory system and a translocon) to destinations such as the red blood cell cytoskeleton 

and Maurer’s clefts - discoid parasite-derived organelles (Figure 1.4). The exported 

proteins can be grouped into two broad categories: those with a Plasmodium export 

element (PEXEL), and PEXEL-negative exported proteins (PNEPs). The PEXEL motif 

(also called vacuolar targeting signal) was identified by multiple sequence alignment of 

known exported proteins and has the consensus sequence RxLxE/Q/D (Marti et al., 2004, 

Hiller et al., 2004). Around 400 proteins contain a PEXEL and are predicted to be 

exported. However, predicting the total number of exported proteins is still unknown due 

to the difficulty in identifying PNEPs. Although PNEPs have no obvious unifying feature 

that has enabled their identification such as a PEXEL motif, they tend to have a two-exon 

structure and a non-canonical signal peptide (typically recessed from the N-terminus) 

(Haase et al., 2009, Heiber et al., 2013). The most successful PNEP identified study found 

more than 10 novel PNEPs by transcriptional profile similarity, chromosomal location 

and sequence similarity to other PNEPs (Heiber et al., 2013). Some of the most well-
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characterised PNEPs are Maurer’s clefts proteins, such as ring exported protein 1 (REX1), 

membrane-associated histidine-rich protein 1 (MAHRP1) and skeleton binding protein 1 

(SBP1). These three proteins are critical for efficient PfEMP1 trafficking and parasite 

virulence (Dixon et al., 2011, Spycher et al., 2008, Maier et al., 2007).  
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Figure 1.4 Parasite-induced modifications to the host red blood cell 

The Plasmodium falciparum parasite (yellow) secretes proteins into the parasitophorous 

vacuole surrounding it (blue) where some proteins are targeted for export via the PTEX 

translocon. Exported proteins can reside at the Maurer’s clefts (green), or the red blood 

cell cytoplasm or cytoskeleton. The Maurer’s clefts proteins REX1, SBP1 and MAHRP1 

are depicted in light blue. 
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Both PEXEL proteins and PNEPs are directed into the endoplasmic reticulum during 

translation. During translation into the endoplasmic reticulum, PEXEL proteins are 

cleaved by the aspartyl protease plasmepsin V after the lysine residue of the PEXEL 

motif, and the new N-terminus is acetylated (Boddey et al., 2010, Boddey et al., 2016, 

Russo et al., 2010, Chang et al., 2008). One study suggested that targeting of exported 

proteins to the red blood cell was indepedent of cleavage by plasmpesin V and was instead 

due to binding of the PEXEL motif to phophotidylinositol-3-phosphate (PI(3)P) on the 

inner leaflet of the endoplasmic reticulum (Bhattacharjee et al., 2012). However, the 

findings that the PEXEL motif bound PI(3)P, and that PI(3)P was located on the luminal 

side of the endoplasmic reticulum membrane could not be reproduced (Boddey et al., 

2016). 

 

The PNEPs are not cleaved by plasmepsin V. Both PNEPs and PEXELs (with a mature 

N-terminus) leave the endoplasmic reticulum and are thought to transit through the Golgi 

before being secreted into the parasitophorous vacuole (Saridaki et al., 2008).  

 

1.3.2 Transit of exported proteins across the parasitophorous vacuole 
 
It has been suggested that after secretion, membrane-bound PNEPs are extracted from the 

parasite plasma membrane (Mesen-Ramirez et al., 2016), although this process is not 

currently well understood. Inside the parasitophophorous vacuole, proteins may be 

directed to certain sub-compartments, for example certain sites that are enriched in 

translocation machinery or cargo (Bullen et al., 2012, McMillan et al., 2013, Batinovic et 

al., 2017). Blocking of protein translocation or protein unfolding leads to the 

accumulation of exported reporter proteins in puncta at the parasitophorous vacuole in 

association with PTEX (Mesen-Ramirez et al., 2016, Riglar et al., 2013). These puncta 

may represent sub-compartments in the parasitophorous vacuole that have been 

previously observed by electron microscopy and have been shown to contain PfEMP1 

destined for export (Aikawa et al., 1986, McMillan et al., 2013).  

 

The export pathways of both PEXEL and PNEPs converge at the parasitophorous vacuole 

where all exported proteins are unfolded and then translocated into the red blood cell by 

the Plasmodium translocon of exported proteins (PTEX) (Beck et al., 2014, Elsworth et 
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al., 2014, Gruring et al., 2012, Mesen-Ramirez et al., 2016, Gehde et al., 2009, Batinovic 

et al., 2017). 

 

The PTEX is comprised of five core subunits: heat shock protein 101, an ATPase 

involved in translocation; PTEX150; exported protein 2 (EXP2), units of which are 

thought to oligomerise to form a pore in the parasitophorous vacuole membrane; PTEX88 

and thioredoxin 2 (de Koning-Ward et al., 2009). The protein components of the 

translocon are synthesised in the schizont stage, stored within the dense granules of 

merozoites and delivered to the host red blood cell during invasion (Bullen et al., 2012). 

Functional PTEX is essential for parasite survival (Beck et al., 2014, Elsworth et al., 

2014). An exported protein interacting complex (EPIC) associates with PTEX and may 

be involved in transferring exported cargo to the translocon for export (Batinovic et al., 

2017).  

1.3.3 The role of exported co-chaperones/chaperones  
 
Proteins must be refolded after they are translocated to the red blood cell cytoplasm. 

Exported Plasmodium chaperone proteins are presumed to play a role in this process and 

a number of likely candidates have been identified. Folding of proteins by heat shock 

protein 70s (HSP70s) is an ATP-dependent process that is regulated by HSP-40 proteins 

(for a review, see (Hartl et al., 2011)). Of the 43 HSP40s encoded in the P. falciparum 

genome, 19 are predicted to be exported (Sargeant et al., 2006). Two type II HSP40s 

(PFA0660w and PFE0055c) have been localised to J-dots: mobile, cholesterol-rich 

puncta in the red blood cell cytoplasm (named for the J domain within these HSP40s) 

(Kulzer et al., 2010). In addition, an exported Plasmodium HSP70 (HSP70-x) is present 

in J-dots where it forms chaperone/co-chaperone complexes with the HSP40s PFA0660w 

and PFE0055c (Kulzer et al., 2012, Daniyan et al., 2016). One report suggested that the 

group II chaperonin TCP-1 ring complex (PfTRiC) was exported to the red blood cell 

cytoplasm where it was suggested to interact with exported proteins and play a role in 

protein trafficking within the host cell (Mbengue et al., 2015). However, epitope-tagging 

of PfTRiC subunits showed that PfTRiC is not exported, and knockdown of functional 

PfTRiC did not affect protein export, arguing against PfTRiC as an exported molecular 

chaperone (Spillman et al., 2017).  
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1.4 The Maurer’s clefts of Plasmodium falciparum 
 
The Maurer’s clefts were first described by the German physician Georg Maurer in 1902, 

after he observed stippling in the cytoplasm of Giemsa-stained infected red blood cells. 

Similar structures had already been observed in Plasmodium vivax-infected red blood 

cells, termed Schüffner’s dots (Schüffner, 1899, Maurer, 1900). The membrane-bound 

clefts were eventually observed by electron microscopy and connected to the stippling 

originally observed by Maurer (Trager et al., 1966). The virulence protein PfEMP1 

transits through the Maurer’s clefts before being transferred to the red blood cell 

membrane. Due to the Maurer’s clefts’ involvement in virulence protein trafficking and 

the uniqueness of their biology, these organelles have been studied for over a century. 

1.4.1 Morphology and motion of the Maurer’s clefts 
 
Maurer’s clefts are formed shortly after parasite invasion into the red blood cell, with 

early Maurer’s clefts resident proteins arriving at the clefts within 2 – 6 hours post-

invasion (Gruring et al., 2011, McMillan et al., 2013). Maurer’s clefts may be formed 

from the parasitophorous vacuole membrane, however other possibilities have not been 

ruled out (McHugh et al., 2015, Hanssen et al., 2008b). They are surrounded by a single 

membrane bilayer and are typically unilamellar in 3D7, CS2 and other laboratory parasite 

strains, though reportedly multi-lamellar in others eg K1 (Hanssen et al., 2008b, Trager 

et al., 1966). 

 

During the ring stage of the parasite lifecycle, the Maurer’s clefts move by Brownian 

motion within the red blood cell cytoplasm (Kilian et al., 2013, Gruring et al., 2011, 

McMillan et al., 2013). As the parasite transitions from a ring form to the trophozoite 

stage, the parasite position becomes fixed and the Maurer’s clefts immobilise at the 

periphery of the host cell within a 1-2 hour timeframe, at around 20 - 24 h post-invasion 

(Gruring et al., 2011, McMillan et al., 2013). The immobilisation of the Maurer’s clefts 

may partly occur through actin filaments formed by rearrangement of actin from the host 

cytoskeleton (Cyrklaff et al., 2011, Rug et al., 2014). However, the immobilisation of 

Maurer’s clefts is not sensitive to treatment with the actin polymerisation inhibitor 

cytochalasin D (McMillan et al., 2013) so it is possible that additional structures called 

tethers may be involved in Maurer’s clefts arrest (Hanssen et al., 2008b, Pachlatko et al., 

2010).  
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During the trophozoite stage, Maurer’s clefts lamellae adopt a cisternal shape and have 

an electron-dense coat and electron-lucent lumen after chemical fixation, however cryo-

preparations have shown that the lumen of the Maurer’s clefts has a similar density and 

appearance to the red blood cell cytoplasm (Hanssen et al., 2008b, Henrich et al., 2009). 

Ultrastructural studies of the Maurer’s clefts tend to describe two broad lamellar 

arrangements: mostly single lamellae dispersed within the red blood cell cytoplasm, or 

stacked and whorled lamellae. It is interesting to consider whether any of these 

morphologies predominate in samples from the field and are representative of ‘wild-type’ 

Maurer’s clefts. Some early electron microscopy studies of infected red blood cells from 

field samples often identified single lamellar Maurer’s clefts, i.e. single lamellae (Ladda 

et al., 1966, Trager et al., 1966). Many studies of wild-type 3D7, A4, CS2 and other 

parasite strains also find primarily single Maurer’s clefts lamellae (Hanssen et al., 2010, 

Rug et al., 2014, Hanssen et al., 2008b, Kriek et al., 2003, Elford et al., 1995). Maurer’s 

clefts with stacked lamellae and other convoluted forms have been extensively studied by 

serial sectioning and three-dimensional rendered reconstructions (Wickert et al., 2004, 

Wickert et al., 2003b). It is possible that the stacked and convoluted Maurer’s clefts 

reported in the literature could be due to truncation of the region of chromosome 9 

encoding REX1 (and other cytoadherence-related genes). This portion of chromosome 9 

is frequently lost during long term culturing of P. falciparum. The D10 parasite strain 

(which has a truncation in chromosome 9 including the gene encoding REX1) exhibits 

stacked Maurer’s clefts. A study of the Maurer’s clefts protein REX1 showed that this 

protein is required for the single-lamella phenotype (Hanssen et al., 2008a). The D10 

parasite strain was shown to revert from stacked to single clefts when complemented with 

REX1 (Hanssen et al., 2008a). The role of REX1 in maintaining single Maurer’s clefts 

has since been further characterised (Chapter 3) (Dixon et al., 2011, McHugh et al., 2015).  

 

Some earlier work suggested that exported proteins may be loaded into the Maurer’s 

clefts during their formation from the parasitophorous vacuole, or that the clefts shared a 

continuous lumen with this compartment (Spycher et al., 2006, Wickert et al., 2003b, 

Wickert et al., 2004, Bhattacharjee et al., 2008). Yet others found that the Maurer’s clefts 

and other compartments were not interconnected (Henrich et al., 2009). It has now been 

shown that proteins are trafficked to existing clefts in the red blood cell cytoplasm 

throughout the parasite lifecycle (Gruring et al., 2011, Gruring et al., 2012).  
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In the schizont stage of asexual development, the amount of remaining host cell 

cytoplasm is reduced and the Maurer’s clefts appear to aggregate around 2 - 4 h prior to 

host cell rupture (Gruring et al., 2011). Dismantling the Maurer’s clefts at the schizont 

life cycle stage may assist in successful merozoite egress.	
	

1.4.2 Targeting of proteins to the Maurer’s clefts 
 

The Maurer’s clefts are a repository for a number of exported proteins and are essential 

for trafficking the major virulence protein PfEMP1 to the red blood cell surface. Exactly 

how exported proteins are targeted to the Maurer’s clefts is largely unknown. However, 

truncation studies with the REX1 protein have shown that the predicted coiled-coil region 

is required for localisation of REX1 to the Maurer’s clefts (Dixon et al., 2008). 

Investigation of another PNEP, ring exported protein 2 (REX2), found that a short N-

terminal region as well as a particular transmembrane region were required for REX2 

localisation to the Maurer’s clefts, and were able to target other reporter proteins to the 

clefts (Haase et al., 2009). 

 

1.4.3 Maurer’s clefts proteins involved in trafficking of PfEMP1  
 

Once proteins have been translocated to the red blood cell cytoplasm, a number become 

sequestered at the Maurer’s clefts. For example, the major virulence protein PfEMP1 is 

initially transported to the Maurer’s clefts where it is membrane-embedded with the ATS 

facing the red blood cell cytoplasm (Kriek et al., 2003).   

 

Three proteins have been identified that are required for trafficking of PfEMP1 past the 

parasitophorous vacuole membrane to the Maurer’s clefts. Disruption of the Maurer’s 

clefts protein SBP1 led to retention of PfEMP1 within the parasite and parasitophorous 

vacuole (Maier et al., 2007). Similarly, knockout of the resident Maurer’s clefts protein 

MAHRP1 prevented export of PfEMP1 from the parasitophorous vacuole and completely 

ablated surface-exposed PfEMP1 (Spycher et al., 2008, Maier et al., 2008). There is still 

no congruent explanation for why knockout of Maurer’s clefts proteins that are exported 

before PfEMP1 causes PfEMP1 to become trapped in the parasite or parasitophorous 
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vacuole (McMillan et al., 2013). A second study of SBP1-deleted parasites found that 

PfEMP1 was exported to the Maurer’s clefts but not transferred to the red blood cell 

surface (Cooke et al., 2006). Deletion of SBP1 does not seem to affect Maurer’s clefts 

morphology, although MAHRP1 deletion lead to longer clefts. Exported proteins other 

than PfEMP1 that were analysed for both SBP1 and MAHRP1 knockouts did not appear 

to be affected (Maier et al., 2007, Spycher et al., 2008).   

 

The biggest advance in the understanding of exported proteins in P. falciparum came with 

a large-scale protein knockout study (Maier et al., 2008). This group targeted 46 PEXEL 

and 5 PNEPs for genetic disruption and assessed each for defects in PfEMP1 transport. 

This led to the identification of 6 novel PEXEL proteins which are required for efficient 

PfEMP1 transport, PfEMP1 trafficking proteins (PTPs) 1-6 (Maier et al., 2008). 

Knockout of one of these proteins, PTP1, has a striking effect on Maurer’s clefts 

morphology. In these parasites, membranous globular structures that label with Maurer’s 

clefts markers REX1 and SBP1 are distributed throughout the host cytoplasm (Rug et al., 

2014). The PTP1 knockout parasite line also had disrupted actin filaments that usually 

link the Maurer’s clefts to the red blood cell cytoskeleton (Rug et al., 2014).  

 

Other Maurer’s clefts proteins, REX1, PTP2, virulence associated protein 1 (VAP1) and 

PTP5 play roles in the transport of PfEMP1 to the red blood cell surface (Maier et al., 

2008, Nacer et al., 2015, Dixon et al., 2011). Knockout of each of these proteins leads to 

decreased surface expression of but does not affect transfer to the Maurer’s clefts. Of 

these, the most severe phenotype is displayed by PTP2 and REX1 knockout parasites that 

show no surface exposed PfEMP1 at the infected red blood cell surface (Maier et al., 

2008, Dixon et al., 2011).  

 

1.4.4 Transport of PfEMP1 from the Maurer’s clefts to the red blood cell 
membrane  

 

Electron microscopy analysis of P. falciparum-infected red blood cells has identified a 

number of parasite-induced structures associated with the Maurer’s clefts (Figure 1.5A), 

such as tethers, electron dense vesicles and actin filaments. Tethers are tubular, electron-

dense structures that protrude from the edges of Maurer’s clefts and contain the protein 

membrane-associated histidine-rich protein 2 (MAHRP2) (Pachlatko et al., 2010, 
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Hanssen et al., 2008b). They often appear to connect the Maurer’s clefts to the red blood 

cell membrane, however, because MAHRP2 is associated with the Maurer’s clefts from 

~ 4 h post-invasion, additional processes are likely involved in Maurer’s clefts 

immobilisation (Hanssen et al., 2008b). While MAHRP2 is localised exclusively to 

tethers, the Maurer’s clefts protein REX1 and PfEMP1 have also been observed at the 

tethers (Pachlatko et al., 2010, Hanssen et al., 2008b, Hanssen et al., 2008a, McMillan et 

al., 2013). The role of tethers, if any, in PfEMP1 trafficking is unclear. 

 

Actin filaments have been visualised connecting the Maurer’s clefts to the red blood cell 

membrane (Figure 1.5B; orange lines). It is suggested that in the trophozoite stage, host 

actin is remodelled from the red blood cell cytoskeleton and incorporated into branching 

filaments that connect the Maurer’s clefts with the red blood cell membrane (Cyrklaff et 

al., 2011). Electron tomography showed that vesicles (with sizes ranging from 20 nm - 

200 nm) are associated with these actin filaments, and some contained PfEMP1 (Cyrklaff 

et al., 2011). Actin remodelling has been investigated in the context of 

haemoglobinopathies, as humans with haemoglobins S and C are protected against severe 

malaria compared to those with wild-type haemoglobin A (Cserti and Dzik, 2007). 

Parasitised red blood cells with haemoglobins S and C had altered Maurer’s clefts 

morphology and disrupted actin filaments around the aberrant clefts, suggesting that the 

protective haemoglobinopathies interfere with the remodelling of actin to Maurer’s clefts 

(Cyrklaff et al., 2011).  

 

Electron dense vesicles (EDVs) containing PfEMP1 have been observed in red blood 

cells infected with trophozoite stage parasites (McMillan et al., 2013, Trelka et al., 2000). 

These vesicles are ~80 nm in diameter, have an electron-dense coat, and have been 

imaged in the apparent process of fusion with the red blood cell membrane (Trelka et al., 

2000, McMillan et al., 2013). Electron dense vesicles are considered a possible vehicle 

for PfEMP1 transport from the Maurer’s clefts to the red blood cell membrane. 

Interestingly, PTP2 has been associated with electron-dense vesicles budding from the 

Maurer’s clefts as knockout of PTP2 leads to loss of these vesicles (Regev-Rudzki et al., 

2013). The PTP2 knockout parasites do not display PfEMP1 on the surface of the infected 

red blood cell and PfEMP1 remains trapped at the Maurer’s clefts (Maier et al., 2008). 

Smaller uncoated vesicles of ~25 nm diameter termed ‘vesicle-like structures’ have also 

been observed around the Maurer’s clefts and around electron dense vesicles, but the 
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protein cargo of these (if any) is still unknown (McMillan et al., 2013, Hanssen et al., 

2010).  

 

Two studies have identified exosomes (or microvesicles) that are released from P. 

falciparum-infected red blood cells and suggest that parasites communicate by exosome 

budding and fusion from the host cell membrane (Regev-Rudzki et al., 2013, Mantel et 

al., 2013). One report has implicated PTP2 in the formation of these vesicles (Regev-

Rudzki et al., 2013).  

 

In red blood cells infected with trophozoites, PTP2 was localised to the Maurer’s clefts 

(co-located with SBP1), but localises to distinct vesicles in the schizont stage (Maier et 

al., 2008, Regev-Rudzki et al., 2013). It was suggested that PTP2 is present in vesicles 

budding from the Maurer’s clefts, and that these may be the same vesicles described as 

EDVs that contain PfEMP1 (Regev-Rudzki et al., 2013, Hanssen et al., 2010, McMillan 

et al., 2013). Yet Regev-Rudzki et al. (2013) describe the PTP2-labelled vesicles as 

‘exosome-like’, despite not being enclosed within a membrane such as a multivesicular 

body and thus having no obvious way to exit the red blood cell (Regev-Rudzki et al., 

2013). The microvesicles described by Mantel et al. (2013) were analysed by mass 

spectroscopy and were not found to contain PTP2, but were enriched in other Maurer’s 

clefts proteins such as SBP1, Pf332, MAHRP2, MAHRP1, PfMC-2TMs, SEMP1, REX1, 

REX2, PIESP2 and PF07_0008 (Mantel et al., 2013). The microvesicles were also 

enriched in parasite proteins associated with the red blood cell cytoskeleton and 

membrane, such as RhopH2, RhopH3, Clag 3.1, MESA, RESA and PFD1170c (Mantel 

et al., 2013). The relationship between exosomes/microvesicles, the Maurer’s clefts and 

inter-cellular communication warrants further investigation.  
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Figure 1.5 Remodelling of the host red blood cell by P. falciparum 

(A) Transmission electron microscopy of a P. falciparum-infected red blood cell. The 

sample was treated with Equinatoxin II to remove haemoglobin in order to better observe 

structures within the red blood cell. Knobs appears as electron-dense protrusions on the 

red blood cell surface. Maurer’s clefts are dispersed throughout the red blood cell. A 

trophozoite-stage parasite with a large digestive vacuole fills the centre of the host red 

blood cell. 

(B) The Maurer’s clefts are membranous structures that attach to the red blood cell 

membrane via remodelled host actin (orange) and parasite-induced tethers (yellow). 

Electron dense vesicles (EDVs; beige) may function as trafficking vesicles between the 

Maurer’s clefts and the red blood cell membrane. Protrusions on the red blood cell 

membrane (knobs) form as a result of deposition of KAHRP (mauve) and other parasite 

proteins at the cytoskeleton. These structures serve to present PfEMP1 (blue) which binds 

to ligands in the host microvasculature, sequestering the infected red blood cell from 

circulation. 
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1.4.5 Parasite-induced structures in other Plasmodium spp.  
 
The ‘Schüffner’s dots’ of P. vivax were discovered around the same time as Maurer’s 

clefts, appearing as red stippling on Romanowsky-stained infected reticuolocytes/red 

blood cells (Schüffner, 1899). Electron microscopy revealed that in P. vivax and P. 

cynomolgi, the stained Schüffner’s dots corresponded to caveola-vesicle complexes along 

the red blood cell membrane (Aikawa et al., 1975). These caveolae are open to the 

extracellular space, and have tubules and vesicles associated with the intracellular face 

(Akinyi et al., 2012, Aikawa, 1988). They have been linked to the trafficking of parasite 

proteins, in particular a 95 kDa Plasmodium helical interspersed subtelomeric (PHIST) 

protein that may be essential for parasite survival (Matsumoto et al., 1988, Akinyi et al., 

2012, Udagama et al., 1988). Clefts are also present in the cytoplasm of P. vivax- and P. 

cynomolgi-infected red blood cells and tend to be longer than the Maurer’s clefts of P. 

falciparum (Aikawa et al., 1975, Udagama et al., 1988). The function of the clefts in P. 

vivax and P. cynomolgi and their relationship to the caveola-vesicles complexes is not 

currently understood. 

 

The rodent malaria P. berghei also produces structures in the red blood cell, termed intra-

erythrocytic P. berghei-induced structures (IBIS) (Ingmundson et al., 2012). The first 

IBIS protein identified (termed IBIS1) is a membrane bound protein associated with 

mobile structures in the red blood cell cytoplasm, hypothesised to be similar to Maurer’s 

clefts (Ingmundson et al., 2012). P. falciparum Maurer’s clefts markers expressed in P. 

berghei label the IBIS (Ingmundson et al., 2012). Electron microscopy showed that IBIS 

are vesicular-tubular structures in the red blood cell cytoplasm (Ingmundson et al., 2012, 

Haase et al., 2013). Recently, P. berghei orthologues of two P. falciparum Maurer’s clefts 

markers SBP1 and MAHRP1 have been localised to IBIS, where they perform an 

equivalent function in enabling cytoadherence (De Niz et al., 2016). These orthologues 

had very low sequence similarity to the P. falciparum equivalents, suggesting that 

proteins with very divergent primary sequences can perform the same function at IBIS, 

and that bioinformatics approaches (particularly hidden Markov modelling) could be a 

good way to identify virulence-associated proteins in other Plasmodium spp.  

 

1.5 The virulence complex and red blood cell membrane modifications 
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Many exported parasite proteins are targeted to the red blood cell membrane where they 

mediate cytoadherence and/or alter cell shape and rigidity. A key feature of P. 

falciparum-infection is the appearance of knobs on the red blood cell membrane, first 

observed by transmission electron microscopy as protrusions of electron dense material 

under the membrane (Trager et al., 1966). Knobs are formed by the knob-associated 

histidine-rich protein (KAHRP), which is required for cytoadherence under physiological 

blood flow conditions (Crabb et al., 1997, Taylor et al., 1987). Other proteins essential 

for knob formation are the PHIST protein PFD1170c and the DnaJ-containing protein 

PF10_0381 (Maier et al., 2008). The main function of knobs appears to be the 

presentation of PfEMP1 on the surface of the red blood cell, enhancing cytoadherence 

(Baruch et al., 1995). Additionally, knobs contribute to the increased rigidity of the 

infected red blood cell (Glenister et al., 2002, Zhang et al., 2015). Other proteins reported 

to be associated with knobs include PfEMP3, Pf332 and the PHIST protein PFE1605w 

(Oberli et al., 2016, Waterkeyn et al., 2000, Hinterberg et al., 1994). Recently, a 

comprehensive ultrastructural analysis of knobs showed that there is a spiral scaffold 

within the knob which is underpinned by KAHRP, and that there is a ‘discontinuity’ at 

the knobs apex in which membrane proteins (likely PfEMP1) are inserted (Watermeyer 

et al., 2016). The identification of the spiral-forming protein will advance the 

understanding of virulence complex formation.  

 

1.6 Exported proteins that are not trafficked via the Maurer’s clefts 

  
After export through PTEX, the major virulence protein PfEMP1 is transported via the 

Maurer’s clefts to the red blood cell membrane, however many other exported proteins 

do not follow this route. These proteins fall under two broad categories: those that remain 

soluble in the red blood cell cytoplasm, and proteins that localise to the red blood cell 

membrane. Exported proteins that are soluble in the red blood cell cytoplasm include ring 

exported proteins 3 and 4 (REX3 and REX4), histidine-rich protein II (HRPII) and PTP3 

(Spielmann et al., 2006, Maier et al., 2008, Iqbal et al., 2004). In addition, a part of the 

population of exported HSP40 proteins and HSP70x is soluble whilst the rest exists in 

structures known as J-dots (Kulzer et al., 2010). Similarly, FIKK4.2 localises to 

undefined structures termed “K-dots” in the red blood cell cytoplasm although other 
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FIKK kinases localise to the Maurer’s clefts (i.e. FIKK4.1, FIKK9.3, FIKK 9.6 and 

FIKK12) (Kats et al., 2014, Nunes et al., 2007). 

 

The knob protein KAHRP was thought to transit via the Maurer’s clefts (based on 

fluorescence microscopy of a GFP-tagged chimera) however subsequent studies have not 

observed KAHRP at the clefts (Wickham et al., 2001, Rug et al., 2006, McHugh et al., 

2015). Instead, KAHRP appears to be directly targeted to the red blood cell membrane 

skeleton where it forms knobs and anchors the cytoplasmic segment of PfEMP1 to the 

red blood cell membrane skeleton (Rug et al., 2006, Watermeyer et al., 2016, Crabb et 

al., 1997).  

 

The RESA protein is released from dense granules into the parasitophorous vacuole 

during invasion and is then exported to the red blood cell cytoskeleton, where it associates 

with spectrin and modulates the host cell deformability properties (Silva et al., 2005, Mills 

et al., 2007). A similar route of entry to the host cell is taken by the RhopH2 and RhopH3 

proteins, which are discharged from the rhoptries, then associate with the red blood cell 

cytoskeleton and are essential for generation of new permeability pathways (Counihan et 

al., 2017, Sherling et al., 2017). The MESA and PfEMP3 proteins are exported during the 

trophozoite stage of parasite development and bind to the cytoskeleton without 

(apparently) passing through the Maurer’s clefts (Coppel et al., 1988, Pei et al., 2007).  

 

The Plasmodium helical interspersed subtelomeric (PHIST) protein family consists of 89 

proteins that are divided into the PHISTa, PHISTb and PHISTc subfamilies (Sargeant et 

al., 2006). Of this large protein family, only a few PHIST proteins have been studied in 

detail. A PHISTc protein (PF3D7_0936800) may interact with PfEMP1 at the parasite 

periphery although its export pathway has not yet been characterised (Mayer et al., 2012). 

The gametocyte-expressed protein GEXP05 is a member of the PHISTc family and is 

exported to the red blood cell cytoplasm where it remains as a predominately soluble 

protein (Tiburcio et al., 2015). At least one PHIST protein transits through the Maurer’s 

clefts (PFE1605w, also known as LyMP) (Moreira et al., 2016, Oberli et al., 2014). The 

export of other PHIST proteins may follow a different pathway to the red blood cell 

cytoplasm or cytoskeleton, as is the case for the PHIST protein RESA.  
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1.7 The role of ring exported protein 1 in virulence protein trafficking 
The ring exported protein 1 (REX1) is an 83 kDa protein expressed during the ring stage 

of the parasite (PlasmoDB: PF3D7_0935900) (Hawthorne et al., 2004, Hanssen et al., 

2008a). The gene encoding REX1 has two exons separated by a short intron. In 3D7 

parasites, the full length REX1 protein consists of 712 amino acids and has several 

features: a hydrophobic stretch, a predicted coiled-coil region and a variable repeat 

region.  

 

A coiled-coil refers to a protein fold where two (or more) alpha helices are wound around 

each other, with non-polar residues populating the core of the coil (Burkhard et al., 2001).  

Coiled-coils have diverse functions, mediated by their roles in protein-protein interactions 

(Burkhard et al., 2001). The coiled-coil domain of REX1 is followed by the repeat region 

which contains two types of repeats. These repeating sequences in the 3D7 strain of P. 

falciparum are PQAEKDASKLTTTYDQTKEVK and PQAEKDALAKTENQNGELL. 

These sequences confer a high overall charge and net negative charge to the repeat region 

of REX1 (pI = 4.88). Different strains of P. falciparum have differing patterns, numbers 

and types of REX1 repeats. 

 

After synthesis, the hydrophobic stretch of REX1 presumably functions as a recessed 

signal sequence and mediates entry of the protein into the lumen of the endoplasmic 

reticulum (Hawthorne et al., 2004). It is likely trafficked through the parasite 

endomembrane into the parasitophorous vacuole, presumably through a classical vesicle-

mediated pathway (Heiber et al., 2013, Wickham et al., 2001). Interestingly, REX1 does 

not contain the PEXEL motif present in many exported proteins. Nonetheless, it was 

recently shown that disruption of the PTEX component HSP101 blocks export of REX1 

from the PVM, suggesting that REX1 is exported through the PTEX translocon (Beck et 

al., 2014).  

 

REX1 is first observed at the Maurer’s clefts at around 2 hours post-invasion (Gruring et 

al., 2011, McMillan et al., 2013). The coiled-coil region of REX1 is thought to associate 

with the cytosolic surface of the Maurer’s clefts, either directly through lipid-protein 

interactions, or indirectly via a protein-protein association with another Maurer’s cleft 

resident (Dixon et al., 2008). The newly identified Maurer’s clefts protein small exported 

membrane protein 1 (SEMP1) has been shown to be a potential interacting partner of 
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REX1, however a SEMP1 knockout had no observable phenotypic change including no 

change in REX1 localisation (Dietz et al., 2014). 

 

Electron tomography of immunogold labelled REX1 in 3D7-infected RBCs 

permeabilised with equinatoxin II has shown that REX1 is more likely to be found on the 

edges of Maurer’s clefts as opposed to the flattened regions (Hanssen et al., 2008a). 

Knockout studies of REX1 have shown that it plays a role in determining the morphology 

of Maurer’s clefts; deletion of the gene leads to a stacked Maurer’s cleft appearance 

(Hanssen et al., 2008a). In addition to regulating Maurer’s cleft architecture, REX1 is 

also involved in the trafficking of PfEMP1 from the Maurer’s clefts to the RBC surface. 

Deletion of the REX1 gene is associated with accumulation of PfEMP1 at stacked 

Maurer’s clefts, and no surface PfEMP1 expression is detectable using a trypsin 

accessibility assay (Dixon et al., 2011). Complementation of the REX1 deletion parasites 

with an episomally maintained vector encoding REX1-cherry fluorescent protein resulted 

in partial restoration of PfEMP1 surface expression and CD36 binding (Dixon et al., 

2011). The precise role that REX1 plays in the maintenance of the Maurer’s clefts 

structure and the reason for its localisation to the edges of the Maurer’s clefts is unclear, 

however, it is possible that the highly charged, low pI repeat region plays a role in shaping 

Maurer’s cleft architecture through charge repulsion effects. 

 

Ablation of the gene encoding REX1 was concomitant with loss of the region of 

chromosome 2 distal to and including the kahrp gene – a region predicted to contain ~20 

genes (Dixon et al., 2011). Parasites expressing a REX1 construct that lacks the C-

terminal half of the protein (ΔCterm1-259) also underwent this concomitant truncation of 

chromosome 2 (Dixon et al., 2011). When a KAHRP-GFP fusion protein was expressed 

in ΔREX1-infected parasites, the KAHRP-GFP was trafficked to the RBC cytoplasm 

where it formed large puncta, with no knob formation on the RBC membrane. However, 

in RBCs infected with ΔCterm1-362 parasites, the KAHRP-GFP was trafficked to the 

erythrocyte membrane (Dixon et al., 2011).  

 

Initial investigation of the roles of the C-terminal and repeat domains of REX1 in PfEMP1 

trafficking have been undertaken using reverse genetics approaches (Dixon et al., 2011). 

The ΔCterm1-362 parasites exhibited a stacked Maurer’s cleft phenotype, despite 

localisation of the truncated protein at the Maurer’s clefts. These parasites, where both 
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the REX1 repeat region and C-terminal was absent, showed decreased PfEMP1 surface 

expression and decreased ability to bind to CD36 (Dixon et al., 2011). Furthermore, RBCs 

infected with the ΔCterm1-362 truncation line showed decreased recognition by serum 

from hyperimmune individuals. This suggests that REX1 plays a role in PfEMP1 

trafficking, possibly release from the Maurer’s clefts, loading into transport vesicles or 

trafficking of another protein important for the correct transport and display of PfEMP1 

(Dixon et al., 2011).  

 

1.8 Scope and aims of this study 
 
The modifications that asexual stage P. falciparum parasites make to the host red blood 

cell are crucial for its survival in vivo. In particular, the Maurer’s clefts are critical for 

delivery of parasite proteins such as PfEMP1 to the red blood cell membrane. The adhesin 

PfEMP1 is directly responsible for the relative virulence of P. falciparum, enabling 

parasitized red blood cells to bind to ligands in the brain (ICAM-1 and EPCR), placenta 

(CSA) and vascular endothelium throughout the body (CD36). By sequestering away 

from circulation, infected red blood cells avoid passage through and destruction in the 

spleen. Because of the significance of PfEMP1-mediated sequestration in malaria 

pathology, it is important to investigate the mechanisms of virulence protein trafficking 

in P. falciparum. The Maurer’s clefts protein REX1 is required for efficient transport of 

PfEMP1 to the red blood cell membrane (Dixon et al., 2011). Previous work has shown 

that REX1 has a coiled-coil region that targets the protein to the Maurer’s clefts, and that 

truncations at the beginning of the repeat region decrease PfEMP1 transport to the red 

blood cell surface (Dixon et al., 2008). In this study, we dissect the role of the repeat 

region of REX1 and define a section of the protein that controls Maurer’s clefts 

architecture and influences PfEMP1 trafficking efficiency. A conditional knockdown of 

REX1 is generated and analysed to study the effect of decreased REX1 in knob-positive 

parasites. 

 

Despite their central role in the virulence of P. falciparum, the Maurer’s clefts and their 

resident proteins remain inadequately studied. A previous study has used mass 

spectrometry analysis of infected red blood cell ghosts to analyse the protein composition 

of the Maurer’s clefts (Vincensini et al., 2005). Now more than 12 years later, we revisit 

the Maurer’s clefts protein composition with improved enrichment and mass 
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spectrometry methods. In the present study, we develop a method to enrich the Maurer’s 

clefts from 14 - 18 h post-invasion ring-stage infected red blood cells. In addition to the 

parasite-derived proteins, we identify a number of human proteins recruited to the 

Maurer’s clefts. By epitope-tagging a number of Maurer’s clefts proteins (both novel and 

established), we further define the composition of the sub-compartments within these 

organelles. Using epitope-tagged Maurer’s clefts proteins, we investigate protein 

interaction networks at the Maurer’s clefts and place this information within the context 

of the existing literature. We identify proteins that interact with PfEMP1 and describe 

these findings in the spatial environment of the Maurer’s clefts. This study improves the 

current understanding of Maurer’s clefts and the proteins that reside there. The data 

presented here provide a list of putative Maurer’s clefts proteins as well as the protein-

protein interactions and sub-compartmental location for several Maurer’s clefts proteins.  
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Chapter 2 : Materials and Methods 
2.1 Parasite culture 
P. falciparum cultures were maintained according to previously described methods 

(Trager and Jensen, 1976). Parasites were cultured in type O+ blood (Australian Red 

Cross Blood Service) in RPMI 1640 with GlutaMAX and HEPES (Thermo Scientific) 

supplemented with 0.25% (w/v) AlbuMAX II (Gibco), 5% (v/v) pooled human serum 

(Australian Red Cross Blood Service), 10 mM glucose, 0.5 mM hypoxanthine and 42 µM 

gentamicin. Wash media composed of RPMI 1640 with 10 mM glucose, 0.5 mM 

hypoxanthine and 42 µM gentamicin was used for some applications. Cultures were 

maintained in a low-oxygen environment (1% O2, 5% CO2, 94% N2) at 37°C. 

Parasitaemia was maintained between 1-7% and cultures were kept at 5% haematocrit. 

Parasitaemia was assessed by 10% (v/v) Giemsa-stained thin blood smears observed 

under a 100X oil immersion objective.  

 
The wild type parasites used in this study are the 3D7 clonal line, originally cloned from 

the NF54 isolate obtained from a patient in the Netherlands (Ponnudurai et al., 1981, 

McLean et al., 1987). Transgenic parasites expressing the human dihydrofolate reductase 

(hDHFR) drug resistance cassette were maintained on 5 nM WR99210. A list of 

transfectant parasites used in this study is presented in   
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Table 1. For transfectant parasites also containing a skip peptide and Neomycin 

resistance cassette, integrants were selected by the addition of 400 µg/mL Geneticinâ 

(Thermo Fisher Scientific).  

2.1.1 Sorbitol synchronisation 
Late stage asexual parasites can be selectively lysed by D-sorbitol, which is taken into 

the infected RBCs through new permeation pathways (NPPs). Ring stage parasites lack 

NPPs and are not affected by sorbitol treatment (Lambros and Vanderberg, 1979). 

Parasite cultures containing at least 2% rings were centrifuged at 400 g for 5 min. The 

supernatant was removed and the infected RBCs were resuspended in 5 times the pellet 

volume of 5% (w/v) D-sorbitol for 10 min at room temperature. The suspension was then 

centrifuged at 400 g for 5 min and the lysate was removed. The pellet, containing the 

uninfected and ring stage-infected RBCs, was returned to culture.  

2.1.2 Gelatine selection of knob-positive infected red blood cells 
Red blood cells infected with trophozoite stage parasites with knobs on the RBC surface 

can be enriched from culture by floatation in a solution gelatine (Pasvol et al., 1978). 

Parasite cultures were pelleted by centrifugation at 400 g for 5 min, and then resuspended 

in 20 times the pellet volume of 70% (v/v) Gelofusine® (Braun) in wash media in a 10 

mL tube. The gelatine parasite suspension was incubated at 37°C for 45 min in a low 

oxygen environment. During incubation, the uninfected RBCs, ring stage and knob-

negative infected RBCs settle to the bottom whilst knob-positive infected RBCs remain 

in the supernatant. The supernatant containing the knob-positive parasites was removed 

and centrifuged at 400 g for 5 min. The resulting parasite pellet was then returned to 

culture or used for experimentation. 

2.1.3 Percoll enrichment of trophozoite stage parasite-infected red blood cells 
Red blood cells infected with schizont and trophozoite stage parasites can be purified by 

density centrifugation on a Percoll cushion (Kramer et al., 1982). Parasite cultures were 

centrifuged at 400 g for 5 min and the pellet was resuspended in 3 mL wash media. The 

infected RBC suspension was layered onto a of 65% (v/v) Percoll® (GE Healthcare) 

cushion in PBS and centrifuged at 1870 g for 10 min. After centrifugation, the schizont 

and trophozoite-infected RBCs remained on top of the Percoll layer and the uninfected 

RBCs, ring- and early trophozoite-infected RBCs were in the pellet. The schizont- and 

trophozoite-infected RBCs were removed and washed in wash media before use in 

downstream applications. 
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2.1.4 Magnetic separation of haemozoin-containing trophozoites from parasite 
cultures 

Red blood cells infected with trophozoites older than ~24 h post-invasion can be 

separated from uninfected RBCs and ring-stage-infected red blood cells by application of 

a magnetic field, due to the paramagnetism of the haemozoin crystal formed in the 

parasite digestive vacuole. Parasite cultures were centrifuged at 400 g for 5 min and the 

infected RBC pellet was resuspended in wash media. The infected RBCs were passed 

through a CS column (Miltenyi Biotec) in a VarioMACS™ magnet. A 21-gauge needle 

was affixed to the column to slow the passage of cells through the column. The 

haemozoin-containing trophozoite-infected red blood cells remained in a column in the 

presence of the magnetic field, whilst the uninfected and ring stage-infected RBCs flowed 

through. The column was washed with 20 mL wash media, then removed from the 

magnetic field and the trophozoite-infected red blood cells were eluted with 15 mL wash 

media. The purified trophozoites were then used for experimentation. 

2.1.5 Tight synchronisation of parasite cultures 
To obtain tightly synchronised parasites, parasite-infected red blood cells were first 

synchronised by Percoll purification (as previously described) of 60 mL of parasite 

culture containing schizonts (5% haematocrit and ~5% parasitaemia). The purified 

schizont-infected red blood cells were added to a petri dish containing 250 µL uninfected 

RBCs and 5 mL complete culture media. This dish was incubated for the desired 

synchronisation window on an orbital shaker at 37°C. The culture was then treated with 

sorbitol (as previously described) and returned to culture. For most applications, parasites 

were synchronised to within a 2 or 4 h window. 
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Table 1 Transfectant parasite lines used in study 

Strain Transfectant parasite line Reference 

3D7 REX1-GFP (Hanssen et al., 2008a) 

3D7 REX11-579 (McHugh et al., 2015) 

3D7 REX1Δ371-579-GFP (McHugh et al., 2015) 

3D7 REX1-HA-glmS (McHugh et al., 2015) 

3D7 MAHRP1-GFP (Batinovic et al., 2017) 

3D7 REX2-GFP Emma McHugh 

3D7 PTP5-GFP (Batinovic et al., 2017) 

3D7 PTP6-GFP Emma McHugh 

3D7 GEXP07-GFP Emma McHugh 

3D7 GEXP10-GFP Emma McHugh 

3D7 Pf11_0505-GFP Emma McHugh 

3D7 Pf13_0275-GFP Emma McHugh 

3D7 GEXP07-HA-glmS Paul Gilson and Emma McHugh 
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2.1.6 Transfection of P. falciparum parasites 
Parasite-infected RBCs were transfected as previously described (Deitsch et al., 2001) 

with 50-100 µg of plasmid DNA. Ring stage parasites were electroporated at 310V, 950 

µF. After electroporation, parasites were returned to culture media in the presence of 5 

nM WR99210. For parasites transfected with plasmids designed for single-crossover 

homologous recombination, parasites were cycled off (21 days) and on drug (14 days) to 

select for integrated parasites.  

2.1.7 Knockdown of proteins using the glmS ribozyme 
In this study, we made use of the glmS ribozyme/riboswitch protein knockdown system 

that has been previously used in P. falciparum (Prommana et al., 2013, McHugh et al., 

2015). In this system, a glmS sequence is incorporated prior to the 3’ UTR of the gene of 

interest. The glmS riboswitch is activated by the addition of glucosamine, which binds to 

the glmS riboswitch on the gene of interest mRNA and causes self-cleavage of the glmS 

ribozyme. The transcript is destabilised upon the removal of the poly-A tail and is 

degraded, causing a decrease in protein expression. 

2.2 Analysis of infected RBC binding to recombinant human CD36 under constant 
flow conditions 

Synchronised trophozoite stage parasites (2 - 4 h window) were resuspended in 

bicarbonate-free RPMI-HEPES (Thermo Fisher Scientific) at 3% parasitaemia and 1% 

haematocrit. A µ-Slide I flow chamber (ibidi) was coated with 125 µg/mL recombinant 

human CD36 (R&D Systems) in PBS and incubated overnight at 4°C. The chamber was 

blocked for 1 h at 37°C with 1% BSA (CSL Limited) in PBS then washed with 

bicarbonate-free RPMI-HEPES. The chamber was then placed in the DeltaVision DV 

Elite Restorative Widefield Deconvolution Imaging System (GE Healthcare). The 

parasite suspension was flowed through the chamber at 37°C at a rate of 190 µL/min for 

5 min using a programmable syringe pump (Harvard Apparatus). The chamber was then 

washed for 10 min with bicarbonate-free RPMI-HEPES. The number of bound infected 

RBCs was counted for 10 pre-programmed fields of view using the 60X oil immersion 

objective (1.42 NA). Counts were performed under flow conditions.  

2.3 Molecular biology 

2.3.1 Genomic DNA extraction from infected RBCs 
Genomic DNA was extracted from wild-type 3D7 parasites for use as a template for PCR. 

Parasite culture was centrifuged at 400 g for 5 min and the pellet was resuspended in 10 

times pellet volume 0.03% (w/v) saponin on ice for 20 min. The saponin lysate was 
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centrifuged at 3000 g for 10 min at 4°C. The pellet containing the parasites was then 

washed twice in PBS. Genomic DNA was extracted from the parasite pellet using the 

Wizard SV genomic DNA purification system (Promega). The concentration of the 

genomic DNA was determined using a NanoDrop 2000 (Thermo Scientific). 

2.3.2 Polymerase chain reaction (PCR) and PCR product preparation and analysis 
Genes or gene fragments were amplified from purified 3D7 gDNA using Q5® High 

Fidelity DNA polymerase (New England BioLabs) or Phusion® High Fidelity DNA 

polymerase (New England BioLabs). Colony screens were performed using GoTaq® 

Green 2X Master Mix (Promega) or OneTaq® 2X Master Mix (New England BioLabs). 

Reactions were performed using a Veriti® Thermal Cycler (Applied Biosystems). 

Thermal cycler programs used for each polymerase are presented in Table 2. A full list 

of oligonucleotides used in this study is presented in Table 3. All PCR products were 

subjected to analysis as described in Section 2.3.6. Prior to subcloning, the PCR products 

from Phusion® or Q5® high-fidelity polymerases were poly-A-tailed by incubation with 

GoTaq® Green 2X Master Mix (Promega) for 15 min at 70°C. 
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Table 2 Thermal cycler conditions used for PCR 

DNA Polymerase Step Temperature Time 

Q5® 

Denaturation 98°C 3 min 

30 cycles 

98°C 15 s 

45-65°C 30 s 

60-72°C 1-3 min 

Final extension 60-72°C 10 min 

Hold 10°C ∞ 

Phusion® 

Denaturation 98°C 3 min 

30 cycles 

98°C 15 s 

45-65°C 30 s 

60-72°C 1-3 min 

Final extension 60-72°C 10 min 

Hold 10°C ∞ 

OneTaq® 

Denaturation 94°C 3 min 

30 cycles 

94°C 15 s 

40-60°C 30 s 

60°C 1-3 min 

Final extension 60°C 10 min 

Hold 10°C ∞ 

GoTaq® 

Denaturation 94°C 3 min 

30 cycles 

94°C 15 s 

40-60°C 30 s 

60°C 1-3 min 

Final extension 60°C 10 min 

Hold 10°C ∞ 
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Table 3 List of primers used in this study 

Primer name Cut 
site Sequence 

PTP6-FOR Xho 5'-CTCGAGATGGTAGTGCTATATAATAATAAGG-3' 

PTP6-REV KpnI 5'-GGTACCGGACGTTTTAGTAACATTTG-3' 

PTP5-FOR Xho 5'-CTCGAGATGGAAAACATAATAAACAAG-3' 

PTP5-REV KpnI 5'-GGTACCTTTTAATTTCTTTTGAGATCTAC-3' 

MAHRP1-FOR XhoI 5'-CTCGAGATGGCAGAGCAAGCAG-3' 

MAHRP1-REV KpnI 5'-GGTACCATTATCTTTTTTTTCTTGTTCTAA-3' 

GEXP07-FOR Xho 5'-CTCGAGATGTCCTTTTGTTACGTTAGAAC-3' 

GEXP07-REV KpnI 5'-GGTACCAAAATTAGAAACTTGTTTAATGATTC-3' 

GEXP10-FOR Xho 5'-CTCGAGATGAACATTTATATTAGGACC-3' 

GEXP10-REV KpnI 5'-GGTACCTTGAAAATGTAATATTTGTCTTAAT-3' 

PF11_0505-FOR Xho 5'-CTCGAGATGGAAGCTGAGAAAAAG-3' 

PF11_0505-REV KpnI 5'-GGTACCTTTAAAGAACGTTACATAAAATG-3' 

PF13_0275-FOR Xho 5'-CTCGAGATGAAGACATACAATTCTT-3' 

PF13_0275-REV KpnI 5'-GGTACCAGCTTCAACTACTTCTTC-3' 
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2.3.3 Subcloning 
The A-tailed product was then ligated into pGEM®-Teasy vector (Promega) as described 

below. Ligated products were transformed into competent DH5α E. coli (Bioline) by heat 

shock at 42°C for 40 s, followed by 2 min incubation on ice. The transformed cells were 

then incubated at 37°C for 1 h in SOC media, before being spread on a 2YT agarose plate 

containing 100 µg/mL carbenicillin and incubated overnight at 37°C.  

2.3.4 Ligation of DNA fragments into vectors 
Ligation of DNA fragments into vectors was performed using T4 DNA ligase (Invitrogen) 

and T4 DNA ligase buffer (Invitrogen) according to the manufacturer’s instructions. 

DNA ligation reactions contained 25 ng plasmid DNA and 3 molar equivalents of insert 

DNA. Reactions were incubated for 1-2 h at room temperature.  

2.3.5 Restriction enzyme digestion of DNA 
Restriction enzyme digestion of DNA was performed in 30 µL reactions. Plasmid DBA 

(1 µg) was digested for 2 h at 37°C with restriction enzymes listed in Table 3 with the 

appropriate buffer according to the manufacturer’s instructions.  

2.3.6 DNA analysis and purification after PCR and restriction enzyme digestion 
DNA was run on 0.5-2% agarose gels containing SYBR® Safe DNA gel stain (Thermo 

Fisher Scientific) in TAE buffer at 100V for 30 min. The DNA fragments were then 

visualised using a LAS-3000 Imaging System (Fuji). A 1 kb DNA ladder (New England 

BioLabs) was used to determine digested DNA fragment size. For excision of enzyme-

cleaved DNA fragments, gels were placed on a UV transilluminator and the required 

DNA digestion products were removed with a razor blade. Gel fragments were purified 

using the Wizard® SV Gel and PCR Clean-Up System (Promega) according to the 

manufacturer’s instructions. The purity and concentration of the gel-extracted digestion 

products was determined using NanoDrop 2000 (Thermo Scientific). 

 

2.4 Microscopy 

2.4.1 Acetone and acetone/methanol fixation of infected red blood cells 
Infected RBCs were washed in PBS and resuspended at 50% haematocrit in PBS. This 

suspension was smeared on a glass slide and allowed to air dry for a minimum of 2 h. The 

slide was then incubated in a solution of 90% acetone and 10% methanol at -20°C for 5 

min, or in 100% acetone at room temperature for 10 min. Slides were dried for at least 1 

h before a hydrophobic PAP pen (Sigma) was used to demarcate wells on the slide.  
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2.4.2 Glutaraldehyde/paraformaldehyde fixation of infected red blood cells 
A coverslip was divided into 4 wells with a PAP pen and each well was coated with 

Phaseolus vulgaris agglutinin erythroagglutinin (PHA-E) (Sigma). Wells were washed in 

PBS and a suspension of infected RBCs (1% haematocrit) was added to each well and 

incubated for 15 min at room temperature. Excess cells were washed from the wells with 

PBS. A mixture of 4% formaldehyde and 0.0065% glutaraldehyde was added to each well 

for 20 min. The fixed cells were then washed three times in PBS, permeabilised with 

0.1% Triton-X-100 for 10 min, then washed a further three times in PBS. 

2.4.3 Addition of antibodies and microscopy of immunofluorescence assays 
(IFAs) 

Infected red blood cell were prepared on slides as described in Sections 2.4.1 and 2.4.2. 

Primary antibodies were diluted in 3% (v/v) BSA in PBS and added to wells for 1 h at 

room temperature. A full list of antibodies used in this study can be found in Table 4. 

Primary antibodies were washed from the samples three times with PBS before the 

addition of the secondary antibody in 3% (v/v) BSA in PBS for 1 h. Samples were again 

washed three times in PBS, stained with DAPI (2 µg/mL) to visualise nuclei, then 

mounted with 5 mM PPD anti-fade (Sigma) in 90% glycerol. Coverslips were sealed to 

slides using nail polish and were stored at 4°C prior to imaging.  

 

Imaging of IFAs was performed on a DeltaVision DV Elite Restorative Widefield 

Deconvolution Imaging System (GE Healthcare) using the 100X oil immersion objective 

(1.4NA). The fluorescent samples were excited by 390, 475, 542 or 632 nm LEDs and 

were imaged using band pass filters at 435, 523, 994 or 676 nm. Microscopy data was 

processed using Image J software (version 2.0.0). Z-stacks were imaged at 0.2 µm 

intervals and are presented as maximum projections. Images were cropped and 

adjustments were made to brightness and contrast. We used 3D structured illumination 

microscopy (3D-SIM), a super-resolution microscopy technique that enables an 8-fold 

increase in three dimensional resolution (Schermelleh et al., 2010). To achieve this, 

samples are illuminated with striped patterns in different orientations, and the resulting 

images are amalgamated by computer algorithms (Schermelleh et al., 2010). A 

DeltaVision OMX V4 Blaze (GE Healthcare) was used for 3D-SIM analysis. 
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Table 4 List of antibodies used for immunofluorescence microscopy 

Antigen Species Dilution Reference 

REX1 (N-terminus) rabbit 1:1000 (Dixon et al., 2008) 

REX1 (repeat region) rabbit 1:1000 (Hawthorne et al., 2004) 

REX1 (C-terminus) mouse 1:1000 (Dixon et al., 2008) 

SBP1 rabbit 1:1000 (Cooke et al., 2006) 

MAHRP1 mouse 1:300 (Spycher et al., 2003) 

MAHRP2 rabbit 1:300 (Pachlatko et al., 2010) 

PfEMP1 (ATS region) mouse 1:100 (Maier et al., 2007) 

PfEMP3 mouse 1:300 (Waterkeyn et al., 2000) 

EXP2 rabbit 1:1000 (de Koning-Ward et al., 
2009) 

GFP mouse 1:300 Roche 

GFP rabbit 1:300 (Humphries et al., 2005) 

HA mouse 1:300 Sigma 

HA rabbit 1:300 Sigma 

KAHRP rabbit 1:300 (Rug et al., 2006) 
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2.4.4 Live-cell fluorescence microscopy 
For imaging of live parasites, 5 µl of parasite culture was mounted on a coverslip and 

sealed on a slide using nail polish. Samples were imaged using the DeltaVision DV Elite 

Restorative Widefield Deconvolution Imaging System (GE Healthcare) using the 100X 

oil immersion objective (1.4NA). Longer-term live cell imaging was performed at 37°C 

in 8 well µSlides (ibidi) with a thin layer of infected RBCs in RPMI coating the bottom 

of each well.  

2.4.5 Immunolabelling of samples for electron microscopy 
For electron microscopy, red blood cells infected with trophozoite stage parasites were 

purified from culture using Percoll (as described above) or magnetic separation (as 

described above) and washed twice in PBS. The purifeid infected RBCs were fixed in 1X 

pellet volume 2% formaldehyde, 0.0065% glutaraldehyde in PBS for 20 min at room 

temperature. The fixed cells were washed in PBS and permeabilised with 4 haemolytic 

units of equinatoxin II (EqtII) for 6 min. After equinatoxin treatment, the cells were fixed 

again 2% formaldehyde, 0.0065% glutaraldehyde in PBS for 5 min at room temperature, 

then washed in PBS. The primary antibody, mouse anti-GFP (Roche), was diluted in 3% 

BSA (v/v) in PBS and 1X pellet volume was added to the sample for 2 h at room 

temperature. The sample was washed once in 3% BSA (v/v) PBS, then 1:20 Protein A 6 

nm gold (Aurion) in PBS was added for 1 h. The sample was washed in 3% BSA (v/v) in 

PBS, then in PBS, then stored in 2% formaldehyde, 0.0065% glutaraldehyde in PBS.  

2.4.6 Sample embedding, microtome sectioning and electron microscopy analysis 
Prior to dehydration, cells were suspended in 1X pellet volume warmed 1% (w/v) agarose 

in PBS. The agarose block was divided in 1x1x1 mm cubes with a razor blade and the 

cubes were washed 5 times in PBS, waiting 10 min between each washing step. The 

samples were then stained with 2% (v/v) OsO4 in H2O for 1 h at room temperature. The 

samples were washed twice for 2 min in H2O and were then dehydrated for 10 min each 

in an ethanol series of increasing concentrations in H2O: 30%, 50%, 70%, 80%, 90%, 

then three times in 100% ethanol. Samples were then dehydrated in 50% ethanol and 50% 

acetone for 10 min, then transferred to 100% acetone for 10 min. An epoxy resin mixture 

containing 58% (v/v) dodecenyl succinic anhydride (DDSA; ProSciTech), 26% (v/v) 

Procure (ProSciTech), and 16% (v/v) Araldite (ProSciTech) was prepared and was mixed 

on a rotating wheel for 2 h at room temperature, then incubated for 1 h at 60°C before 

use. The samples were infiltrated with 50% acetone and 50% epoxy resin mixture for 30 
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min at room temperature, then transferred to 100% resin for 1 h at 60°C. The resin was 

replaced twice at 12 h intervals and incubated at 60°C. A mixture of 2.74% 

benzyldimethylamine (BDMA) in the epoxy resin was prepared and incubated on a 

rotating wheel for 2 h at room temperature, then stood for 1 h at room temperature before 

use. The samples were transferred to the resin containing BDMA and were polymerised 

at 60°C for 48 h. The resin blocks were trimmed with a razor blade, and thin (70 nm) and 

thick (200 nm) sections were cut using a Leica UC7 ultramicrotome and placed on 

Formvar-coated 200h copper grids. Sections were stained with uranyl acetate and lead 

citrate before observation on a Tecnai Spirit or Tecnai F20 transmission elecron 

microscope.  

 

2.5 Enrichment of Maurer’s clefts from ring-stage parasites 
Parasites expressing REX1-GFP were synchronised to a 4 h window by Percoll 

purification and sorbitol lysis (Section 2.1.5). At 14-18 h post-invasion, a culture 

containing parasites at ~15% parasitaemia was harvested by centrifugation at 1800 g and 

washed in PBS. Infected red blood cells were lysed on ice with chilled hypotonic buffer 

(1 mM Hepes.NaOH, 1X Roche cOmplete EDTA-free protease inhibitor, pH 7.4). The 

lysed infected red blood cells were passaged through a 27-gauge needle 10 times and the 

solution was then made isotonic by the addition of a 4X assay buffer (200 mM Hepes-

NaOH, 200mM NaCl, 8 mM EDTA, pH 7.4). The solution was centrifuged at 2500 g for 

10 min at 4 °C, the supernatant was collected and centrifuged again at 2500 g for 10 min 

at 4 °C. The supernatant (containing the Maurer’s clefts) was then pre-cleared with Pierce 

(TM) Protein A agarose beads (Thermo Scientific) for 30 min at 4 °C on a mixing wheel. 

The Protein A agarose beads were pelleted by centrifugation at 6000 g and the supernatant 

was transferred to a tube containing a 15 µL slurry (50:50) of GFP-Trap agarose beads 

(Chromotek) in PBS. The sample was incubated for 4 h at 4 °C on a mixing wheel. The 

beads were then collected and used for downstream applications.  

 

2.6 Analysis of protein samples from P. falciparum 

2.6.1 Preparation of saponin-lysed infected RBCs for SDS-PAGE 
Infected RBCs were pelleted by centrifugation at 400 g for 5 min. Cell pellets were 

resuspended in 10 times pellet volume of 0.03% (w/v) saponin in PBS on ice for 20 min. 

The saponin lysate was centrifuged at 16,000 g for 10 min at 4°C and the resulting parasite 
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pellet was washed twice in PBS. The pellet was then resuspended in LDS Sample Buffer 

(Thermo Fisher Scientific) and 50 mM DTT and heated to 90°C for 10 min prior to gel 

electrophoresis. 

2.6.2 SDS-PAGE, immunoblotting and membrane stripping 
Samples were loaded on a 4-12% Bis-Tris polyacrylamide gels (Life Technologies) and 

were run in 3-(N-morpholino)propanesulfonic acid (MOPS) running buffer in water at 

200V for 32 min. The SeeBlue Plus2® protein standard (Thermo Fisher Scientific) was 

used to estimate protein molecular weight. For separation of higher molecular weight 

proteins (>150 kDa), samples were run on 3-8% Tris-Acetate polyacrylamide gels (Life 

Technologies) in NuPAGE® Tris-Acetate SDS Running Buffer.  The HiMark™ 

prestained protein standard was used for molecular weight estimation. 

 
After SDS-PAGE, proteins were transferred from the gel to a nitrocellulose membrane 

using an iBlot® Transfer Stack (Novex) and the iBlot® Dry Blotting System (Novex). 

The nitrocellulose membranes were blocked in 3% (w/v) skim milk in PBS for 1 h at 

room temperature and then incubated with primary antibody diluted in 3% (w/v) skim 

milk in PBS overnight at 4°C. A complete list of antibodies used for immunoblotting is 

presented in Table 5. The membrane was washed three times for 10 min with 0.05% 

Tween-20 in PBS. The membrane was then incubated for 1 h at room temperature with 

the secondary antibody diluted in 3% (w/v) skim milk in PBS. The membrane was washed 

again three times with 0.05% Tween-20 in PBS and then in PBS before the addition of 

Clarity™ ECL western blotting substrate (BioRad). The membrane chemiluminesence 

was visualised using a LAS-3000 Imaging System (Fuji). 

 

Western blotting membranes were stripped of antibodies prior to being reprobed with a 

different primary antibody. Nitrocellulose membranes were incubated in a hot (>90°C) 

100 mM glycine (pH = 2) on an orbital shaker. The glycine solution was replaced every 

10 min a total of 4 times. The membrane was then washed in 0.05% Tween20 in PBS for 

10 min, then blocked in 3.5% (w/v) skim milk in PBS before the addition of primary 

antibody.  
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Table 5 List of antibodies used for immunoblotting 

 Antigen Species Dilution Reference 

 REX1 (N-terminus) rabbit 1:1000 (Dixon et al., 
2008) 

 GADPH rabbit 1:1000  

 GFP mouse 1:1000 Roche 

 HA mouse 1:1000 Sigma 

 HA rabbit 1:1000 Sigma 

 Spectrin (human) mouse 1:1000  

 EXP1 mouse 1:1000  

 MAHRP1 mouse 1:1000 (Spycher et 
al., 2003) 

 PfEMP1 (ATS) mouse 1:200 (Maier et al., 
2007) 

HRP-
conjugated 
secondaries 

mouse IgG (H+L) goat 1:25,000 Promega 

 rabbit IgG (H+L) goat 1:25,000 Promega 
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2.6.3 Trypsin digestion of surface-exposed PfEMP1 
Trypsin cleavage of PfEMP1 exposed on the surface of infected RBCs was used to assess 

relative efficiency of PfEMP1 trafficking across transfectant parasite lines. Red blood 

cells infected with trophozoite stage parasites were harvested by Percoll or magnet 

purification as described above. Three tubes were prepared to a volume of 200 µL: PBS 

alone (P), 1 mg/mL TPCK-treated trypsin (Sigma) in PBS, and 1 mg/mL TPCK-treated 

trypsin in PBS with 4 mg/mL soybean trypsin inhibitor (Sigma) (I). The intact parasite-

infected red blood cells (10 µL) were added to each of the P, T and I reactions and were 

incubated at 37°C for 1 h. Soybean trypsin inhibitor was added to the P and T tubes to a 

final concentration of 4 mg/mL and incubated at room temperature for 15 min. Samples 

were centrifuged for 5 min and the resulting pellets were resuspended in 1% Triton X-

100 with protease inhibitor (Roche) in PBS and incubated on ice for 20 min. Lysates were 

centrifuged at 16,000 g at 4°C for 10 min. The pellet was washed in 1% Triton X-100 

with 1X protease inhibitor (Roche) in PBS. The Triton X-100-insoluble pellet was then 

resuspended in 2% SDS in PBS with protease inhibitor and incubated on a mixing wheel 

at room temperature for 20 min. The sample was centrifuged for 10 min at 16,000 g and 

the supernatant was subjected to SDS-PAGE and immunoblotting as described in Section 

2.6.2. 

 

2.6.4 Protease treatment of enriched Maurer’s clefts 
Enriched Maurer’s clefts from REX1-GFP-infected red blood cells (Section 2.5) and a 

3D7 control sample were treated with either PBS, PBS and proteinase K (1 mg/mL) or 

saponin in PBS (0.03% w/v) and proteinase K (1 mg/mL) for 15 min. Samples were 

subjected to SDS-PAGE and immunoblotting (Section 2.6.2). When the Maurer’s clefts 

membrane integrity is compromised, protease digestion will result in the production 

characteristic SBP1 fragment (Blisnick et al., 2000). Membranes were probed with aBR5, 

an antibody recognising this SBP1 fragment. 

2.6.5 Co-immunoprecipitation 
Trophozoite-infected red blood cells (24 - 30 h post-invasion) were purified from 60 mL 

of parasite culture (~8% parasitaemia, 5% haematocrit) by either magnetic separation or 

Percoll purification (Section 2.1.3 or 2.1.4). Purified trophozoite-infected RBCs were 

washed twice in PBS, then solubilised on ice for 30 min with immunoprecipitation buffer 
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containing 1% Triton X-100 in 50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA and 

cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche). The lysate was centrifuged 

at 13000 16,000g for 10 min at 4°C. The supernatant was removed and placed in a clean 

tube and centrifuged again at 16,000 g for 5 min at 4°C to pellet any remaining Triton X-

100-insoluble material. A 50 µL slurry (50:50) of Pierce™ Protein A Agarose (Thermo 

Fisher Scientific) was washed twice in PBS. The supernatant, containing the Triton X-

100 soluble fraction, was incubated with washed Protein A agarose beads for 30 min at 

4°C on a rotating wheel. A 25 µL slurry of GFP-Trapâ agarose beads was washed twice 

in PBS and added to the pre-cleared Triton X-100 soluble material for 4 h or overnight at 

4°C on a rotating wheel. The GFP-Trapâ beads were pelleted by centrifugation at 6000 

g for 2 min at 4°C and were washed 5 times in immunoprecipitiation buffer. For western 

blotting, the beads were resuspened in LDS Sample Buffer (Thermo Fisher Scientific) 

containing 50 mM DTT and heated to 90°C for 10 min prior to SDS-PAGE. For mass 

spectrometry, the beads were washed a further two times in 1 mM Tris-HCl.  

 

2.6.6 Mass spectrometric analysis of Maurer’s clefts and co-immunoprecipitations 
Samples were prepared for mass spectrometric analysis as previously described 

(Batinovic et al., 2017). Proteins were eluted from GFP-Trap beads by the addition of 

20% (v/v) trifluoroethanol in formic acid (0.1%, pH 2.4) and incubation at 50 °C for 5 

min. The eluate was reduced with 5 mM TCEP (Thermo Fischer Scientific) and 

neutralised with TEAB (tetraethylammonium bicarbonate). Samples were digested with 

trypsin (Sigma) overnight at 37 °C. 

 

Samples were analysed by ESI LC-MS/MS on a Orbitrap Elite (purified Maurer’s clefts) 

or a Q Exactive (co-immunoprecipitations) mass spectrometer. Mass spectra 

(ProteoWizard) were searched against a custom database containing the Plasmodium 

falciparum 3D7 and UniProt human proteomes. Searches were performed on MASCOT 

(Matrix Science), with the following parameters: precursor ion mass tolerance of 10 ppm, 

fragment ion mass tolerance of 0.2 Da, trypsin as the cleavage enzyme, three allowed 

missed cleavages and allowing for oxidation.   
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Chapter 3 : A repeat sequence domain of the ring-export 
protein-1 of Plasmodium falciparum controls export machinery 
architecture and virulence protein trafficking 
3.1 Foreword 
This chapter is an edited, reformatted replication of the manuscript entitled: A repeat 

sequence domain of the ring-export protein-1 of Plasmodium falciparum controls 

export machinery architecture and virulence protein trafficking.  

Emma McHugh, Steven Batinovic, Eric Hanssen, Paul J. McMillan, Shannon Kenny, 

Michael D. W. Griffin, Simon Crawford, Katharine R. Trenholme, Donald L. Gardiner, 

Matthew W. A. Dixon and Leann Tilley 

Molecular Microbiology. (2015) 98(6): 1101-14.  

All contributions made by the authors of this manuscript have been duly acknowledged 

in the Preface of this thesis. 

3.2 Introduction 
Despite enormous efforts, malaria remains a disease of global significance. Annually 

about 600,000 deaths are attributed to infection with Plasmodium falciparum (WHO, 

2014, Murray et al., 2012). The particular virulence of P. falciparum is due, in part, to the 

cytoadherence of infected red blood cells (RBCs) to the walls of post-venule capillaries. 

Mediated by a protein called P. falciparum erythrocyte membrane protein-1 (PfEMP1) 

(Scherf et al., 2008, Baruch et al., 1995), cytoadherence enables P. falciparum to avoid 

splenic clearance, thus permitting a more rapid multiplication rate. An exacerbated 

inflammatory response to the sequestered parasites is involved in precipitating severe 

complications, such as coma and under-weight births (White et al., 2013, Beeson et al., 

2001, Turner et al., 2013).  

Because mature human RBCs lack the machinery for protein synthesis and trafficking, 

export of Plasmodium virulence proteins requires the assembly of a parasite-derived 

exomembrane system in the host RBC cytoplasm. For example, PfEMP1, an integral 

membrane protein, is secreted through the parasite's endomembrane system, and exported 

across the parasitophorous vacuole membrane (PVM) in which the parasite resides (Maier 

et al., 2009). It is trafficked to compartments known as the Maurer’s clefts, and then 

transferred to the RBC membrane, where it is assembled into knobs (Voigt et al., 2000). 

Despite its importance, much remains unclear about the trafficking, sorting and fusion 

machinery that mediates delivery of PfEMP1 to the RBC surface.  
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The term Maurer’s cleft is, in fact, a misnomer as these parasite-derived structures are 

flattened cisternae, with no direct opening onto the RBC surface. In the 3D7 strain, they 

number ~15 per cell, and are roughly disc-shaped, with a diameter of ~500 nm and a 

thickness of ~40 nm (Hanssen et al., 2008b). They are connected to the RBC membrane 

via direct cytoskeletal interactions (Cyrklaff et al., 2011) and via distinct tether-like 

structures (tubes of about ~25 nm by ~200 nm) (Pachlatko et al., 2010, Hanssen et al., 

2010). The Maurer’s clefts are thought to function as a sorting compartment; some 

exported proteins transiently associate with the Maurer’s clefts en route to the RBC 

cytoskeleton or membrane, while some remain as resident proteins. Resident proteins 

play important roles in the PfEMP1 trafficking process; and proteins such as the ring 

exported protein-1 (REX1) (Dixon et al., 2011), the skeleton-binding protein-1 (SBP1) 

(Maier et al., 2007, Cooke et al., 2006), the membrane-associated histidine-rich protein-

1 (MAHRP1) (Spycher et al., 2008), PfEMP1 trafficking protein 1 (PfPTP1) (Rug et al., 

2014) and P. falciparum antigen 332 (Glenister et al., 2009) have been shown to be 

essential for efficient delivery of PfEMP1 to the RBC surface. 

REX1 is a peripheral membrane protein that is exported to the RBC cytoplasm in the very 

early ring stage of infection (~2 h p.i.) (McMillan et al., 2013), where it associates with a 

population of already formed Maurer’s clefts (Gruring et al., 2012). This 712 amino acid 

protein possesses a recessed hydrophobic signal sequence (residues 37 – 58), a predicted 

coiled-coil region (residues 181 – 361), a highly charged repetitive sequence region 

(residues 362-579) and a C-terminal region (residues 580-712) (Figure 3.2). It has no 

predicted Plasmodium Export Element (PEXEL) and is thus considered to be a PEXEL-

Negative Exported Protein (PNEP) (Gruring et al., 2012, Spielmann and Gilberger, 

2010). 

Previously we have shown that attachment of REX1 to the Maurer’s clefts is mediated by 

a sequence within the predicted coiled-coil domain (Dixon et al., 2008). Interestingly, 

targeted truncation of REX1 leads to an altered Maurer’s cleft architecture and a 

significant decrease in PfEMP1 surface exposure (Dixon et al., 2011, Hanssen et al., 

2008a). However, complete genetic disruption of REX1 was found to be associated with 

concomitant deletion of the sub-telomeric region of chromosome 2, with resultant loss of 

the genes for a number of exported proteins, including the knob-associated histidine-rich 

protein (KAHRP). KAHRP forms the main structural component of the knobs at the 

infected RBC surface in which PfEMP1 is concentrated (Horrocks et al., 2005) and 
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promotes PfEMP1 presentation (Crabb et al., 1997). This makes it difficult to distinguish 

the direct effect of REX1 on PfEMP1 trafficking from an indirect effect due to the loss 

of knobs and other deleted chromosome 2 genes.  

In this work, we have used the inducible ribozyme system (Prommana et al., 2013) to 

genetically attenuate the expression of REX1 and show that Maurer’s cleft architecture 

changes can be achieved, independent of loss of the kahrp locus. We have mapped the 

key domain within REX1 that controls cleft architecture and forward trafficking of 

PfEMP1. That is, we show that removal of the repeat sequence region (residues 362-579) 

results in the formation of giant stacked Maurer's clefts.  This is associated with 

significant loss of PfEMP1 surface delivery and decreased adhesion of infected RBCs. 

Using sophisticated prediction methods, we gain some insights into the physical nature 

of REX1 and its role in Maurer’s clefts sculpting. 
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3.2.1 Plasmid constructs and P. falciparum transfection 

The genomic region of REX1 corresponding to amino acids 1-579 was PCR-amplified 

from 3D7 gDNA using the REX1579fw (cctaggtgccaactcgaaacttcctgc) and REX1579rv 

(atcgatatctttttcagcttgagtaag) primers (AvrII and ClaI in bold). The resultant PCR products 

were directionally cloned into pHH1-DEST to get pHH1-REX1-579. The gene sequence 

used to generate the REX371-579 parasites was synthesized by GeneScriptTM. This sequence 

contained BamHI and PstI sites at the 5’ and 3’ ends of the gene allowing directional 

cloning into the pEntry-GFP gateway compatible vector (Invitrogen). The pEntry-

REX371-579-GFP vector was recombined with the Gateway compatible Destination vector, 

pHH1-DEST, to yield the final transfection plasmid pHH1-REX371-579.  

The riboswitch-inducible knockdown construct was made by PCR amplifying the 3’ 

region of REX1 with the REX1-glmS-fw (ggatcctgccaactcgaaacttcctgc) and REX1-

glmS-rv (ctgcagattaaatacagaactttctag) primers (BamHI and PstI in bold). This PCR 

product was directionally cloned into the pGLMS-HA plasmid (Elsworth et al., 2014) to 

get the pGLMS-REX1-HA construct. Transfections were performed as previously 

described (Deitsch et al., 2001).  

3.2.2 Fluorescence microscopy 

Fluorescence microscopy was performed on either paraformaldehyde/ glutaraldehyde 

(4%/0.0065%) or acetone-fixed thin blood smears as previously described (Spielmann et 

al., 2006). The following primary antibodies were used: anti-REX1 (rabbit, 1:2000) 

(Hawthorne et al., 2004), anti-REX1_N-term (mouse, 1:1000) (Hanssen et al., 2008a), 

anti-GFP (monoclonal antibody, Roche, 1:500), anti-GFP (rabbit, 1:1000) (Humphries et 

al., 2005), anti-SBP1 (rabbit, 1:2000) (Cooke et al., 2006), anti-MAHRP2 (rabbit, 1:200) 

(Pachlatko et al., 2010), anti-PfEMP1 ATS (mAb 1B/98-6H1-1, 1:100) (Adisa et al., 

2007), anti-KAHRP (mouse, 1:200) and anti-PfEMP3 (mouse, 1:200) (Waterkeyn et al., 

2000). Nuclei were visualized by addition of DAPI (1 µg ml-1).  

Samples were viewed on a DeltaVision DV Elite Restorative Widefield Deconvolution 

Imaging System (GE Healthcare/Applied Precision) using a 100X objective (1.4NA). 

Samples were excited by 390, 475, 542 or 632 nm LEDs and imaged using band pass 

filters at 435, 523, 994 or 676 nm. Images are presented as projections of whole cell z-

stacks (taken at intervals of 0.2 µm) unless otherwise stated. 

Structured Illumination Microscopy (Schermelleh et al., 2008) was performed on a 
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DeltaVision OMX V4 Blaze (GE Healthcare/Applied Precision). Samples were excited 

using 488, 568 or 642 nm lasers and imaged using band pass filters at 528, 608 and 683 

nm with a 60X objective (1.42 NA). Images were processed using the SoftWorx imaging 

software (Applied Precision) or ImageJ software (NIH). 

3.2.3 Immunoblotting 

Trophozoite stage parasites were enriched from culture by magnetic separation or Percoll 

purification as previously described (Dixon et al., 2011). Purified cells were lysed with 

0.03% saponin and fractionated into supernatant and pellet fractions as previously 

described (Dixon et al., 2008). Protein samples were adjusted for equal loading, mixed 

with 6x SDS loading dye and separated on 4-12% Bis-Tris gels (Life Technologies). Gels 

were transferred to nitrocellulose membranes and blocked for 1 h in 3.5% skim milk in 

PBS. The following primary antibodies were used in these study: anti-REX1 (rabbit, 

1:2000) (Hawthorne et al., 2004b), anti-REX1 (mouse, 1:1000) (Hanssen et al., 2008a), 

anti-GFP (mAb, Roche; 1:500), anti-GFP (rabbit, 1:1000) (Humphries et al., 2005) and 

anti-GAPDH (rabbit, 1:1000). Anti-mouse or anti-rabbit horseradish peroxidase-

conjugated secondary antibodies (1:25000, Promega) were incubated with the 

membranes for 1 h at room temperature. All membranes were washed 3 times for 10 min 

with 0.1% Tween-20 in PBS, following antibody incubations. Washed membranes were 

incubated with Clarity ECL reagents (Bio-Rad) and visualized on a Las3000 Imager 

(Fujifilm).  

3.2.4 CD36 binding assays and PfEMP1 variant up-selection  

Up-selection of parasites on immobilized CD36 was employed prior to binding 

experiments to maximize surface expression of PfEMP1. Recombinant human CD36 

(125 µg ml-1 in PBS) was immobilized on plastic petri dishes (Spycher et al., 2008). 

Dishes were blocked with 1% BSA in PBS and washed with RPMI-HEPES. Infected 

RBCs (1% haematocrit, 3% parasitaemia) in RPMI-HEPES were added and incubated 

for 1 h at 37°C. Unbound cells were gently washed from the dish with RPMI-HEPES. 

Fresh culture media and RBCs were added to the dish and cultures were maintained as 

described above. 

Binding assays under constant flow conditions were performed in culture chambers 

(iBIDI µ-Slide I) loaded with recombinant human CD36 (125 µg ml-1 in PBS) and 

incubated overnight at 4oC. Prior to use the chambers were blocked in 1% BSA in PBS 
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for 1 h at 37oC. Binding assays were performed on trophozoites >24 h post-invasion, 

synchronized to a 6-8 h window. Parasites (1% haematocrit, 3% parasitaemia) were 

resuspended in bicarbonate-free RPMI-HEPES and flowed through the chambers at 0.1 

Pa using a programmable Harvard Elite 11 Syringe Pump. All assays were performed at 

37oC and were visualized on a DeltaVision DV Elite Restorative Widefield 

Deconvolution Imaging System (Applied Precision) using a 60X objective. Parasites 

were flowed through the chamber for 5 min, prior to washing chamber for 5 min in 

bicarbonate-free RPMI-HEPES under constant flow conditions. The number of bound 

cells per field was counted for 10 randomly chosen fields.  
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3.3 Results 

3.3.1 Knockdown of REX1 expression is associated with Maurer's cleft 

reorganization without loss of KAHRP 

Genes with important functions in the asexual blood stage are difficult to study using 

conventional gene disruption strategies due to the haploid nature of the P. falciparum 

genome. Recently, methods have been introduced to target genes by incorporating a 

glucosamine-6-phosphate−activated ribozyme (glmS) into their 3' untranslated region 

(Figure 3.1 Schematic representation of strategy used to generate transfected parasites) 

(Prommana et al., 2013). In the presence of the cofactor glucosamine-6-phosphate, the 

glmS ribozyme degrades the mRNA encoding the targeted gene thereby reducing its 

expression. 
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Figure 3.1 Schematic representation of strategy used to generate transfected 

parasites 

(A) REX1-HA-glmS, 3’F = 3’ flank 

(B) REX11-579, HR = homologous region 

(C) REX1(Δ371-579)- GFP 
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The glucosamine (GlcN)-inducible glmS ribozyme and a 3 x HA tag (Figure 3.2) were 

incorporated into the 3’ untranslated region of the REX1 gene by homologous 

recombination. PCR and DNA sequencing confirmed correct integration of the glmS 

plasmid. Treatment of ring stage REX1-KD parasites with 2.5 mM GlcN (which is 

converted to glucosamine-6-phosphate) for 20 h, resulted in efficient (>90%) REX1 

knockdown, as quantitated by loss of the HA-tagged REX1 (Figure 3.5A). By contrast, 

the level of a control protein, PfGAPDH, remained unchanged. This indicates that the 

decline in the REX1 level was not caused by defective or aborted development of 

parasites. Indeed, parasite growth was not affected by the significantly decreased 

expression of REX1; when monitored over a period of 48 h in the presence of 2.5 mM 

GlcN, no growth defect was observed in either 3D7 or REX1-KD parasites compared to 

untreated parasites. Parasitaemia levels were 106% of the controls, in both cases (Fig. 

Figure 3.3).  
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Figure 3.2 Schematics of REX1 and REX1 mutants 

Full	 length	 3D7	 REX1	 features	 a	 recessed	 hydrophobic signal sequence (HS), a 

predicted coiled-coil region and a repeat region. In REX11-579 transfectants the C-terminal 

region is deleted. REX1-GFP and REX1(Δ371–579)-GFP transfectants express REX1 with a 

C-terminal GFP tag, with and without the repeat region. REX1_KD transfectants have a 

3xHA tag and glmS sequence integration into the 3’ untranslated region. 
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Figure 3.3 Analysis of the growth of 3D7 and REX1-KD parasites in the presence 

and absence of GlcN 

Parasites were synchronized to a 2 h window and were treated, or not, with GlcN at 24 h 

post-invasion. 48 h later the infected RBCs were labelled with SYTO61 and 

parasitaemia levels were determined using flow cytometry. Results are presented as a 

percentage of untreated control + S.D.  
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Maurer’s clefts can be observed by immunofluorescence microscopy following labelling 

with antibodies recognizing resident proteins such as MAHRP1 and SBP1 (Figure 3.4D; 

Figure 3.5B, D). In the absence of GlcN, we observed 16 + 3 REX1-HA and SBP1-

positive puncta in the REX1-KD parasites (Figure 3.5C), which is equivalent to the 

number found in wildtype 3D7 (see Figure 3.6C). These puncta correspond to individual 

Maurer’s cleft cisternae that have a distributed organization within the RBC cytoplasm 

(Hanssen et al., 2008a). 

Upon exposure to 2.5 mM GlcN, the REX1-KD parasites exhibited a decreased number 

(4 + 1) of SBP1-positive puncta (Figure 3.5C; Figure 3.4D) indicating reorganization of 

Maurer’s cleft architecture. Treatment of 3D7 parasites with 2.5 mM GlcN did not affect 

the number of Maurer’s clefts puncta (data not shown). Deletion of the rex1 gene has 

been reported to be associated with concomitant disruption of the chromosome 2 locus, 

which contains genes encoding KAHRP and other proteins such as P. falciparum 

Erythrocyte Membrane Proteins-3 (PfEMP3) (Dixon et al., 2011). Interestingly the GlcN-

treated REX1-KD parasites retained expression of KAHRP (Figure 3.5D) and PfEMP3 

(Figure 3.4C), indicating that Maurer’s cleft restructuring can occur even in the presence 

of an intact chromosome 2 locus, and that reduction of REX1 levels does not affect the 

trafficking of these proteins to the RBC periphery. 
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Figure 3.4 Immunofluorescence microscopy of KAHRP, PfEMP3 and PfEMP1.  

 (A, B) Aceteone-fixed infected red blood cells probed with aKAHRP1, aSBP1 and 

aPfEMP3 

 (C, D) Paraformaldehyde-fixed infected red blood cells probed with aPfEMP3, aHA, 

aATS or aSBP1.  

Nuclei are stained with DAPI (blue). Scale bar = 3 µm.  
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Figure 3.5 Inducible knockdown of REX1 using the glmS ribozyme system 

decreases the number of Maurer's cleft puncta 

(A) Western blots confirming knockdown of expression of REX1 in REX1_KD 

transfectants probed with anti-HA and anti-REX1.  

(B, D) Immunofluorescence microscopy of paraformaldehyde-fixed infected RBCs 

probed with Maurer’s cleft marker anti-MAHRP1 (green) and anti-HA or anti-KAHRP 

(red). Nuclei are stained with DAPI (blue). Scale bar = 3 µm.  

 

(C) Quantitation of numbers of Maurer’s clefts produced by REX1_KD transfectants in 

the presence and absence of 2.5 mM GlcN. The mean number of Maurer’s clefts 

produced per singly nucleated infected RBC was determined by counting SBP1-labelled 

puncta in at least 10 cells. Error bars = S.D. 
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3.3.2 The repeat region of REX1 is involved in Maurer's cleft sculpting 

In an effort to identify the region within REX1 that is responsible for maintaining normal 

Maurer’s cleft architecture, we targeted the locus to modify the REX1 sequence. We 

found that removal of the C-terminal half of the REX1 protein, using an integration 

strategy (REX11-362) (see (Dixon et al., 2011); Figure 3.1 Schematic representation of 

strategy used to generate transfected parasites) is associated with a dramatic decrease in 

the number (3 + 0.2) of SBP1-positive puncta (Figure 3.6A,C), similar to that observed 

with REX1 knock-down parasites. We next generated parasites in which REX1 is 

truncated at residue 579 (REX11-579; Figure 3.2) and used Western analysis to show that 

a protein of approximately 70 kDa was expressed (Figure 3.6B, left panel). These 

parasites exhibit 12 + 3 SBP1-labelled puncta (Figure 3.6A, C), a Maurer’s cleft profile 

that more closely resembles wildtype 3D7 (p = 0.54, unpaired t-test). This indicates that 

the region between amino acids 363 and 579 carries the major determinant that controls 

Maurer's cleft architecture. 

To further investigate this we generated a REX1 construct in which the repeat sequence 

domain (371 – 579) was deleted (REX1Δ371-579-GFP; Figure 3.2). For this transfectant, we 

used a GFP-tagged REX1 construct, to facilitate downstream characterization, and 

compared the mutants with transfectants expressing full-length REX1-GFP and with wild 

type 3D7. Western analysis confirms that full-length REX1-GFP migrates with an 

apparent molecular mass of 120 kDa as expected for the chimera, while the REX1Δ371-579-

GFP migrates with the expected molecular mass of 87 kDa (Figure 3.6B, right panel).  

Immunofluorescence microscopy reveals that full-length REX1-GFP is correctly 

localized at the Maurer's clefts (Figure 3.6A) and that these transfectants exhibit an 

average number of puncta equivalent to that of the 3D7 parent (13 + 2; p = 0.59, unpaired 

t-test; Figure 3.6C). By contrast, the REX1Δ371-579-GFP parasites exhibited a striking 

Maurer’s cleft phenotype, with only 2 + 0.3 punctate structures observed in the infected 

RBC cytoplasm (Figure 3.6A, C). This is much less than in wildtype 3D7 and the REX1-

GFP line (unpaired t-test, p < 0.0001) and even less than the number observed in the 

REX1 knockdown parasites. These structures were still labelled with SBP1, but appeared 

larger than the puncta in wildtype parasites.  
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Figure 3.6 Deletion of the repeat region of REX1 decreases the number of 

Maurer's cleft puncta 

(A) Immunofluorescence microscopy of acetone-fixed infected RBCs probed with anti-

SBP1 (red) and anti-REX1 (green). Nuclei are stained with DAPI (blue). Scale bar = 3 

µm.  

(B) Western blots confirming expression of REX1 in wildtype 3D7 and truncated REX11-

579 (probed with anti-REX1), and REX1-GFP and REX1(Δ371–579)-GFP chimeras (probed 

with anti-GFP).  

(C) Quantitation of numbers of Maurer’s clefts produced by 3D7 and different REX1 

transfectants in singly nucleated infected RBCs. Error bars = SD.	 
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We performed immunofluorescence microscopy to determine if deletion of the REX1 

repeat domain affected the expression or trafficking of other parasite proteins. An anti-

KAHRP antiserum gave a roughly homogenous staining pattern at the periphery of RBCs 

infected with all parasite lines (Figure 3.4A). Similarly, a characteristic PfEMP3 profile 

at the RBC membrane was observed in all parasite lines (Figure 3.4B). 

Maurer's cleft cisternae have a diameter that is close to the limit of resolution of 

conventional light microscopy. Therefore, it was not clear whether the decreased number 

of puncta in the REX1Δ371-579-GFP line was due to a deficiency in generating Maurer's 

clefts or to the stacking of Maurer's cleft cisternae. We therefore examined these 

structures using 3D-Structured Illumination Microscopy (SIM), which provides an 8-fold 

increase in volume resolution (Hanssen et al., 2010, Schermelleh et al., 2008). Infected 

RBCs were permeabilized with the pore-forming toxin, Equinatoxin II (EqtII) and 

labelled with an antibody recognizing GFP (Figure 3.7A). 3D-SIM reveals giant Maurer's 

clefts with an apparently convoluted surface. We also examined the relative organization 

of REX1Δ371-579-GFP and SBP1 by dual labelled immunofluorescence after fixation and 

permeabilization (Figure 3.7B). A complementary organization of REX1Δ371-579-GFP and 

SBP1 is evident, consistent with sub-compartmentalization of the Maurer’s cleft lamella. 

We co-labelled early stage REX1Δ371-579-GFP parasites with the membrane probe, 

BODIPY-ceramide (Figure 3.7C) in an effort to determine the physical organization of 

the Maurer’s clefts relative to the parasitophorous vacuole membrane (PVM) that 

surrounds the parasite. The lipid probe BODIPY-ceramide strongly labels membrane 

structures around the parasite, such as the PVM and the tubolovesicular network (Adisa 

et al., 2003). As observed in this doubly infected ring stage parasite, the REX1Δ371-579-

GFP appears to accumulate at discrete regions of the PVM. This accumulation is also 

seen in cells labelled with the PVM marker EXP2 (de Koning-Ward et al., 2009) (Figure 

3.7D) and may represent either nascent Maurer’s clefts budding from the PVM or a stack 

of Maurer’s clefts that has become tethered to the PVM. 



 61 

 
Figure 3.7 REX1(Δ371–579)-GFP parasites exhibit giant Maurer’s clefts 

(A) REX1(Δ371–579)-GFP-infected RBCs fixed with paraformaldehyde, permeabilized with 

EqtII and labelled with anti-GFP.  

(B) REX1-GFP and REX1(Δ371–579)-GFP-infected RBCs were fixed with 

paraformaldehyde/ glutaraldehyde and probed with anti-GFP (green) and anti-SBP1 

(red). Samples were examined using 3D-SIM.  

(C) REX1(Δ371–579)-GFP-infected RBCs were labelled with BODIPY-ceramide, fixed with 

paraformaldehyde/ glutaraldehyde, labelled with DAPI and imaged using widefield 

deconvolution microscopy. The right-hand panel shows rendering of the surface of the 

3D structure using Imaris software.  

(D) REX1(Δ371–579)-GFP-infected RBCs were fixed with paraformaldehyde/ 

glutaraldehyde and probed with anti-EXP2 (green) and anti-REX1 (red). Samples were 

examined using deconvolution microscopy. Scale bars = 3 µm; zoom bar = 1 µm. 
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Transmission electron microscopy was performed to examine further the cleft phenotype 

in the REX1Δ371-579-GFP parasites. The REX1-GFP parasites displayed an unstacked 

Maurer's cleft phenotype (Figure 3.8A, C) equivalent to that previously reported for the 

3D7 strain (Hanssen et al., 2008a). Dramatically, the REX1Δ371-579-GFP parasites showed 

very large stacks of Maurer's clefts (Figure 3.8B). For stacks cut in transverse section, it 

was possible to estimate the average number of layers in the stack as 6 + 2. The average 

distance between the lamellae was 20 + 5 nm. The average thickness of the Maurer’s cleft 

lamellae (lumen and both membranes) was 41 + 8 and 38 + 8 nm, respectively, for the 

REX1-GFP and REX1Δ371-579-GFP lines. These data are consistent with the REX1Δ371-579-

GFP parasites producing a similar number of potential cisternae as REX1-GFP parasites 

but failing to separate them into individual structures.  
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Figure 3.8 Transmission electron microscopy analysis of REX1-GFP and 

REX1(Δ371–579)-GFP Maurer’s clefts. 

(A, B) TEM images of glutaraldehyde-fixed REX1-GFP and REX1(Δ371–579)-GFP-

infected RBCs (100 nm sections) revealing unstacked and highly stacked Maurer’s 

clefts (MC) lamellae.  

(C, D) TEM images of EqtII-permeabilized samples showing single Maurer’s cleft 

lamellae and stacked lamellae (100 nm sections). Knobs (K) are indicated. 
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3.3.3 Tether-like structures accumulate on the stacked Maurer's clefts  

In 3D7 parasites, Maurer's clefts are generated soon after invasion (Gruring et al., 2011, 

McMillan et al., 2013). During the first ~20 h of intraerythrocytic development, Maurer's 

clefts are often mobile within the RBC cytoplasm (McMillan et al., 2013). They then 

dock onto the RBC membrane in a process that involves tether-like structures as well as 

direct interactions with a remodeled RBC membrane skeleton (McMillan et al., 2013, 

Cyrklaff et al., 2011). To determine the organization of the tether-like structures in 

REX1Δ371-579-GFP parasites, we made use of a previously described marker of the tethers, 

the membrane-associated histidine-rich protein-2 (MAHRP2) (Pachlatko et al., 2010). In 

REX1-GFP parasites, immunofluorescence reveals MAHRP2 labelling (Figure 3.10A) 

closely adjacent to the REX1-GFP labelled Maurer's clefts, as reported previously for 

wildtype 3D7 (McMillan et al., 2013). For the REX1Δ371-579-GFP parasites, the MAHRP2 

labelling partly overlaps with and partly sits outside the single puncta of GFP labelling. 

To examine this more closely we subjected these samples to 3D-SIM (Figure 3.10B). 

This indicates that MAHRP2 is present in small structures that decorate the Maurer's cleft 

stacks. 

To obtain further insights into the Maurer's cleft architecture, REX1Δ371-579-GFP 

transfectants were EqtII-permeabilized, then labeled with anti-GFP and protein A-gold. 

Sections (600 nm) were prepared for scanning transmission electron microscopy (STEM) 

tomography (Figure 3.10C). Rendering of the different features provides a 3D view of 

the stacked Maurer's cleft compartments (Figure 3.10D). Examination of the STEM 

tomogram indicated that the some of the Maurer’s cleft layers are connected by a 

membrane continuum (Figure 3.10C, red), indicating a failure to separate the organelle 

into individual cisternae. It remains possible that the layered structure is more fully inter-

connected in regions that are out of the plane of the STEM tomogram. Protein A-gold-

labeled anti-GFP is particularly concentrated on the edges of the REX1Δ371-579-GFP 

Maurer's cleft cisternae, as previously reported for endogenous REX1 (Hanssen et al., 

2008a). Several tubular tether structures with a diameter of ~25 nm are observed in the 

reconstructions (rendered in magenta).  
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Figure 3.9 Live cell imaging of REX1-GFP and REX1(Δ371–579)-GFP ring- and 

trophozoite- infected RBCs. 

Top panel: A ring stage REX1(Δ371–579) -GFP-infected RBC with mobile Maurer’s clefts. 

Second panel: A REX1(Δ371–579) -GFP ring stage parasite with a Maurer’s cleft with 

limited mobility.  

Third panel: Immobilized Maurer’s cleft from a REX1(Δ371–579) -GFP trophozoite stage 

parasite.  

Forth panel: Ring stage REX1-GFP parasites with mobile Maurer’s clefts.  

Fifth panel: Immobilized Maurer’s clefts in a trophozoite stage REX1-GFP parasite. 

Maximum projections of each of the series of five time points are presented on the far 

right. Times from beginning of acquisition are stamped on each image in seconds.  
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It is clear that some of the tether-like structures attached to the Maurer's clefts are not 

connected through to the RBC membrane; however, given the limited depth of the 

tomograms, it was difficult to ascertain whether any of the stacked cisternae is directly 

linked to the RBC membrane. To examine this further we undertook time-lapse imaging 

of live REX1-GFP and REX1Δ371-579-GFP parasites. As previously reported (McMillan et 

al., 2013), the REX1-GFP labeled Maurer's clefts are highly mobile during the early to 

mid-ring stage of parasite development (Video S2; Figure 3.9). The majority of Maurer’s 

clefts observed in REX1Δ371-579-GFP ring stage-infected RBCs appear to have limited 

mobility, potentially due to linkage to the parasite surface or trapping in the limited 

physical space (Video S3; Figure 3.9). However, in some REX1Δ371-579-GFP cells the 

Maurer’s clefts are clearly mobile at the ring stage (Video S4; Figure 3.9). The Maurer’s 

clefts of both REX1-GFP and REX1Δ371-579-GFP immobilize at the trophozoite stage 

(Figure 3.9) consistent with docking onto the RBC membrane. 
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Figure 3.10 Analysis of the Maurer’s clefts ultrastructure and distribution of 

tethers of REX1(Δ371–579)-GFP parasites. 

REX1-GFP and REX1(Δ371–579)-GFP transfectants were fixed with paraformaldehyde/ 

glutaraldehyde, permeabilized with Triton X-100, and probed with anti-GFP (green) 

and anti-MAHRP2 (red). 

(A) Samples imaged using widefield deconvolution microscopy  

(B) Samples imaged using 3D-SIM. Scale bars = 3 µm; zoom bar = 1 µm.  

(C) STEM tomogram (600 nm section) of an EqII-permeabilized REX1(Δ371–579)-GFP-

infected RBC showing the stacked Maurer’s clefts (MC) layers, and knobs (K) on the 

RBC membrane (RBCM). The lamella indicated in red share a membrane continuum. 

(D) Rendered STEM tomogram of REX1(Δ371–579)-GFP-infected RBC labelled with anti-

GFP antibodies and protein A gold showing Maurer’s clefts (MC, green), tethers (T, 

magenta) and gold particles (Au, yellow). 
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3.3.4 The repeat region of REX 1 is needed for efficient trafficking of PfEMP1 to 

the RBC surface 

PfEMP1 trafficking requires export into the RBC cytoplasm and transport through the 

Maurer’s cleft intermediate compartment, prior to insertion into the RBC membrane. We 

examined the organization of PfEMP1 in wildtype 3D7 and REX1 mutant parasites, using 

immunofluorescence microscopy on acetone-fixed cells. In agreement with previous 

studies (Blisnick et al., 2000, Wickham et al., 2001) we observed accumulation of 

PfEMP1 at the Maurer’s clefts in the 3D7 wildtype parasites, as confirmed by co-labelling 

with the Maurer’s cleft marker, SBP1 (Figure 3.11A). PfEMP1 is also delivered to the 

Maurer's clefts in the REX11-579, REX1-GFP and REX1Δ371-579-GFP mutant parasite lines 

(Figure 3.11A) and in the REX-KD parasites (Figure 3.4D). Thus despite the aberrant 

morphology there is no obvious defect in trafficking of PfEMP1 from the parasite to the 

stacked Maurer’s clefts.  

Only a subpopulation of PfEMP1 is delivered to the infected RBC surface (Waterkeyn et 

al., 2000). This pool of PfEMP1 is oriented with its N-terminal domain exposed at the 

surface and is thus accessible to cleavage with trypsin (Kriek et al., 2003, Waterkeyn et 

al., 2000, Gardner et al., 1996). By contrast, intracellular pools of PfEMP1 are protected 

from protease cleavage. We undertook an analysis of the trypsin accessibility of PfEMP1 

in RBCs infected with the different parasite lines. Intact magnet-purified mature stage-

infected RBCs were subjected to treatment with PBS (P) or trypsin (T). The Triton-

insoluble, SDS-soluble material (representing surface-exposed PfEMP1) was collected 

and subjected to SDS-PAGE and probed with an antibody recognizing the acidic terminal 

segment (ATS) domain of PfEMP1. Full length PfEMP1 from 3D7 parasites migrates 

with an apparent molecular mass of ~270 kDa (Figure 3.11B, D, F; red arrows). A cross-

reaction of the PfEMP1 antibody with RBC spectrin (at ~250 kDa) is observed in variable 

intensity in the different samples (Figure 3.11B, D, F; yellow arrows). Cleavage products 

of ~75 kDa were observed in the trypsin-treated 3D7, REX1-GFP and REX1-KD (no 

GlcN) samples (green arrowheads). A similar cleavage product was observed in the 

REX11-579 sample as well as an additional product ~60 kDa, likely representing another 

PfEMP1 variant (Figure 3.11B).  By contrast, the ~75 kDa cleavage products were not 

detected in the REX1Δ371-579-GFP parasites (Figure 3.11D) and was reduced in the REX1-

KD parasites treated with 2.5 mM GlcN (Figure 3.11F). This suggests a significant 

reduction of surface-exposed PfEMP1 in these parasites. By contrast, we observed no 
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obvious difference between the level of full-length Triton X-100-insoluble PfEMP1 in 

the GlcN-treated and control samples (three experiments). To control for the possibility 

of cell lysis during trypsin treatment, we used SBP1 as a control. There is no evidence for 

the SBP1 cleavage product that would be expected if the RBC membrane was breached 

during the trypsin treatment protocol (Figure 3.12). 

To assess the functional consequences of the decreased surface-exposed PfEMP1, 

parasite-infected RBCs were panned on immobilized CD36, to enrich the population for 

CD36-binding variants of PfEMP1, and then examined for their ability to adhere to 

immobilized CD36 under flow at a pressure of 0.1 Pa (Figure 3.11C, E, G). Because 

binding levels differ depending on factors such as CD36 batch, it is important to compare 

matched pairs of samples strictly in parallel. The 3D7 parasites showed no significant 

difference in binding compared to REX11-579 (p = 0.68, unpaired t-test). The REX1Δ371-

579-GFP mutants bound significantly less efficiently to CD36 (37% decrease; p < 0.001) 

than REX1-GFP. Similarly, addition of 2.5 mM GlcN to the REX1-KD parasites 

significantly decreased the binding to CD36 (35% decrease; p < 0.001). This confirms 

that loss of PfEMP1 surface exposure leads to a significant reduction in adhesion to 

endothelial ligands. To control for the possibility that treating with GlcN may affect 

parasite viability, we also measured the CD36 binding of GlcN-treated and untreated 3D7 

parent parasites and found no difference (Figure 3.13; p = 0.125, unpaired t-test). 
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Figure 3.11 PfEMP1 surface-exposure and cytoadherence of REX1 transfectants 

(A) Immunofluorescence microscopy of acetone-fixed RBCs infected with 3D7 and 

REX1 transfectants. Maurer’s clefts were identified by immunolabeling with anti-SBP1 

(green). Anti-PfEMP1 antibodies (red) revealed colocation of the virulence protein with 

Maurer’s clefts. The nuclei are stained with DAPI (blue). Scale bar = 3 µm.  

(B, D, F) Trypsin digestion of surface-exposed PfEMP1 in RBC infected with wildtype 

and REX11-579 transfectants in REX1-GFP and REX1(Δ371–579)-GFP transfectants (D) and 

in REX1-HA-GlmS parasites without or with treatment with 2.5 mM GlcN. Full-length 

PfEMP1 (~270 kDa, red arrows) and a cross-reactive spectrin band (~240 kDa, yellow 

arrows) are indicated. Trypsin cleavage products (75 kDa) are indicated with green 

arrowheads. The data are representative of three separate experiments.  

(C, E, G) Adherence of trophozoite-stage infected RBCs to recombinant CD36 under 

flow conditions (0.1 Pa) + S.E.M. measured in 10 different areas in each of three separate 

experiments. REX1(Δ371–579)-GFP binding was significantly lower than REX1-GFP (p < 

0.0001, unpaired t-test). 
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Figure 3.12 Control to monitor integrity of infected RBCs during trypsin digestion.  

Left panel: 3D7 parasites were treated with PBS (P), PBS and trypsin (T) or PBS, 

trypsin and soybean trypsin inhibitor (I). The reaction was stopped with soybean trypsin 

inhibitor and the cells were permeabilized with EqtII to release hemoglobin. The 

samples were subjected to SDS-PAGE and Western blotting.  

Right panel: 3D7 parasites were permeabilized with EqtII and treated with either PBS, 

proteinase K or trypsin. Proteins were precipitated with trichloroacetic acid and 

subjected to SDS-PAGE and Western blotting. The membranes were probed with an 

antibody recognizing the N-terminal fragment (BR5) of SBP1.  
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Figure 3.13 Binding of 3D7 parent parasites to CD36 under flow conditions.  

Control (0 mM) or GlcN-treated (2.5 mM) infected RBCs (3% parasitaemia, 1% 

haematocrit) were flowed at 0.1 Pa over recombinant CD36. The number of bound 

infected RBCs was counted. P = 0.125, unpaired t-test. Error bars represent the S.E.M. 

of data collected in 3 separate experiments (10 fields each experiment).  

  

0

200

400

600

800

0 m
M

Pa
ra

sit
es

/m
m

2
2.5

 mM



 73 

3.4 Discussion 
The virulence of P. falciparum is due, in part, to its ability to present PfEMP1 at the RBC 

surface, which enables sequestration of infected RBCs within the microvasculature of the 

host. Differences in the severity of malaria-induced pathologies are thought to arise from 

the expression of different PfEMP1 variants that bind to different endothelial cell 

receptors or to the same receptor with different affinities. However, differences in the 

efficiency of trafficking or presentation of PfEMP1 may also contribute to the adhesion 

phenotype. For example, alterations in Maurer’s cleft architecture may directly or 

indirectly affect the efficiency of PfEMP1 trafficking to the RBC membrane. 

Previous efforts to ablate the rex1 gene resulted in concomitant loss of a subtelomeric 

region of chromosome 2, encoding KAHRP and other proteins. Because of the 

inefficiency of conventional knockout strategies in P. falciparum, several months of 

continuous culturing may be required to retrieve a knockout clone. If a genetic 

manipulation confers even a small growth disadvantage additional genetic changes may 

occur that relieve this disadvantage. For example, the loss of the sub-telomeric region of 

chromosome 2, which encodes several exported proteins that are not needed for survival 

in culture, is a frequent event during long-term culture. 

In this work, we took advantage of a recently developed system for conditional 

knockdown of P. falciparum genes. We achieved >90% knockdown of REX1 upon 

addition of GlcN to REX1-KD parasites. This was not associated with a measureable 

growth defect over the period examined (48 h) but a disadvantage may manifest over a 

longer period, or upon complete deletion of REX1. Maurer’s cleft reorganization was 

observed in these REX1-depleted parasites, confirming its important role in maintaining 

normal organization. No loss of the chromosome 2 proteins, KAHRP and PfEMP3, was 

observed indicating that it is possible to lose REX1 and maintain the expression of these 

other exported proteins. Nonetheless, REX1-KD mutants showed defective PfEMP1 

surface presentation and defective binding under flow. This confirms that REX1 plays a 

role in PfEMP1 trafficking that is independent of effects on other exported protein. The 

level of this defect (~35% lower binding) was less than that reported for complete rex1 

deletion (Dixon et al., 2011). This likely indicates that the loss of knobs also contributes 

to the loss of adhesion in this REX1-deleted line, but may also reflect the fact that a small 

amount of REX1 is still expressed in the REX1 knockdown. Contrary to previous reports 

(Knuepfer et al., 2005, Wickham et al., 2001), we did not observe KAHRP or PfEMP3 



 74 

colocating with Maurer’s clefts proteins. This may be due to stage differences or to the 

fact that these previous studies used truncated constructs of KAHRP and PfEMP3 which 

may have affected protein localization.  

We were interested to further dissect the region of REX1 that is responsible for Maurer’s 

cleft sculpting and effective PfEMP1 trafficking. We showed that deletion of 341 amino 

acids from the C-terminus causes the formation of Maurer’s cleft with an average of 3 

stacked cisternae, and is associated with less efficient PfEMP1 trafficking, consistent with 

previous work (Dixon et al., 2011). By contrast deletion of the C-terminal 133 amino 

acids had no significant effect on Maurer’s cleft stacking or PfEMP1 trafficking, 

indicating that the repeat region (371-579 amino acids) contains important functional 

motifs.  

To further investigate the role of this region we generated transfectants in which the repeat 

sequence domain was deleted. These parasites exhibited a phenotype that is even more 

severe than the REX11-362 transfectants. The Maurer’s clefts became highly stacked with 

an average of six layers per stack. Lateral interactions between the cisternal layers 

membrane were evident, as well as a membrane continuum between some of the layers. 

Interestingly in early stage parasites the giant Maurer’s clefts were attached to the PVM, 

which is consistent with the suggestion that Maurer’s cleft lamellae are formed from a 

single focus. The appearance and dimensions of the individual cisternae were similar to 

that in wildtype parasites, and Maurer’s cleft markers such as SBP1 were still trafficked 

to the stacked clefts and located in distinct sub-compartments, as for wildtype 3D7 

(McMillan et al., 2013). The clefts were decorated with multiple 25-nm tether-like 

structures, indicating that this association still occurs; and they still docked onto the RBC 

membrane in the mature stage of development. The data suggest that the clefts are formed 

is a similar manner to wildtype Maurer’s clefts, but fail to separate into individual 

cisternae.  

It is evident that the repeat region plays an important role (either direct or indirect) in 

Maurer’s cleft sculpting. An important caveat is that it is possible that deletion of the 

REX1 repeats alters the 3D structure of the REX1 protein a way that is deleterious to its 

function. 

The REX1Δ371-579 mutants exhibited an intact chromosome 2 locus, a normal distribution 

of KAHRP and PfEMP3, and normal knob morphology. This suggests that REX1 plays 
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no role in the trafficking of these proteins. Similarly, PfEMP1 appeared to be delivered 

efficiently to the Maurer’s clefts indicating that REX1 is not involved in this transport 

step. By contrast, the REX1Δ371-579 mutants (like the GlcN-treated REX1-KD parasites) 

showed defective PfEMP1 surface presentation and defective binding under flow. It is 

possible that the repeat domain directly participates in PfEMP1 trafficking, for example 

by promoting the budding of PfEMP1-containing vesicles from the Maurer’s clefts. 

Alternatively, deleting the repeat region of REX1 may exert an effect by altering the 

conformation of the protein. Another possibility is that the stacking of the Maurer’s clefts 

may compromise lateral associations of individual Maurer’s cleft cisternae with the RBC 

membrane that are needed for budding of vesicles or packaging of cargo.  

Interestingly an analysis of the REX1 sequences available in PlasmoDB indicates that the 

repeat region is polymorphic (in sequence and length) in different P. falciparum strains. 

These differences in repeats do not seem to result in the dramatic change in Maurer’s 

clefts morphology that are observed when this region is deleted. Nonetheless, it is 

possible that repeat region polymorphisms will affect the efficiency of PfEMP1 

trafficking, which could in turn contribute to different levels of cytoadhesion, and thus 

virulence, of field strains. Further analysis of the role of REX1 in trafficking PfEMP1 

may provide ways of interfering with its surface presentation. This could provide an 

important new strategy to combat this lethal human pathogen. 
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Chapter 4 : Enrichment and analysis of the Maurer’s clefts 
4.1 Introduction 
 
Severe malaria caused by P. falciparum is in part due to the cytoadhesion of the infected 

red blood cells to ligands on the host vascular endothelium. The parasite protein PfEMP1 

is the adhesin responsible for this process. In order for PfEMP1 to be presented on the 

red blood cell surface, it first must be exported to the red blood cell cytoplasm, transit 

through the Maurer’s clefts and be trafficked from the clefts to the red blood cell surface. 

The Maurer’s clefts are currently a “black box” in our understanding of the route of 

PfEMP1 trafficking. Only a handful of Maurer’s clefts proteins have been characterised 

in-depth and the events surrounding the insertion of PfEMP1 to the clefts, and subsequent 

transport to the red blood cell membrane surface are poorly understood. Moreover, the 

composition of the Maurer’s clefts changes throughout the parasite lifecycle as proteins 

are expressed and exported at distinct stages of asexual development (McMillan et al., 

2013).  In this study, we profile the protein content of the Maurer’s clefts at the stage of 

the asexual parasite lifecycle where PfEMP1 trafficking is taking place.  

 

A review describing Maurer’s clefts as the ‘enigma of P. falciparum’ called for improved 

fractionation techniques in order to study these membranes  (Mundwiler-Pachlatko and 

Beck, 2013). In the present study, we develop a new technique for enriching Maurer’s 

clefts which combines cellular fractionation and co-precipitation. A similar approach has 

been used to enrich the apicoplast (Botte et al., 2013). The Maurer’s clefts protein 

composition is analysed at 14-18 h post-invasion - a time point at which the clefts are 

mobile and are accumulating PfEMP1. A previous study has used mass spectrometry to 

analyse the protein composition of the Maurer’s clefts (Vincensini et al., 2005). This 

study analysed deuterium-labelled trophozoite-infected red blood cell ghosts, as Maurer’s 

clefts are found in the ghost fraction at this parasite stage. The resident Maurer’s clefts 

protein SBP1 was used a positive control for the presence of Maurer’s clefts in this 

fraction. From this work, two novel Maurer’s clefts proteins, PfJ23 (PF3D7_1001900) 

and PfE60/PIESP2 (PF3D7_0501200) were identified that were confirmed by specific 

antibody or epitope-tagging (Vincensini et al., 2005, Mbengue et al., 2015). However, 

many other known Maurer’s clefts proteins were not identified and the preparations 

included intracellular parasite and parasitophorous vacuole contaminants e.g. GAPDH 

(PF3D7_1462800) and serine repeat antigen 5 (PF3D7_0207600). Meanwhile, the use of 



 77 

proteomic approaches to study exported Plasmodium proteins has become more common, 

with the ‘exportomes’ of both of P. yoelii and P. berghei recently being characterised  

(Siau et al., 2016, Pasini et al., 2013). The proteomic analysis of the Maurer’s clefts 

provides an important update to our understanding of these organelles. 

 

We were interested in the proteins present in the Maurer’s clefts at the time when PfEMP1 

trafficking is occurring. The timeframe of PfEMP1 appearing on the red blood cell surface 

ranges between 16 - 24 h post-invasion (Kriek et al., 2003, Leech et al., 1984, Gardner et 

al., 1996). One study, using flow cytometry, found that the majority of PfEMP1 appeared 

on the surface of infected red blood cells between 16-20 hours post-invasion, and 

plateaued at 24 h post-invasion (Kriek et al., 2003). In the present study, we captured the 

clefts at a stage where PfEMP1 is residing within the organelle and is beginning to be 

transported to the red blood cell surface. 

 

We identify novel Maurer’s clefts proteins and generate epitope-tagged transfectant 

parasites. Analysis of these fluorescently tagged proteins leads to the identification of 

several novel Maurer’s clefts proteins. In a previous study, visualisation of Maurer’s 

clefts proteins by electron microscopy and super-resolution fluorescence microscopy 

revealed sub-compartmentalisation of proteins within the clefts. For example, REX1 is 

located around the edges of the clefts (McMillan et al., 2013), whereas SBP1 is more 

central (Hanssen et al., 2008b). In the present study, we examine the location of a number 

of novel and established Maurer’s clefts proteins using structured illumination 

microscopy (SIM).  

 

It has been more than a decade since the original mass spectrometric analysis of Maurer’s 

clefts was published. In the years since, many more Maurer’s clefts proteins have been 

identified, nonetheless there remains a need for a defined protein profile of these 

organelles. In this study, we undertake a controlled and reproducible tandem mass 

spectrometric analysis of the Maurer’s clefts. Additionally, we identify a number of 

human proteins enriched at the Maurer’s clefts that have roles in membrane trafficking 

and lipid pathways. By providing new data on the spatial arrangement of proteins within 

the context of published protein knockout information, we provide an updated model for 

the structure and function of Maurer’s clefts. 
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4.2 Results 

4.2.1 Validation of the method to enrich the Maurer’s clefts 
 
Red blood cells infected with wild type 3D7 and parasites expressing an episomally 

encoded REX1-GFP were synchronised to a 14 - 18 h post-invasion window. At this stage 

of the asexual cycle, Maurer’s clefts are mobile and contain PfEMP1 (McMillan et al., 

2013). Parasite-infected red blood cells were hypotonically lysed, extruded 10 times 

through a 27-gauge needle, made isotonic, pre-cleared, and then and incubated with GFP-

Trapâ beads (Figure 4.1A; Section 2.5).  

 

The GFP-Trap beads were washed and prepared for immunoblotting alongside fractions 

collected throughout the procedure from both REX1-GFP samples and a 3D7 control. 

Markers from different compartments within the infected red blood cell were used to 

assess the composition of each fraction (Figure 4.1B). The ‘Total’ fractions from both the 

3D7 control and REX1-GFP samples contain host spectrin and parasite proteins GAPDH 

and EXP1. Although SBP1 is expected to be present in this fraction, it was not abundant 

enough for detection due to loading limits of this haemoglobin-containing fraction. The 

‘Input’ fraction represents the supernatant after a low-speed centrifugation step that 

removes much of the red blood cell ghost material (as suggested by the decrease in 

spectrin signal in both 3D7 and REX1-GFP samples). After incubation with the GFP-

Trapâ beads, the ‘Unbound’ and ‘Beads’ fractions show the specific enrichment of SBP1 

and REX1-GFP samples compared to markers from other compartments (Figure 4.1B). 

This is interpreted as Maurer’s clefts membrane fragments that had bound specifically to 

the GFP-Trapâ beads via REX1-GFP. 
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Figure 4.1 Enrichment and analysis of Maurer’s clefts 

(A) Schematic depicting the method used to enrich the Maurer’s clefts from red blood 

cell infected with REX1-GFP transfectant parasites 

(B) Western analysis of fractions from throughout the enrichment process. Total = 

infected red blood cell lysate, Input = fraction added to the GFP-Trapâ beads, Unbound 

= supernatant after GFP-Trapâ bead incubation, Beads = fraction eluted from GFP-

Trapâ beads. Molecular masses are shown in kDa 
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Having confirmed the enrichment of the Maurer’s clefts relative to other cellular 

compartments, we next tested whether the integrity of the enriched Maurer’s clefts 

membranes was maintained. This was assessed by proteinase K digestion followed by 

probing with an antibody to the luminal (amino terminal, BR5) segment of the integral 

membrane protein SBP1 (Blisnick et al., 2000). Protease digestion of SBP1 from 

permeabilised infected red blood cells results in a characteristic ~37 kDa fragment 

recognised by an aSBP1 antibody (Blisnick et al., 2000, McHugh et al., 2015). Bead 

fractions from 3D7 and REX1-GFP samples were treated with either PBS only, proteinase 

K only, or proteinase K and saponin (a compound that permeablises the red blood cell, 

parasitophorous vacuole and Maurer’s clefts membranes). Probing with aSBP1 showed 

that full-length SBP1 was present when the Maurer’s clefts were enriched, but the 

cytoplasmic- and lumen-facing regions of SBP1 were degraded when treated with 

proteinase K (Figure 4.2B). This shows that the Maurer’s clefts membrane integrity is 

disrupted during the enrichment process. Thus, a limitation of the enrichment protocol is 

that soluble proteins in the lumen of the Maurer’s clefts may be lost. 

 

Enriched Maurer’s clefts bound to the GFP-Trap agarose beadsâ were analysed by 

fluorescence microscopy. Fluorescent puncta with a diameter <1 µm were observed on 

the surface of the beads (Figure 4.2A). These REX1-GFP fluorescent puncta bear close 

resemblance with the size and appearance of fluorescently labelled Maurer’s clefts, with 

some shaped like a characteristic ‘horseshoe’ (McMillan et al., 2013).  
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Figure 4.2 Analysis of the enriched Maurer’s clefts fragments 

 (A) Protease accessibility analysis of the enriched Maurer’s clefts. Washed beads were 

treated with either PBS only, PBS and proteinase K (1 mg/mL) or saponin (0.03% w/v) 

and proteinase K (1 mg/mL) 

(B) Fluorescence microscopy of a 70 µm GFP-Trap agarose bead after incubation with 

REX1-GFP lysate. Scale bar = 10 µm 
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4.2.2 Mass spectrometric analysis of enriched Maurer’s clefts 
 
After validating the enrichment technique, the Maurer’s clefts from REX1-GFP parasites 

and wild-type 3D7 controls were analysed by LC-MS/MS. Proteins were identified by 

searching the mass spectra using MASCOT (Matrix Science) against a database 

containing P. falciparum and Homo sapiens proteomes. Proteins were considered 

significant if at least 2 significant MS/MS spectra were detected in 2 separate experiments 

or were enriched 5 times in the REX1-GFP samples compared to 3D7 (Table 6). PfEMP1 

variants detected are included in a separate table for readability (Table 7). A large number 

of the proteins known to be present at the Maurer’s clefts at 14-18 h post-invasion were 

identified. A notable exception is REX2, which was identified in both replicates (4 and 5 

significant MS/MS spectra respectively) but was excluded due to the presence of MS/MS 

spectra corresponding to REX2 in the 3D7 control. Eight of the proteins identified had 

no previously published localisation. Of these, two are homologues of known Maurer’s 

clefts proteins: GEXP10 (orthologue of GEXP07) and PF3D7_1002000 (paralogue of 

PfJ23 and PTP5). A further three unlocalised proteins were identified: PF3D7_0501000, 

PF3D7_1353100 and STARP. Although there is no published location for PTP6, 

knockout of this protein arrests PfEMP1 transport at the Maurer’s clefts, suggesting a 

possible function at the clefts for this protein (Maier et al., 2008). The remaining two 

unlocalised proteins, PF3D7_0301700 and PF3D7_0811600 are largely uncharacterised, 

except for one study that found that PF3D7_0811600 co-immunoprecipitated with PHIST 

protein PFE1605w (PF3D7_0532400) (Oberli et al., 2016). One likely parasite 

contaminant of unknown location met the criteria for inclusion in Table 6, a putative 

calcyclin binding protein (PF3D7_1238100). 
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Table 6 Mass spectrometry analysis of enriched Maurer’s clefts 

PlasmoDB ID Protein name 

Number of significant 
ms/ms spectra 

Expt. 1 Expt. 2 

MCs 3D7 MCs 3D7 
PF3D7_0935900 ring-exported protein 1 (REX1)  58 0 71 0 

PF3D7_0830500 sporozoite and liver stage tryptophan-rich protein 32 0 46 0 

PF3D7_0113900 Plasmodium exported protein (hyp8, GEXP10) 10 0 8 0 

PF3D7_0811600 conserved Plasmodium protein (PF08_0091) 9 0 12 0 

PF3D7_0702500 Plasmodium exported protein (PF07_0008) 9 0 18 0 

PF3D7_1302000 EMP1-trafficking protein (PTP6)  8 0 10 0 

PF3D7_1353100 Plasmodium exported protein (PF13_0275) 8 0 9 0 

PF3D7_0702300 sporozoite threonine and asparagine-rich protein (STARP)  8 0 10 0 

PF3D7_0601900 conserved Plasmodium protein (PFE0090w) 6 0 5 0 

PF3D7_1002100 EMP1-trafficking protein (PTP5)  6 0 16 0 

PF3D7_1001900 Plasmodium exported protein (hyp16, PfJ23) 6 0 8 0 

PF3D7_0702400 small exported membrane protein 1 (SEMP1)  6 0 7 0 

PF3D7_0202200 EMP1-trafficking protein (PTP1)  5 0 10 0 

PF3D7_1002000 Plasmodium exported protein (hyp2) 5 0 8 0 

PF3D7_1301700 Plasmodium exported protein (hyp8, GEXP07) 5 0 6 0 

PF3D7_1238100 calcyclin binding protein, putative  4 0 3 0 

PF3D7_1353200 membrane associated histidine-rich protein (MAHRP2)  4 0 3 0 

PF3D7_0301700 Plasmodium exported protein (PFC0085c) 2 0 4 0 

PF3D7_0501000 Plasmodium exported protein (PFE0050W) 2 0 4 0 

PF3D7_1148900 Plasmodium exported protein (PF11_0505) 2 0 4 0 

PF3D7_0501300 skeleton-binding protein 1 (SBP1)  2 0 4 0 

 
  



 84 

Maurer’s clefts proteins that are expressed in the trophozoite stage such as PIESP2 and 

trophozoite exported proteins 1 (TEX1) were either not detected or did not meet the 

threshold for inclusion. Multiple proteins from the PfEMP1 family were detected (Table 

7). Export of PfEMP1 to the Maurer’s clefts occurs by 16 h post-invasion or earlier, whilst 

clefts are still mobile (McMillan et al., 2013). This is consistent with our identification of 

PfEMP1 at the clefts. Whether transport of PfEMP1 to the red blood cell membrane takes 

place from mobile or arrested Maurer’s clefts is still unclear. Of the proteins detected in 

the enriched Maurer’s clefts, 10 are known or putative PNEPs (not including PfEMP1 

variants), whilst 11 are PEXEL proteins. Any published protein localisation or knockout 

data is presented in Table 8. 
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Table 7 PfEMP1 variants detected in enriched Maurer’s clefts 

PlasmoDB ID Protein name 

Number of significant 
ms/ms spectra 

Expt. 1 Expt. 2 

MCs 3D7 MCs 3D7 
PF3D7_0600200 erythrocyte membrane protein 1, PfEMP1 (VAR)  11 0 21 0 

PF3D7_1300300 erythrocyte membrane protein 1, PfEMP1 (VAR)  9 0 30 0 

PF3D7_1150400 erythrocyte membrane protein 1, PfEMP1 (VAR)  8 0 23 0 

PF3D7_0632500 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 21 0 

PF3D7_0400400 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 5 0 

PF3D7_0800300 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 6 0 

PF3D7_1200400 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 8 0 

PF3D7_0800200 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 11 0 

PF3D7_0712300 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 16 0 

PF3D7_0833500 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 6 0 

PF3D7_0712900 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 5 0 

PF3D7_1100100 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 8 0 

PF3D7_0712400 erythrocyte membrane protein 1, PfEMP1 (VAR)  4 0 5 0 

PF3D7_0425800 erythrocyte membrane protein 1, PfEMP1 (VAR)  3 0 9 0 

PF3D7_0700100 erythrocyte membrane protein 1, PfEMP1 (VAR)  3 0 4 0 

PF3D7_1219300 erythrocyte membrane protein 1, PfEMP1 (VAR)  3 0 3 0 

PF3D7_1373500 erythrocyte membrane protein 1, PfEMP1 (VAR)  3 0 5 0 

PF3D7_0300100 erythrocyte membrane protein 1, PfEMP1 (VAR)  3 0 6 0 

PF3D7_0600400 erythrocyte membrane protein 1, PfEMP1 (VAR)  3 0 9 0 

PF3D7_0533100 erythrocyte membrane protein 1 truncated, pseudogene 
(VAR1CSA)  2 0 2 0 

PF3D7_1240300 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 4 0 

PF3D7_0400100 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 5 0 

PF3D7_1240600 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 6 0 

PF3D7_0712000 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 7 0 

PF3D7_0900100 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 4 0 

PF3D7_0712800 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 4 0 

PF3D7_0632800 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 5 0 

PF3D7_0711700 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 3 0 

PF3D7_0420900 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 8 0 

PF3D7_0412400 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 5 0 

PF3D7_0426000 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 4 0 

PF3D7_0100300 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 7 0 

PF3D7_0833300 erythrocyte membrane protein 1 (PfEMP1), exon 2, 
pseudogene  2 0 4 0 
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Table 8 Overview of proteins identified in the enriched Maurer’s cleft 

PlasmoDB ID Protein name Type 
Location - red blood cell stage Knockout 

Compartment Reference Method Disrupted Reference Phenotype 

PF3D7_0935900 ring-exported protein 1 (REX1)  PNEP MC 
Hawthorne et al., 
2004, Hanssen et al., 
2008 

SA*, GFP Yes Dixon et al., 2011 PfEMP1 stuck at clefts, 
stacked Maurer's clefts 

PF3D7_0830500 sporozoite and liver stage tryptophan-rich protein PNEP MC and 
parasite Heiber et al., 2013 GFP No - - 

PF3D7_0702500 Plasmodium exported protein (PF07_0008) PNEP MC and RBC 
cytoplasm Heiber et al., 2013 GFP No - - 

PF3D7_1302000 EMP1-trafficking protein (PTP6)  PEXEL Unknown - - Yes Maier et al., 2007 PfEMP1 stuck at clefts 

PF3D7_1002100 EMP1-trafficking protein (PTP5)  PEXEL MC Batinovic et al., 2017 GFP Yes Maier et al., 2008 PfEMP1 stuck at clefts 

PF3D7_0702300 sporozoite threonine and asparagine-rich protein 
(STARP) PEXEL Unknown - - No - - 

PF3D7_0811600 conserved Plasmodium protein (PF08_0091) Unknown Unknown - - No -   

PF3D7_1001900 Plasmodium exported protein (hyp16, PfJ23) PEXEL MC Vincensini et al., 2005 SA No (refractory) Maier et al., 2008 - 

PF3D7_1353100 Plasmodium exported protein (PF13_0275) PEXEL Unknown - - Yes Maier et al., 2008 No effect 

PF3D7_0202200 EMP1-trafficking protein (PTP1) PEXEL MC Rug et al., 2014 SA, GFP, 
HA Yes Maier et al., 2008, Rug 

et al., 2014 
PfEMP1 not exported, 
vesiculated Maurer's clefts 

PF3D7_0601900 conserved Plasmodium protein (PFE0090w) PNEP MC  Heiber et al., 2013 GFP No - - 

PF3D7_0501300 skeleton-binding protein 1 (SBP1) PNEP MC  Blisnick et al. 2000 SA Yes Cooke et al., 2006, 
Maier et al., 2007 

PfEMP1 stuck at clefts, 
PfEMP1 not exported 

PF3D7_1002000 Plasmodium exported protein (hyp2, PF10_0024) PEXEL Unknown - - Yes Maier et al., 2008 No effect 

PF3D7_0702400 small exported membrane protein 1 (SEMP1) PNEP MC and RBC 
cytoplasm  

Heiber et al., 2013, 
Dietz et al., 2014 

SA, GFP, 
HA Yes Dietz et al., 2014 No effect 

PF3D7_1370300 membrane associated histidine-rich protein (MAHRP1) PNEP MC Spycher et al., 2003, 
Spycher et al., 2006 SA, GFP Yes Spycher et al., 2008 PfEMP1 not exported 

PF3D7_1301700 Plasmodium exported protein (hyp8, GEXP07) PEXEL MC Sleebs et al., 2014 GFP, HA No (refractory) Maier et al., 2008 - 

PF3D7_0113900 Plasmodium exported protein (hyp8, GEXP10) PEXEL Unknown - - No (refractory) Maier et al., 2009 - 

PF3D7_0301700 Plasmodium exported protein (PFC0085c) PEXEL Unknown - - No - - 

PF3D7_0501000 Plasmodium exported protein (PFE0050W) PEXEL Unknown - - Yes Maier et al., 2008 No effect 

PF3D7_1353200 membrane associated histidine-rich protein (MAHRP2) PNEP Tethers Pachlatko et al., 2010 SA, GFP No (refractory) Pachlatko et al., 2010 - 

PF3D7_1148900 Plasmodium exported protein (PF11_0505) PNEP MC and 
parasite Heiber et al., 2013 GFP No - - 

var gene family P. falciparum erythrocyte membrane protein 1 (PfEMP1) PNEP MC and RBC 
surface Kriek et al., 2003 SA No - - 

PF3D7_1238100 calcyclin binding protein, putative  N/A Unknown - - - - - 
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4.2.3 The Maurer’s clefts are enriched in human proteins involved in membrane 
trafficking and lipid biogenesis 

In addition to the P. falciparum proteins enriched at the Maurer’s clefts, a number of 

human proteins were identified (Table 9). Proteins included in Table 9 were enriched in 

the Maurer’s clefts sample at least 5 times compared to a 3D7 control. A number of these 

proteins have reported roles in membrane binding, membrane trafficking and lipid 

biogenesis. Two annexins - A4 and A11 - were identified. Annexins are characterised by 

Ca2+-dependent binding to membranes and the presence of a 70 residue “annexin repeat” 

(Gerke and Moss, 2002). The Plasmodium-infected red blood cell has elevated levels of 

Ca2+ compared to uninfected red blood cells, and the [Ca2+ ] is higher in the cytosol of 

infected red blood cells than within the parasite (Kramer and Ginsburg, 1991). The top 

protein in Table 9, annexin A4, is involved in Ca2+-dependent membrane vesicle 

aggregation and may play a role in the formation lipid rafts (Gerke et al., 2005). It is 

interesting to consider the possibility that annexin A4 plays a role in the formation of 

cholesterol rich domains at the Maurer’s clefts as it has been suggested that such regions 

are an important requirement for PfEMP1 trafficking from the Maurer’s clefts to the red 

blood cell surface (Frankland et al., 2006). Annexin A11 is a midbody protein and is 

required for cytokinesis, where it may regulate the incorporation of new membrane need 

for cytokinetic abscission (Gerke et al., 2005, Tomas et al., 2004). Another calcium-

dependent membrane-binding protein, copine 3, was also enriched at the Maurer’s clefts. 

Many of the enriched proteins are involved in endosomal/multivesicular body formation 

and trafficking. These include protein VAC14 homolog, which is involved in regulation 

of PI(3,5)P2 levels, which in turn control membrane trafficking in the endosomal system 

(Sbrissa et al., 2007, Dong et al., 2010). Similarly, syntaxin 7 is present in late endosomes 

and is needed for fusion with lysosomes (Mullock et al., 2000). Both tumor susceptibility 

gene 101 protein (TSG101) and vacuolar protein sorting-associated protein 28 homolog 

(VPS28) are components of the ESCRT-I complex which regulates vesicular trafficking 

and exosome biogenesis (Baietti et al., 2012). This set of human proteins involved in 

membrane trafficking raises the tantalising possibility that remnants from the host cell’s 

trafficking system are co-opted for use by the parasite. Investigating the localisation of 

these proteins in P. falciparum-infected red blood cells will help to ascertain these 

possible host-parasite interactions. 
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Table 9 Homo sapiens proteins enriched in the Maurer's clefts 
 

Accession Protein name 

Number of significant ms/ms 
spectra 

Expt. 1 Expt. 2 

MCs 3D7 MCs 3D7 

sp|P09525|ANXA4_HUMAN Annexin A4 18 0 26 1 

sp|P50995|ANX11_HUMAN Annexin A11  15 0 18 0 

sp|O75131|CPNE3_HUMAN Copine-3 9 0 11 0 

sp|Q15173|2A5B_HUMAN Serine/threonine-protein phosphatase 2A 
56 kDa regulatory subunit beta isoform 9 0 10 0 

sp|Q08AM6|VAC14_HUMAN Protein VAC14 homolog 7 0 12 0 

sp|P53396|ACLY_HUMAN ATP-citrate synthase  6 0 12 1 

sp|Q96FJ2|DYL2_HUMAN Dynein light chain 2, cytoplasmic 3 0 3 0 

sp|B2RUZ4|SMIM1_HUMAN Small integral membrane protein 1  2 0 2 0 

sp|O15400|STX7_HUMAN Syntaxin-7  2 0 3 0 

sp|Q99816|TS101_HUMAN Tumor susceptibility gene 101 protein  2 0 6 0 

sp|Q9UK41|VPS28_HUMAN Vacuolar protein sorting-associated protein 
28 homolog  2 0 4 0 
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4.2.4 Annexin A4 and protein VAC14 homolog partially co-localise with REX1 at 
the Maurer’s clefts 

 
We used immunofluorescence assays to investigate the location of two of the human 

proteins identified in Table 9 - annexin A4 (ANXA4) and protein VAC14 homolog 

(VAC14). In red blood cells infected with wildtype 3D7 parasites, ANXA4 partly co-

located with REX1 at the Maurer’s clefts (Figure 4.3A). The parasitophorous vacuole (or 

possibily the parasite) is also labelled with ANXA4. Uninfected red blood cells showed 

a punctate distribution of ANXA4 throughout the cell. Likewise, VAC14 partly co-

located with REX1 at the Maurer’s clefts in infected red blood cells, and showed a 

punctate distribution in uninfectecd cells (Figure 4.3B). The parasite nucleus was strongly 

labelled by the VAC14 antibody which could represent cross-reaction with a P. 

falciparum protein.   
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Figure 4.3 Annexin A4 and protein VAC14 homolog co-locate with REX1 

Infected (wildtype 3D7) and uninfected red blood cells were fixed in an ice-cold 

solution of acetone and methanol (9:1) for 5 min. Alexa FluorÒ 488- and Alexa FluorÒ 

568-conjugated secondary antibodies were used. DAPI was used to stain the nucleus. 

Scale bars = 5 µm.  

 

(A) Samples were probed with a mouse polyclonal aAnnexin A4 and rabbit aREX1 

 

(B) Samples were probed with mouse aREX1 and rabbit polyclonal aProtein VAC14 

homolog 
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4.2.5 Epitope-tagging of established and putative Maurer’s clefts proteins 
 
Having identified a number of putative and established Maurer’s clefts proteins by mass 

spectrometry, 8 were selected for GFP-tagging. Four proteins with unpublished 

localisation (GEXP10, PF13_0275, PTP5 and PTP6) and four known Maurer’s clefts 

proteins (MAHRP1, REX2, GEXP07 and Pf11_0505) were targeted. Proteins were C-

terminally GFP-tagged and expressed as episomes under the CRT promoter using the 

pGLUX vector (Boddey et al., 2009). The tagged proteins were a mixture of PEXEL and 

PNEPs and were of varied length with some containing features such as transmembrane 

domains (Figure 4.4A). Expression of the chimeric proteins was verified by Western blot 

of saponin-lysed parasite extracts (green arrowheads, Figure 4.4B). Parasites expressing 

MAHRP1-GFP showed a band close to the predicted molecular mass 56.0 kDa (Figure 

4.4). The MAHRP1-GFP lane also has a band at approximately double the size ~97 kDa 

which possibly represents a dimeric form of the tagged protein, a possible artefact of 

overexpression. The proteins GEXP07-GFP and GEXP10-GFP show bands of the 

expected size after processing of the PEXEL motif (49.5 and 49.0 kDa respectively). The 

PNEPs REX1-GFP (expected mass 110.0 kDa), REX2-GFP (expected mass 37.8 kDa) 

and Pf11_0505-GFP (expected mass 37.3 kDa) all migrated close to their predicted 

molecular masses. The PEXEL proteins PTP5-GFP, PTP6-GFP and Pf13_0275-GFP also 

migrated close to their predicted molecular weights after PEXEL cleavage (90.1, 52.6 

and 50.0 kDa respectively). Interestingly, PTP5-GFP shows a degradation pattern 

reminiscent of that observed for REX1 (Hawthorne et al., 2004a). All the GFP-tagged 

samples show a band (or bands) below the 28 kDa marker that probably represent 

degraded GFP (Figure 4.4).  
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Figure 4.4 Schema and validation of exported proteins that were GFP-tagged 

(A) Schematic representations of full-length GFP-tagged proteins with the residue length 

of the untagged protein. Grey = predicted signal peptide, dark blue = predicted 

transmembrane domain, yellow = PEXEL motif, green = GFP tag 

(B) Western analysis of saponin lysates from transfectant parasites, probed with aGFP. 

Green arrowheads indicate bands that represent the full-length GFP-tagged chimeras. 

Molecular mass standard is in kDa. Asterisk (*) represents degraded GFP. 
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Having confirmed correct expression of the GFP chimaeric proteins, we next examined 

the localisation of the proteins by live-cell microscopy. Infected red blood cells were 

observed at the early trophozoite stage after the onset of immobilisation of the Maurer’s 

clefts to facilitate image capture. All transfectants showed a punctate fluorescence pattern 

in the red blood cell cytoplasm (Figure 4.5). One protein, Pf11_0505-GFP, also showed 

significant fluorescence within the parasite or parasitophorous vacuole (Figure 4.5), 

which is consistent with a previous Pf11_0505-GFP transfectant (Heiber et al., 2013). 

The fluorescence pattern exhibited by the GFP-transfectants is typical of Maurer’s clefts 

puncta. However, to confirm the Maurer’s clefts localisation of the proteins, 

immunofluorescence microscopy was performed. 
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Figure 4.5 Live-cell fluorescence microscopy of GFP-tagged transfectant parasites 

Infected red blood cells were suspended in RPMI and imaged on sealed glass coverslips 

at 37°C. The parasites are imaged at the early trophozoite stage after Maurer’s clefts 

immobilisation. Dispersed puncta are present in all the transfectant-infected red blood 

cells. Significant fluorescence within the parasite is observed in the Pf11_0505-GFP 

sample.  
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Immunofluorescence assays were performed to confirm the location of the exported GFP-

tagged proteins. The fixed cells were labelled with aGFP and aREX1. All the GFP-

tagged proteins co-located with the Maurer’s clefts marker REX1 (Figure 4.6). This 

confirms that GEXP10, PTP5, PTP6 and Pf13_0275 are located at the Maurer’s clefts, 

and further validates the Maurer’s clefts enrichment described above as a useful tool to 

identify novel Maurer’s clefts proteins. 
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Figure 4.6 Immunofluoresence analysis of transfectant parasites 

Infected red blood cells were fixed in ice-cold acetone and methanol (9:1) and labelled 

with aGFP (1:300) and aREX1 (1:1000), followed by Alexa FluorÒ 488 and Alexa 

FluorÒ 568 and nuclear stain DAPI. The Maurer’s clefts are discrete REX1-labelled 

puncta. BF = bright field. Scale bars = 5 µm.  
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4.2.6 Super-resolution analysis of protein localisation within the Maurer’s clefts 
Maurer’s clefts are sub-compartmentalised, with some proteins localising quite distinctly 

to the centre, edges or tethers of the clefts (McMillan et al., 2013, Hanssen et al., 2008a). 

Yet other proteins such as PfEMP1 seem to have a broader distribution throughout the 

organelle (McMillan et al., 2013). The localisation of REX1 and MAHRP1 within the 

subdomains of the Maurer’s clefts has been well described. The distribution of REX1 was 

quantitated by analysis of immuno-gold labelled electron micrographs, and is largely 

located on the Maurer’s clefts edges and to a lesser extent on the tethers (Hanssen et al., 

2008a). Similarly, previous 3D-SIM analysis has shown that REX1 localises to the 

Maurer’s clefts periphery, forming a  ring around a centralised MAHRP1-containing 

region.(McMillan et al., 2013). To expand our understanding of this spatial segregation, 

we mapped the locations of each of the GFP-tagged proteins within the Maurer’s clefts. 

The orthologues GEXP07-GFP and GEXP10-GFP were labelled with Maurer’s clefts 

markers and observed using 3D-SIM. One study showed by immuno-electron microscopy 

that a GEXP07-HA construct was trafficked to the Maurer’s clefts (Sleebs et al., 2014). 

The immuno-labelling in these electron micrographs was concentrated around the centre 

of the Maurer’s clefts, although no quantitation was performed (Sleebs et al., 2014). 

When co-labelled with aREX1, GEXP07-GFP appears to be in discrete puncta 

surrounded by the more dispersed REX1 fluorescence signal (Figure 4.7A, top panel). 

The GEXP07-GFP and MAHRP1 signals show co-localisation in what is presumably the 

central area of the Maurer’s clefts’ lamellae (Figure 4.7A, bottom panel). Similarly, 

GEXP10-GFP is located in the centre of the clefts, ringed by REX1 and partially co-

locating with MAHRP1 (Figure 4.7B, top and bottom panels). The relative positions of 

PfEMP1 (probed with aATS, which labels the cytoplasmic face of the protein) and 

GEXP10-GFP were also investigated. Although there was a degree of co-localisation, the 

distribution of PfEMP1 was more varied than that of GEXP10-GFP (Figure 4.7B, middle 

panel). 
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Figure 4.7 3D-SIM analysis GEXP07-GFP- and GEXP10-GFP-infected red blood 

cells.  

Infected cells were acetone/methanol (9:1) fixed and Alexa Fluor 488 and Alexa Fluor 

568 secondary antibodies were used.  

(A) GEXP07-GFP-infected red blood cells probed with aGFP and either aREX1 or 

aMAHRP1.  

(B) GEXP10-GFP-infected red blood cells probed with aGFP and either aREX1, aATS 

or aMAHRP1. Images are average projections and have been adjusted for brightness and 

contrast. Merge scale bars = 3 µm, zoom scale bars = 1 µm.  
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Transfectants expressing two of the newly identified Maurer’s clefts proteins, PTP5-GFP 

and PTP6-GFP were examined by 3D-SIM. In Figure 4.8A (top panel), PTP6-GFP 

appears to form a ring of fluorescence around REX1. Co-staining with aATS show 

PfEMP1 is arranged in rings that are partially enclosed by PTP6-GFP (Figure 4.8A, 

bottom panel). The localisation of PTP5-GFP partly overlaps with REX1 (Figure 4.8B). 

Both PTP5-GFP and PTP6-GFP exhibit a ring-shaped pattern and it is likely that these 

proteins are on the outer edges of the Maurer’s clefts. The circular (or occasionally 

“horse-shoe”) distribution of PTP5-GFP around the clefts edges can be appreciated in 

Figure 4.8C. 

 	



 100 

	
	
	
	

	
Figure 4.8 3D-SIM analysis of PTP5-GFP- and PTP6-GFP-infected red blood cells.  

Samples were fixed in ice-cold acetone/methanol (9:1) before immuno-labelling. Alexa 

Fluor 488 and Alexa Fluor 568 secondary antibodies were used. Images shown are 

maximum projections 

(A) PTP6-GFP-expressing parasitised red blood cells were labelled with aGFP, aREX1 

and aATS 

(B and C) PTP5-GFP parasites were labelled with aGFP and aREX1 antibodies. Merge 

scale bars = 3 µm, zoom scale bars = 1 µm 
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As previously shown, REX1-GFP showed some co-localisation with PfEMP1 in the 

Maurer’s clefts (Figure 4.9A) (McMillan et al., 2013). The PNEP REX2 has been 

extensively studied as a model protein for analyses of protein export motifs (Spielmann 

et al., 2006, Haase et al., 2009, Gruring et al., 2012). The function of REX2 is still 

unknown. As shown in Figure 4.9B (top panel), REX2-GFP is interspersed with REX1 

around the edges of the Maurer’s clefts. This protein shows limited overlap with PfEMP1 

(Figure 4.9B, bottom panel). Lastly, we looked at the localisation of Pf13_0275-GFP. 

The distribution of Pf13_0275-GFP is ring-shaped around the edges of the clefts, 

punctuated in some regions with REX1 (Figure 4.9C). This survey of the sub-

compartmentalisation of the Maurer’s clefts provides information on the relative 

positions of proteins with the clefts, including the four novel Maurer’s clefts proteins 

GEXP10, PTP5, PTP6 and Pf13_0275.  
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Figure 4.9 3D-SIM analysis of REX1-GFP, REX2-GFP and Pf13_0275-GFP 

localisation 

Samples were fixed in ice-cold acetone/methanol (9:1) before immuno-labelling. Alexa 

Fluor 488 and Alexa Fluor 568 secondary antibodies were used. Images shown are 

maximum projections.  

(A) REX1-GFP-infected red blood cells labelled with aGFP and aATS.  

(B) REX2-GFP-expressing parasites labelled with aGFP and aREX1 or aATS.  

(C) Pf13_0275-GFP-infected red blood cells labelled with aGFP and aREX1. Merge 

scale bars = 3 µm, zoom scale bars = 1 µm.  
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4.3 Discussion 
 
The Maurer’s clefts are crucial for PfEMP1 trafficking to the red blood cell membrane. 

Characterising the properties of the Maurer’s clefts as a discrete organelle has been 

difficult due to their close association with the red blood cell membrane during the 

trophozoite stage (Vincensini et al., 2005). The enrichment process developed here 

(Section 4.2.1) exploits the mobility of ring-stage Maurer’s clefts, and provides a protein 

profile at a stage when PfEMP1 is transiting through the Maurer’s clefts en route to the 

red blood cell membrane. In the past, identifying Maurer’s clefts proteins has been made 

difficult by the presence of parasite and host contaminants in the Maurer’s clefts 

preparations, and issues with antibody cross-reactivity with unidentified proteins (Adisa 

et al., 2001, Albano et al., 1999, Wickert et al., 2003a, Hayashi et al., 2001, Vincensini et 

al., 2005). The present study uses hypotonic lysis of high parasitaemia (but unpurified) 

ring-stage infected red blood cells, resulting in less contamination from irrelevant parasite 

proteins than methods using detergent solubilisation. The coupling of the purification 

with epitope-tagging and co-localisation studies has led to the localisation of GEXP10, 

PTP5, PTP6 and Pf13_0275 - four novel Maurer’s clefts proteins. Additionally, a further 

five putative Maurer’s clefts proteins were identified: Pf08_0091, Pf10_0024, STARP, 

PfE0050w and PfC0085c. These candidates should be investigated by epitope-tagging 

before they are considered bona fide Maurer’s clefts proteins. 

 

We were able to identify the majority of known ring-stage expressed Maurer’s clefts 

proteins. However, there are some notable exceptions. One group is the FIKK kinase 

family members (FIKK4.1, FIKK9.3, FIKK9.6 and FIKK12) that have been reported (as 

data not shown) to localise to Maurer’s clefts during the ring-stage (Nunes et al., 2007). 

These proteins may transiently interact with the Maurer’s clefts, and may not be abundant 

enough to be identified using this method. A limitation of the current method for analysis 

of the Maurer’s clefts protein profile is that the hypotonic lysis may result in the loss of 

some protein species. Although no proteins have yet been shown to be soluble within the 

lumen of the Maurer’s clefts, if there are such proteins they would be lost due to the loss 

of Maurer’s clefts membrane integrity.  

 

A number of proteins are expressed and trafficked to the Maurer’s clefts from ~24 h post-

invasion (i.e. after Maurer’s cleft docking) and as such were not identified in the present 
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analysis. Such proteins include PTP2, PfVAP, TEX1, MSPR6 (which associates with 

“cloudy” structures adjacent to the Maurer’s clefts membrane), PFL0065w 

(PF3D7_1201300), PFL2515c (PF3D7_1252300), PIESP2, PfCRMP1-2, PfEPF1, 3 and 

4, and Pf332 (Nilsson et al., 2012, Heiber et al., 2013, Nacer et al., 2015, Kulangara et 

al., 2012, Thompson et al., 2007, Mbengue et al., 2013). Similarly, we did not detect 

proteins from the variant surface antigen families STEVOR, RIFIN or PfMC-2TM. A 

detailed analysis of the small variant surface antigens reported that these proteins localise 

primarily to the red blood cell membrane which may explain their absence from our 

preparation (Bachmann et al., 2015). Analysis of immobilised Maurer’s clefts may shed 

light on later processes occurring at these organelles.  

 

The role (if any) of vesicle-mediated transport to or from the Maurer’s clefts remains the 

great mystery of P. falciparum protein trafficking, as the parasite does not export classical 

trafficking machinery. Despite being devoid of obvious membrane trafficking machinery, 

mature red blood cells evidently do contain proteins as remnants of systems such as 

endosomes/lysosomes (Table 9). We have identified a number of human proteins that are 

enriched at the Maurer’s clefts that may play a role in membrane trafficking at these 

organelles. Proteins such as VPS28, TSG101, syntaxin, and VAC14 are involved in the 

budding and fusion of membranes in the mammalian endocytic pathway. We confirm by 

immunofluorescence that both ANXA4 and VAC14 are recruited to the Maurer’s clefts 

in P. falciparum-infected red blood cells. Thus far, no Plasmodium Maurer’s clefts 

proteins show similarity to any known membrane trafficking proteins, making it a 

possibility that P. falciparum scavenges host proteins for building the exomembrane 

system. The use of host membrane trafficking systems by other pathogens has been 

described. For example, proteomic analysis of another intracellular parasite, Chlamydia 

trachomatis, provided evidence that this bacterium hijacks the host retrograde trafficking 

pathway (Aeberhard et al., 2015). Moreover, RNA viruses are known to co-opt host 

endocytic pathways (including proteins such as the ESCRT complex) for effective 

replication (Ilnytska et al., 2013, Barajas et al., 2014, Kovalev et al., 2016). In this 

context, the observation that the spiral scaffolding underpinning knobs closely resembles 

ESCRT-III-induced vesicle budding is especially interesting (Watermeyer et al., 2016). 

Enrichment and mass spectrometric studies of knobs could shed light on the possibility 

of human endocytic protein involvement in their formation. Instances of host protein 

hijacking by P. falciparum have been reported. These include the mining of host actin 
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from the red blood cell cytoskeleton to link to the Maurer’s clefts, and the potential use 

of the human TRiC complex as a chaperone for exported Plasmodium proteins (Cyrklaff 

et al., 2011, Kilian et al., 2013, Rug et al., 2014, Dearnley et al., 2016, Batinovic et al., 

2017).  

 

Recently, a proteomics approach was used to study the P. yoelii ‘remodellome’ through 

subcellular fractionation and LC-MS/MS analysis, followed by validation by GFP-

tagging (Siau et al., 2016). Structures that remodel the P. falciparum-infected red blood 

cell, such as knobs, EDVs and J-dots could potentially be investigated using methodology 

similar to our approach to profiling the Maurer’s clefts proteins. 

 

Sub-localisation within the Maurer’s clefts has been described in the literature for a 

handful of proteins, and has been investigated by immuno-electron microscopy or super-

resolution fluorescence microscopy. The proteins MAHRP1 and GEXP07 have been 

localised to the centre of the clefts (McMillan et al., 2013, Sleebs et al., 2014)  and we 

show that the novel Maurer’s clefts protein GEXP10 co-localises with MAHRP1. So far, 

three proteins (MAHRP1, SBP1 and PTP1) are known to be required for PfEMP1 to reach 

the Maurer’s clefts (Spycher et al., 2008, Maier et al., 2007, Rug et al., 2014). The current 

understanding of protein export in P. falciparum is that proteins (including Maurer’s 

clefts proteins and PfEMP1 itself) are translocated via PTEX to the red blood cell 

cytoplasm and may travel to the Maurer’s clefts as chaperoned complexes (Gruring et al., 

2012, Beck et al., 2014, Elsworth et al., 2014, Batinovic et al., 2017). It is possible that 

the centrally located Maurer’s clefts proteins play roles in PfEMP1 stabilisation and 

insertion into the Maurer’s cleft membrane. The lack of observable exported PfEMP1 in 

MAHRP1, SBP1 and PTP1 knockout parasites could be due to loss of this function. 

 

Previous reports show that REX1, PTP1, and MAHRP2 are located on the edges of the 

clefts (Hanssen et al., 2008a, Rug et al., 2014, Pachlatko et al., 2010). In the present study, 

we show that PTP5, PTP6, Pf13_0275 and REX2 also localise primarily to the Maurer’s 

clefts edges. Three of these Maurer’s clefts edge proteins (REX1, PTP5 and PTP6) are 

thought to be involved in the transport PfEMP1 from the Maurer’s clefts to red blood cell 

surface i.e. in their absence PfEMP1 is trafficked to the Maurer’s clefts, but is not 

efficiently trafficked from there to the red blood cell membrane. Super-resolution 

microscopy showed that REX1 co-located with PfEMP1 and others have demonstrated a 
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direct interaction between these two proteins (Batinovic et al., 2017). It is possible that 

PfEMP1 is initially captured by the proteins in the centre of the Maurer’s clefts, and is 

then transferred to proteins located at the periphery before being transported to the red 

blood cell membrane.   
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Chapter 5 : Investigation of protein interaction networks at 
the Maurer’s clefts 
5.1 Introduction 
 
The many proteins exported by P. falciparum are thought to have diverse functions in 

enabling parasite survival and virulence. Recent studies have identified complexes of 

secreted proteins in the parasitophorous vacuole that play roles in facilitating export of 

parasite virulence determinants (Batinovic et al., 2017). However, little is currently 

known about how exported proteins interact in the red blood cell cytoplasm and at the 

Maurer’s clefts in order to drive host cell remodelling. 

 

Exported proteins may form interactions with other parasite proteins, or with host 

proteins. For example, the virulence protein PfEMP1 binds to the knob-forming protein 

KAHRP via electrostatic interactions, which in turn interacts with the cytoskeletal 

proteins spectrin, actin and band 4.1 (Voigt et al., 2000, Oh et al., 2000, Ganguly et al., 

2015). These interactions underpin the mechanism of adhesion of infected red blood cells 

to blood vessel walls and also contribute to the host cell’s increased rigidity (Rug et al., 

2006, Ganguly et al., 2015, Watermeyer et al., 2016, Dearnley et al., 2016).  

 

While knockout phenotype analysis and sub-localisation data is available for many 

individual Maurer’s clefts proteins, protein-protein interactions at the Maurer’s clefts 

have been less well studied. In the present study, we have shown that some Maurer’s 

clefts proteins segregate within the organelle (Section 4.2.6). Proteins such as GEXP07, 

GEXP10 and MAHRP1 are located in the central region of the cleft compartment, whilst 

REX1, PTP5, PTP6 and others are located at the cleft periphery. The virulence protein 

PfEMP1 appears to be distributed throughout both the central and peripheral parts of the 

Maurer’s clefts. Extensive knockout studies of exported proteins in P. falciparum point 

to important or essential functions of many of these Maurer’s clefts proteins (Table 8) 

(Maier et al., 2008). With this information in hand, we wanted to analyse protein-protein 

interactions to contextualise the spatial organisation and function of different proteins. 

We used the parasite lines generated in Section 4.2.5 to investigate interactions between 

Maurer’s clefts proteins. Eight epitope-tagged proteins were analysed by co-precipitation 

and tandem mass spectrometry across two biological replicates in order to identify 

protein-protein interactions. We found that spatial segregation of proteins within the 
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clefts correlates with their protein interactions as determined by mass spectrometry. 

Furthermore, we characterised a conditional knockdown of the Maurer’s clefts protein 

GEXP07.  Despite co-localising with, and co-precipitating with PfEMP1, knockdown of 

GEXP07 does not seem to affect PfEMP1 trafficking to the red blood cell surface. 
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5.2 Results 

5.2.1 A network of protein-protein interactions in the centre of the Maurer’s clefts 
 
Immunofluorescence microscopy of transfectants expressing the chimaeras GEXP07-

GFP and GEXP10-GFP and dual labelled with antibodies recognising endogenous 

MAHRP1 revealed that all three proteins are located in the central part of the Maurer’s 

clefts, where GEXP10 also partially co-locates with PfEMP1 (Section 4.2.6). We went 

on to investigate protein-protein interactions using co-immunoprecipitation. Parasites 

expressing GEXP07-GFP, GEXP10-GFP and MAHRP1-GFP were harvested at the 

trophozoite stage, solubilised in Triton X-100 (1% v/v) and prepared for 

immunoprecipitation using GFP-Trap (for the complete method, see Section 2.6.5). Co-

immunoprecipitated proteins were eluted from the GFP-Trap beads and analysed by 

Western blot. All three proteins were successfully immunoprecipitated (Figure 5.1A, 

green arrowheads). Endogenous MAHRP1 was strongly co-immunoprecipitated with 

GEXP07-GFP and more weakly precipitated with GEXP10-GFP (Figure 5.1B, blue 

arrowheads). The MAHRP1-GFP construct also appears to co-immunoprecipitate with 

endogenous MAHRP1 (open arrow), although it is also possible that this band represents 

a degradation product of MAHRP1-GFP (Figure 5.1B). 
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Figure 5.1 Immunoprecipitation analysis of GEXP10-GFP, GEXP07-GFP and 

MAHRP1-GFP.  

(A) Membrane was probed with αGFP (1:1000). Green arrowheads indicate the 

immunoprecipitated GFP-tagged protein.  

(B) Membrane was probed with αMAHRP1 (1:1000). Blue arrowheads indicate the 

co-immunoprecipitated MAHRP1 protein.  

 

Signal was detected by the addition of HRP-conjugated secondary antibodies and 

chemiluminescent reactions. Input represents the pre-cleared Triton X-100-

soluble material. Loading of ‘Input’ fractions was 4% of the total sample 

compared to 100% of the IP sample. Markers indicate molecular mass in kDa. 
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After Western blot confirmation, the immunoprecipitated proteins were subjected to LC-

MS/MS. Two biological replicates were performed and the eluates from the transfectants 

were compared to mock precipitated samples of wild-type 3D7 run in parallel. Protein 

hits were considered significant if they were identified in both experiments and were at 

least 5 times enriched compared to the control, and had at least two significant MS/MS 

spectra in each replicate. Mass spectrometry analysis of the MAHRP1-GFP IP sample 

identified 4 exported interacting proteins: GEXP10, GEXP07, PIESP2 and the PEXEL-

containing protein PF3D7_0501000 (Table 10). A previous study showed that 

PF3D7_0501000 and PIESP2 can be knocked out and that PfEMP1 trafficking and 

cytoadherence is unaffected in their absence (Maier et al., 2008). Although not detected 

in both replicates in the present study, PfEMP1 has been shown by Western blot to co-

precipitate with MAHRP1-GFP (Batinovic et al., 2017). Two abundant cytoplasmic 

proteins, 60S ribosomal protein (PF3D7_1424100) and 14-3-3 protein (PF3D7_0818200) 

were also detected, probably due to non-specific binding. 

 

 Similarly to MAHRP1-GFP, GEXP07-GFP co-immunoprecipitated GEXP10, MAHRP1 

and PF3D7_0501000 (Table 11). Two PTEX components (HSP101 and PTEX150) were 

also identified, possibly as a result of a portion of the overexpressed GEXP07-GFP 

construct accumulating in the parasitophorous vacuole where it is presumably exported 

by the PTEX. Interestingly, PfEMP1 also co-precipitated with GEXP07-GFP. Proteins 

co-precipitating with GEXP10-GFP (Table 12) were identical to the exported proteins 

co-precipitating with MAHRP1-GFP, as depicted in Figure 5.2A. Taken together, this 

suggests close association between GEXP07, MAHRP1, GEXP10 and PF3D7_0501000, 

and possibly PIESP2 and PfEMP1 (Figure 5.2B). The solubilisation process used in this 

immunoprecipitation study and the abundance of host proteins in samples lead to the 

identification of some human proteins by mass spectrometry.  Human proteins that were 

significantly enriched from all samples analysed by LC-MS/MS are presented in Tables 

S1-S8. 
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Figure 5.2 Diagrams of exported protein interactions identified by 

immunoprecipitation of MAHRP1-GFP, GEXP07-GFP and GEXP10-GFP. 

(A) Venn diagram of exported proteins co-immunoprecipitating with each GFP-tagged 

protein. 

(B) Network of co-precipitating exported proteins from MAHRP1-GFP, GEXP07-GFP 

and GEXP1-GFP tandem mass spectrometry experiments. Green nodes = GFP-tagged 

proteins, blue nodes = exported, thin edge = co-precipitated protein, thick edge = proteins 

co-precipitated each other. Network image was built using NAViGaTOR 2.3.  
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Table 10 Mass spectrometry analysis of MAHRP1-GFP co-precipitated proteins 

PlasmoDB ID Protein name 

Number of significant ms/ms spectra 

Experiment 1 Experiment 2 

MAHRP1 3D7 MAHRP1 3D7 

PF3D7_1370300 membrane associated histidine-rich protein (MAHRP1)  8 0 11 0 

PF3D7_0818200 14-3-3 protein (14-3-3I)  8 1 8 1 

PF3D7_1301700 Plasmodium exported protein (hyp8), (GEXP07)  8 0 9 0 

PF3D7_0501200 parasite-infected erythrocyte surface protein (PIESP2)  4 0 10 0 

PF3D7_0501000 Plasmodium exported protein 2 0 4 0 

PF3D7_0113900 Plasmodium exported protein (hyp8), (GEXP10)  2 0 6 0 

PF3D7_1424100 60S ribosomal protein L5, putative  2 0 5 0 
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Table 11 Mass spectrometry analysis of GEXP07-GFP co-precipitated proteins 

PlasmoDB ID Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

GEXP07 3D7 GEXP07 3D7 

PF3D7_1301700 Plasmodium exported protein (hyp8), (GEXP07)  20 0 10 0 

PF3D7_0706000 importin-7, putative  18 0 10 0 

PF3D7_1116800 heat shock protein 101 (HSP101)  15 0 2 0 

PF3D7_1436300 translocon component PTEX150 (PTEX150)  12 0 4 0 

PF3D7_0113900 Plasmodium exported protein (hyp8), (GEXP10)  7 0 4 0 

PF3D7_1370300 membrane associated histidine-rich protein (MAHRP1)  6 0 5 0 

PF3D7_0501000 Plasmodium exported protein 4 0 4 0 

PF3D7_1149000 antigen 332, DBL-like protein (Pf332)  6 0 3 0 

PF3D7_0524000 karyopherin beta (KASbeta)  3 0 3 0 

PF3D7_1240900 erythrocyte membrane protein 1, PfEMP1 (VAR)  7 0 3 0 

PF3D7_1002900 conserved Plasmodium protein 2 0 2 0 

PF3D7_1346100 protein transport protein SEC61 subunit alpha (SEC61)  2 0 4 0 

PF3D7_1456800 V-type H(+)-translocating pyrophosphatase, putative (VP1)  2 0 2 0 
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Table 12 Mass spectrometry analysis of GEXP10-GFP co-precipitated proteins 

PlasmoDB ID Protein name 

Number of significant ms/ms spectra 

Experiment 1 Experiment 2 

GEXP10 3D7 GEXP10 3D7 

PF3D7_0113900 Plasmodium exported protein (hyp8), (GEXP10)  21 0 17 0 

PF3D7_1301700 Plasmodium exported protein (hyp8), (GEXP07)  8 0 5 0 

PF3D7_0501200 parasite-infected erythrocyte surface protein (PIESP2)  10 0 3 0 

PF3D7_0501000 Plasmodium exported protein,  3 0 2 0 

PF3D7_1370300 membrane associated histidine-rich protein (MAHRP1)  4 0 3 0 
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5.2.2 Generation of an inducible knockdown transfectant parasite line 
 

In order to further investigate the role of GEXP07 in PfEMP1 trafficking, conditional 

knockdown parasites were generated (plasmids were a gift of Dr Paul Gilson, Burnet 

Institute). The GEXP07 protein comprises 245 residues, and has a canonical signal 

sequence, a PEXEL motif and two predicted transmembrane domains (Figure 5.3A). The 

GEXP07 gene was tagged by homologous recombination at the 3’ end with a HA epitope 

and a glmS ribozyme/riboswitch sequence which allows conditional degradation of the 

GEXP07 mRNA (Prommana et al., 2013, McHugh et al., 2015).  

 

Localisation of the GEXP07-HA-glmS construct to the Maurer’s clefts was confirmed by 

colocalisation with the Maurer’s clefts marker SBP1 (Figure 5.3B). Knockdown of the 

protein was achieved by the addition of increasing concentrations of glucosamine (0, 2.5, 

5 and 10 mM) to trophozoite stage parasite culture. Parasites were harvested 48 h after 

the addition of glucosamine, followed by immunoblotting of the saponin-lysed infected 

red blood cells. Knockdown of the GEXP07-HA-glmS protein was observed. At the 

highest concentration of glucosamine (10 mM) the decrease was estimated to be ~90% 

when compared to GAPDH, a parasite housekeeping protein (Figure 5.3C). 
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Figure 5.3 Characterisation of a GEXP07-HA-glmS conditional knockdown 

parasite line 

(A)  Schematic representation of GEXP07-HA-glmS protein. Grey = predicted 

signal sequence, yellow = PEXEL, dark blue = predicted transmembrane 

domains, red = HA tag.  

(B)  Immunofluorescence microscopy confirming expression of the HA-tagged 

GEXP07 co-localising with Maurer’s clefts marker SBP1. Infected red blood 

cells were fixed in acetone and methanol (9:1). DAPI was used to stain the 

nucleus. Scale bar = 5 µm. 

(C)  Knockdown of GEXP07-HA-glmS with increasing concentrations of 

glucosamine (GlcN). Membranes were probed with aHA (1:1000) or aGAPDH 

(1:1000), then developed by the addition of HRP-conjugated secondary 

antibodies and chemiluminescent detection. Molecular masses are in kDa.  
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5.2.3 Partial knockdown of GEXP07 does not affect other exported proteins 
 
The present study and a previous study (Sleebs et al., 2014) localised GEXP07 to the 

Maurer’s clefts. Considering the demonstrated interaction between GEXP07 and PfEMP1 

(as well as other exported proteins, such as MAHRP1 which has been shown to play an 

important role in PfEMP1 export), we hypothesised that knockdown of GEXP07 may 

have an effect on transfer of PfEMP1 or other exported proteins to the Maurer’s clefts. 

The GEXP07-HA-glmS-infected red blood cells were treated with either 0 mM or 10 mM 

glucosamine from ~24 h post-invasion for 48 h before acetone/methanol fixation and 

preparation for immunofluorescence assays. As higher concentrations of glucosamine 

may have an effect on parasite growth (Prommana et al., 2013) a 3D7 control was also 

included. The resident Maurer’s clefts protein REX1 showed no difference in distribution 

at concentrations of 10 mM glucosamine in either 3D7- or GEXP07-HA-glmS-infected 

red blood cells, nor was there any change in numbers of Maurer’s clefts based on the 

number of REX1-labelled fluorescent puncta (Figure 5.4). As expected, there was no 

labelling of the Maurer’s clefts with αHA in 3D7 samples. Untreated GEXP07-HA-glmS 

samples showed HA-labelling at the Maurer’s clefts as anticipated (Figure 5.4). Weaker 

HA-labelling was also detected in the 10 mM-treated GEXP07-HA-glmS sample 

indicating that knockdown of GEXP07-HA-glmS is incomplete. This is consistent with 

the ~10% GEXP07-HA detected by Western blotting (Figure 5.3C). 
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Figure 5.4 Immunofluorescence analysis of glucosamine-treated 3D7 and GEX07-

HA-glmS parasites 

Wild-type 3D7- and GEXP07-HA-glmS-infected red blood cells were treated with either 

0 mM or 10 mM glucosamine for 48 h, then fixed in acetone and methanol (9:1). Samples 

were probed with αREX1 (1:1000) and αHA (1:300), AlexaFluorÒ secondary antibodies 

and were co-labelled with the nuclear stain DAPI. 
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We next assessed the localisation of PfEMP1 (probing with αATS) and the Maurer’s 

clefts marker SBP1. Co-precipitation studies identified PfEMP1 as a possible interacting 

partner of GEXP07 (Table 11), so we hypothesised that knockdown of GEXP07 might 

affect PfEMP1 localisation at the Maurer’s clefts. Trophozoite stage parasites were 

treated with either 0 or 10 mM glucosamine for 48 h. Both the 3D7 and GEXP07-HA-

glmS samples showed PfEMP1 co-locating with SBP1 at the Maurer’s clefts (Figure 

5.5A), indicating that knockdown (albeit incomplete) does not affect PfEMP1 transport 

to the Maurer’s clefts. Immunofluorescence analysis of KAHRP, a protein component of 

knobs, showed that the localisation of this protein at the red blood cell periphery showed 

no obvious perturbation associated with knockdown of GEXP07-HA-glmS parasites 

(Figure 5.5B). 

 

Some Maurer’s clefts proteins such as REX1, PTP5 and PTP6 are involved in the 

transport of PfEMP1 from the Maurer’s clefts to the red blood cell surface (Dixon et al., 

2011, Maier et al., 2008). To investigate the possibility that GEXP07 plays a role in this 

process, we analysed the binding of infected red blood cells to the human endothelial 

ligand CD36. Binding to CD36 is mediated by surface-exposed PfEMP1 presented on 

knobs at the red blood cell membrane and as such can be used as as indirect measurement 

of PfEMP1 on the red blood cell surface. Wild-type 3D7 and GEXP07-HA-glmS 

parasites (8 h window) were treated with either 0 or 10 mM glucosamine at the late ring 

stage, and were harvested for analysis 48 h later in the following asexual cycle. The 

infected red blood cells were flowed through a chamber coated with CD36 and the 

number of bound cells counted. As previously reported, there was no significant 

difference in mean between wild-type 3D7 glucosamine treated and untreated samples 

(Figure 5.5C; p = 0.15, unpaired t-test) (Batinovic et al., 2017). Likewise, there was no 

significant difference between the GEXP07-HA-glmS treated and untreated samples 

(Figure 5.5C; p = 0.11, unpaired t-test). This could suggest that GEXP07 does not have a 

role in PfEMP1 trafficking. Alternatively, it is possible that the decreased level of 

GEXP07 is still sufficient to enable its normal function.  
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Figure 5.5 Analysis of the effect of GEXP07 knockdown on exported proteins 

For immunofluorescence, infected red blood cells (wildtype 3D7 or GEXP07-HA-glmS) 

were treated with either 0 mM or 10 mM glucosamine for 48 h before fixation in acetone 

and methanol (9:1). AlexaFluorÒ secondary antibodies were used and DAPI (blue) was 

added to visualise nuclear material.  

(A)  Samples were probed with αATS (green; 1:100) and αSBP1 (red; 1:300) 

(B)  Samples were probed with αKAHRP (green; 1:300) and αSBP1 (red; 1:300)  

(C)  Analysis of binding of infected red blood cells to CD36. The infected red blood 

cells were flowed through a chamber coated with recombinant human CD36 at 

0.1 Pa, washed with RPMI and the number of bound cells were counted for 10 

randomly selected, pre-programmed fields of view. Counts are plotted as dots 

representing the amount of bound infected red blood cells per mm2 in a field of 

view. Counts are from 3 biological replicates (n = 3). Error bars represent the 

SEM and the longer horizontal bar is the mean.  
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5.2.4 Two Maurer’s clefts edge proteins co-immunoprecipitate and share 
similarities 

 
We investigated the co-precipitating proteins of both REX1-GFP and PTP5-GFP-

expressing parasites using immunoblotting and tandem mass spectrometry. Using GFP-

TrapÒ, REX1-GFP was successfully immunoprecipitated (Figure 5.6A, green 

arrowhead). In Figure 5.6A, a ladder of ~5 smaller bands is evident as well as the full-

length REX1-GFP band (as well as a band representing free GFP at ~28 kDa). This 

degradation of the N-terminal region of REX1 may reflect processing of putative PEST 

sequences within the protein (Hawthorne et al., 2004a). As expected, REX1-GFP co-

precipitated with PfEMP1 (Figure 5.6B, blue arrowhead). The REX1-GFP 

immunoprecipitation fractions were analysed by tandem mass spectrometry in parallel 

with a wild-type 3D7 control. This analysis identified four variants of PfEMP1 that co-

precipitated with REX1-GFP, strongly supporting an interaction between REX1 and 

PfEMP1 (Table 13). Despite its involvement in a complex interacting with PfEMP1 

(Figure 5.2B) (Batinovic et al., 2017), the Maurer’s clefts protein MAHRP1 did no co-

precipitate with REX1 (Figure 5.6). One possible explanation for this is that PfEMP1 may 

be transferred to the edge of the Maurer’s clefts (away from MAHRP1 and GEXP07) and 

interact with REX1 before transit to the red blood cell membrane. Interestingly, REX1-

GFP co-precipitated with the tether protein MAHRP2 (Table 13). 

Both REX1 and MAHRP2 have been observed by immunoelectron microscopy 

associated with tethers - tubular structures that protrude from the edge of Maurer’s clefts 

and occasionally link them to the red blood cell membrane or parasitophorous vacuole 

membrane (Hanssen et al., 2008a, Pachlatko et al., 2010). Like REX1, MAHRP2 has also 

been shown to co-precipitate with PfEMP1 (Batinovic et al., 2017). Attempts to 

genetically ablate MAHRP2 have thus far been unsuccessful, suggesting that this gene 

may be essential (Pachlatko et al., 2010). 
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Figure 5.6 Immunoprecipitation of wild-type 3D7, REX1-GFP and PTP5-GFP 

parasite lines 

Trophozoite-stage parasites were harvested and solubilised in 1% (v/v) Triton X-100 in 

PBS and subjected to immunoprecipitation using GFP-Trap. The bound material was 

eluted from the beads and either analysed by SDS-PAGE (4% input was loaded cf. IP) 

or mass spectrometry. Molecular masses are in kDa. 

(A)  Wild-type 3D7 and REX1-GFP IPs probed with aGFP. Green arrowhead 

indicates full-length immunoprecipitated REX1-GFP 

(B) Wild-type 3D7 and REX1-GFP IPs probed with aATS. Blue arrowhead indicates 

immunoprecipitated PfEMP1 

(C) Wild-type 3D7 and REX1-GFP IPs probed with aMAHRP1. MAHRP1 was not 

co-precipitated with REX1-GFP 

(D) PTP5-GFP IPs probed with aGFP. Green arrowhead indicates full-length 

immunoprecipitated PTP5-GFP 

(E) PTP5-GFP IPs probed with aREX1. Blue arrowhead indicates co-precipitated full-

length REX1 

(F) Network of co-precipitating proteins from REX1-GFP and PTP5-GFP tandem 

mass spectrometry. Green nodes = GFP-tagged proteins, blue nodes = exported 

proteins, thin edge = co-precipitated protein. Network image was built using 

NAViGaTOR 2.3.  
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Full-length PTP5-GFP was co-precipitated from Triton X-100-soluble infected red blood 

cell material using GFP-Trap beads (Figure 5.6D, green arrowhead). A ladder pattern 

presumably representing N-terminally truncated PTP5-GFP was also which is 

reminiscent of the pattern observed in the REX1-GFP sample (Figure 5.6A). The 

sequence of PTP5 has 11 predicted PEST sites (EMBOSS epestfind; 

emboss.bioinformatics.nl/cgi-bin/emboss/epestfind). There are ~15 bands in the PTP5-

GFP IP lane of Figure 5.6D, 3 of which are between 28-39 kDa and likely represent 

degraded GFP. It is possible that proteolytic cleavage of PTP5 and REX1 occurs at the 

putative PEST sequences. Whether this processing is important for protein function is 

unclear.  

 

Tandem mass spectrometry analysis of proteins co-precipitating with PTP5-GFP 

identified REX1 as the protein with the highest number of significant MS/MS spectra 

(Table 14). Probing immunoblots with aREX1 showed that full-length REX1 was weakly 

co-immunoprecipitated with PTP5-GFP (Figure 5.6E). Another two Maurer’s clefts 

proteins, PfJ23 (a paralogue of PTP5) and PIESP2, also co-precipitated with PTP5-GFP 

(Table 14). Both PfJ23 and PIESP2 (also referred to as PfE60) were identified in the 

original proteomic analysis of the Maurer’s clefts (Vincensini et al., 2005). Knockout of 

PIESP2 in the CS2 parasite strain did not result in significantly decreased surface-exposed 

PfEMP1 after upselection on CSA (Maier et al., 2008). In the same study, PfJ23 was 

unable to be knocked out (Maier et al., 2008). The PfJ23 and PTP5 proteins have an 

additional paralogue, Pf10_0024, which was successfully disrupted and did not affect 

PfEMP1 surface exposure (Maier et al., 2008). Although not detected by mass 

spectrometry in the present study, previous immunoblotting work showed that PTP5-GFP 

co-precipitates with PfEMP1 (Batinovic et al., 2017). Both REX1 and PTP5 are required 

for efficient transfer of PfEMP1 from the Maurer’s clefts to the red blood cell membrane, 

possibly with the involvement of two essential proteins (MAHRP2 and PfJ23) (Maier et 

al., 2008, Dixon et al., 2011, Pachlatko et al., 2010). A representation of the co-

precipitating proteins (including non-exported proteins) of both REX1-GFP and PTP5-

GFP is presented in Figure 5.6F. 
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Table 13 Mass spectrometry analysis of REX1-GFP co-precipitated proteins 

PlasmoDB ID Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

REX1 3D7 REX1 3D7 

PF3D7_0935900 ring-exported protein 1 (REX1)  127 0 91 0 

PF3D7_1318800 translocation protein SEC63 (SEC63)  47 0 31 0 

PF3D7_0600200 erythrocyte membrane protein 1, PfEMP1 (VAR)  16 0 34 0 

PF3D7_0632500 erythrocyte membrane protein 1, PfEMP1 (VAR)  6 0 18 0 

PF3D7_0705500 inositol-phosphate phosphatase, putative  6 0 10 0 

PF3D7_1412500 actin II (ACT2)  6 0 5 0 

PF3D7_1100100 erythrocyte membrane protein 1, PfEMP1 (VAR)  3 0 2 0 

PF3D7_0927100 conserved Plasmodium protein, unknown function  2 0 2 0 

PF3D7_1200400 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 2 0 

PF3D7_1353200 membrane associated histidine-rich protein (MAHRP2)  2 0 3 0 
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Table 14 Mass spectrometry analysis of PTP5-GFP co-precipitated proteins 

PlasmoDB ID Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

PTP5 3D7 PTP5 3D7 

PF3D7_1002100 EMP1-trafficking protein (PTP5)  27 2 53 0 

PF3D7_0935900 ring-exported protein 1 (REX1)  14 0 10 0 

PF3D7_1001900 Plasmodium exported protein (hyp16), (PfJ23)  9 0 10 0 

PF3D7_0524000 karyopherin beta (KASbeta)  5 0 5 0 

PF3D7_0721100 conserved Plasmodium protein, unknown function  5 0 4 0 

PF3D7_0501200 parasite-infected erythrocyte surface protein (PIESP2)  2 0 3 0 

 

 
  



 127 

 
	

5.2.5 Networks of exported protein interactions at the Maurer’s clefts 
 
Efforts were made to identify parasite proteins that co-precipitate four additional GFP-

tagged Maurer’s clefts proteins. One protein, Pf11_0505-GFP, was not efficiently co-

precipitated by GFP-Trap and was not analysed further. Three proteins (REX2-GFP, 

PTP6-GFP and Pf13_0275-GFP) were successfully co-precipitated (Figure 5.7A, B; 

green arrowheads).  

 

REX2-GFP co-precipitated with two components of the EPIC complex, PV1 and EXP3 

(Table 17). Co-precipitaiton studies with epitope-tagged PV1 identified REX2 as an 

interacting protein, suggesting that REX2 may associate with the EPIC complex prior to 

export through the PTEX (Batinovic et al., 2017). We did not identify any Maurer’s clefts 

proteins interacting with REX2 - this may be due to inefficient export of the REX2-GFP 

construct from the parasitophorous vacuole.  Only one exported protein, MAHRP2, was 

identified in mass spectrometric analysis of Pf13_0275-GFP co-precipitating proteins 

(Table 16). These genes encoding these proteins are adjacent. Immunofluorescence 

analysis showed PF13_0275 to be located near the edges of Maurer’s clefts, whilst 

MAHRP2 is known to localise to tethers (Pachlatko et al., 2010). It is possible that 

PF13_0275-GFP functions in the link between the Maurer’s clefts and the tethers. 

 

PTP6-GFP was apparently not connected to the wider network of Maurer’s clefts proteins 

(Figure 5.8A) but did co-precipitate with several other exported proteins: STARP, 

MESA, PF3D7_0702500 (a Maurer’s clefts protein; previously PF07_0008), 

PF3D7_1002000 (previously PF10_0024) and PF3D7_031700 (previously PFC0085c) 

(Table 15) (Heiber et al., 2013). Except for MESA (which is associated with the red blood 

cell cytoskeleton), all of these proteins were identified in the Maurer’s clefts protein 

analysis in Table 6 (Section 4.2.2) (Coppel et al., 1988). Previous work showed that a 

PTP6 knockout parasite line had disrupted transport of PfEMP1 to the red blood cell 

membrane, yet the majority of the PTP6-interacting proteins found here are relatively 

uncharacterised (Maier et al., 2008). Further investigation into the roles of these proteins 

may provide insight into how PTP6 influences PfEMP1 transport.  
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Figure 5.7 Immunoprecipitation with REX2-GFP, PTP6-GFP and Pf13_0275-GFP 

Trophozoite-stage parasites were harvested and solubilised in 1% (v/v) Triton X-100 in 

PBS and subjected to co-immunoprecipitation by GFP-Trap. The bound material was 

eluted from the beads and either analysed by SDS-PAGE (4% input was loaded cf. IP) 

or tandem mass spectrometry. Molecular masses are in kDa. 

(A) REX2-GFP and PTP6-GFP IPs probed with aGFP. Green arrowhead indicates 

the full-length GFP-tagged protein. Another band above the 64 kDa marker is 

likely to represent a dimerised form of the tagged protein. 

(B) Pf13_0275-GFP IP probed with aGFP. Green arrowhead indicates the full-

length GFP-tagged protein 

 
 
 
 
  

51

Pf13_0275
Input IP

αGFP

97

64

51

39

REX2 PTP6
Input IP Input IP

αGFP

64

39

A B



 129 

 

 

 

 

 

 

Table 15 Mass spectrometry analysis of PTP6-GFP co-precipitated proteins 

PlasmoDB ID Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

PTP6 3D7 PTP6 3D7 

PF3D7_1302000 EMP1-trafficking protein (PTP6)  22 0 26 0 

PF3D7_0702500 Plasmodium exported protein, unknown function  12 0 4 0 

PF3D7_0500800 mature parasite-infected erythrocyte surface antigen (MESA)  9 0 4 0 

PF3D7_0301700 Plasmodium exported protein, unknown function  8 0 7 0 

PF3D7_0702300 sporozoite threonine and asparagine-rich protein (STARP)  8 0 10 0 

PF3D7_1002000 Plasmodium exported protein (hyp2), unknown function  7 0 13 0 

PF3D7_0109900.1 unspecified product  2 0 2 0 

PF3D7_1221900 conserved Plasmodium membrane protein, unknown function  2 0 2 0 
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Table 16 Mass spectrometry analysis of Pf13_0275-GFP co-precipitated proteins 

PlasmoDB ID Protein name 

Number of significant ms/ms spectra 

Experiment 1 Experiment 2 

PF13_0275 3D7 PF13_0275 3D7 

PF3D7_0524000 karyopherin beta (KASbeta)  42 0 29 0 

PF3D7_1353100 Plasmodium exported protein (Pf13_0275) 26 0 21 0 

PF3D7_0706000 importin-7, putative  23 0 7 0 

PF3D7_1246200 actin I (ACT1)  23 4 3 0 

PF3D7_0815200 importin beta, putative  9 0 3 0 

PF3D7_0422400 40S ribosomal protein S19 (RPS19)  7 1 2 0 

PF3D7_0628300 choline/ethanolaminephosphotransferase, putative (CEPT)  4 0 6 0 

PF3D7_1038000.1 antigen UB05  3 0 2 0 

PF3D7_1353200 membrane associated histidine-rich protein (MAHRP2)  3 0 3 0 
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Table 17 Mass spectrometry analysis of REX2-GFP co-precipitated proteins 

PlasmoDB ID Protein name 

Number of significant ms/ms spectra 

Experiment 1 Experiment 2 

REX2 3D7 REX2 3D7 

PF3D7_1129100 parasitophorous vacuolar protein 1 (PV1)  13 1 16 0 

PF3D7_0936000 ring-exported protein 2 (REX2)  7 0 8 0 

PF3D7_0524000 karyopherin beta (KASbeta)  4 0 16 0 

PF3D7_1024800 exported protein 3 (EXP3) 4 0 15 0 

PF3D7_1228600 merozoite surface protein 9 (MSP9)  4 0 2 0 
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5.2.6 Analysis of the Maurer’s clefts protein interaction network 
 
The exported proteins from the co-precipitation studies from 8 epitope-tagged proteins 

described here are summarised in an interaction network in Figure 5.8A. Within this 

network, there is a four-node true clique termed the ‘inner clique’ as the proteins localise 

to the central subcompartment of the Maurer’s clefts (Figure 5.8B). This clique includes 

MAHRP1 (and is connected to PfEMP1 through GEXP07) and could represent a protein 

complex involved in transport and insertion of PfEMP1 into the Maurer’s clefts (Spycher 

et al., 2008).  

Mass spectrometry co-immunoprecipitation studies with two resident Maurer’s clefts 

proteins (PTP1 and SEMP1) and the Maurer’s clefts cargo protein PfEMP1 have been 

published (Rug et al., 2014, Dietz et al., 2014, Batinovic et al., 2017). A network summary 

of published Maurer’s clefts protein mass spectrometry co-immunoprecipitation studies 

and data from the present study is presented in Figure 5.8C.  
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Figure 5.8 Network map and analysis of co-precipitating proteins 

(A) Network of exported and parasitophorous vacuole-located co-precipitating 

proteins from all GFP-tagged proteins analysed by GFP-Trap and tandem mass 

spectrometry. Green nodes = GFP-tagged proteins, blue nodes = exported 

proteins, purple nodes = parasitophorous vacuole proteins, thin edge = co-

precipitated protein, thick edge = proteins co-precipitated each other. Network 

image was built using NAViGaTOR 2.3.  

(B) Clique identified within the network map that contains proteins that localise to 

the centre of the Maurer’s clefts. 

(C)  The interaction network map represents co-immunoprecipitated exported 

proteins from the present study and the literature, where SEMP1-HA, PTP1-

HA and PfEMP1B-GFP were precipitated (Dietz et al., 2014, Rug et al., 2014, 
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Batinovic et al., 2017). Green nodes = GFP-tagged proteins from this study, 

pink nodes = epitope-tagged proteins from other studies, blue nodes = exported 

proteins (parasitophorous vacole proteins not included). Thin edges = protein 

was co-immunoprecipitated, thick edges  = proteins co-immunoprecipitated 

each other. Image was created using NAViGaTOR 2.3. 
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5.3 Discussion 
 
In the present study, we describe the protein-protein interaction partners identified by co-

precipitation and tandem mass spectrometry for 8 epitope-tagged Maurer’s clefts 

proteins. We identify GEXP07 and GEXP10 as central components of the PfEMP1-

interacting network at the Maurer’s clefts. This is consistent with 3D-SIM studies 

showing that GEXP10, GEXP07 and MAHRP1 are located in the centre of the clefts. 

These proteins co-precipitate each other, and GEXP07 also co-precipitated with PfEMP1.  

 

MAHRP1 was shown to be required for PfEMP1 localisation to the Maurer’s clefts and 

red blood cell surface, whilst GEXP07 and GEXP10 have been thus far refractory to 

genetic deletion (Spycher et al., 2008, Maier et al., 2008, Sleebs et al., 2014). After export 

through PTEX, PfEMP1 is proposed to be transported in a soluble chaperoned state to 

mobile Maurer’s clefts (Batinovic et al., 2017). Because GEXP07 co-precipitated with 

PfEMP1 and MAHRP1, we proposed that MAHRP1 and GEXP07 may function together 

for PfEMP1 to reach the Maurer’s clefts. Using the glmS knockdown system, we were 

able to reduce expression of a GEXP07-HA construct. However, this knockdown of 

GEXP07 had no effect on PfEMP1 localisation at the Maurer’s clefts, nor was there any 

apparent effect on parasite development, Maurer’s clefts numbers, or KAHRP 

localisation. We also measured adherence of the knocked down infected red blood cells 

to CD36 under flow conditions as an indirect measure of virulence complex assembly 

and PfEMP1 surface exposure. There was no significant difference in binding upon 

knockdown of GEXP07. These results are surprising considering that GEXP07 (and 

GEXP10) have been reported to be refractory to genetic deletion, which suggests 

essentiality for parasite survival (Maier et al., 2008, Sleebs et al., 2014). We suggest that 

GEXP07 has no role in PfEMP1 trafficking. However, it remains possible that the level 

of GEXP07-HA expressed even after knockdown with 5 or 10 mM GlcN was sufficient 

for normal protein function.  

 

Of interest, a recent study found that antibodies to GEXP10 (referred to as CBP1) and 

GEXP07 (CBP2) blocked adhesion of infected red blood cells to the chemokine, CX3CL1 

(Hermand et al., 2016). This study also used antibodies to GEXP07 and GEXP10 to 

localise these proteins by immunofluorescence analysis. In constrast to our findings, they 

do not detect GEXP07 and GEXP10 in ring stage infected red blood cells and assert that 
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these proteins are located on the red blood cell surface in late trophozoites (Hermand et 

al., 2016). However, epitope-tagged GEXP07 parasites analysed by us and others (Sleebs 

et al., 2014) find that GEXP07 is expressed in rings and is located at the Maurer’s clefts. 

It remains possible that a small proportion of GEXP07 and GEXP10 is transported to the 

red blood cell surface, although further validation is needed. Two other proteins that co-

precipitated with this clique, PIESP2 and PFE0050w, have previously been shown not to 

be required for efficient transport of PfEMP1 to the red blood cell surface (Maier et al., 

2008) 

 

We performed co-precipitation on REX1-GFP and PTP5-GFP-expressing parasites. The 

Maurer’s clefts proteins REX1 and PTP5 have several similarities. They co-precipitate, 

and both are localised to the edges of the Maurer’s clefts (Figure 4.8 and Figure 4.9). 

Knockout studies have shown that REX1 and PTP5 are required for efficient transport of 

PfEMP1 from the Maurer’s clefts to the red blood cell membrane (Hanssen et al., 2008b, 

Dixon et al., 2011, McHugh et al., 2015, Maier et al., 2008). Knockout of REX1 and 

PTP5 does not affect PfEMP1 transfer to the Maurer’s clefts, but instead affects the 

amount of surface-exposed PfEMP1 (Maier et al., 2008, Dixon et al., 2011). A previous 

study showed that a PfEMP1 mini protein co-precipitated with both REX1 and PTP5, and 

that PTP5-GFP co-precipitated with PfEMP1 (Batinovic et al., 2017). These proteins may 

therefore be involved in packaging or transporting PfEMP1 from the Maurer’s clefts to 

the red blood cell membrane. These previous findings are consistent with our data 

showing that REX1-GFP co-precipitates with PfEMP1. Furthermore, a proximity ligation 

assay between aREX1 and aATS showed that these two epitopes were within 40 nm 

(Batinovic et al., 2017), suggesting a direct interaction.  

 

Immunoblot analysis of REX1-GFP and PTP5-GFP reveals a ladder pattern that is 

consistent with possible cleavage at putative PEST sequences within each protein. PEST 

sequences target proteins for proteolytic degradation via a pathway that can be conditional 

upon activation (e.g. by phosphorylation) (Rechsteiner and Rogers, 1996). The exact 

function of these PEST sequences is not clear. If PTP5 and REX1 are involved in vesicle 

budding from the Maurer’s clefts as peripheral coat proteins, they may be degraded after 

vesicle uncoating and fusion at the red blood cell membrane. Another possibility is that 

degradation of PTP5 and REX1 is required for Maurer’s clefts collapse before merozoite 
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egress. Two essential Maurer’s clefts proteins - PfJ23 and MAHRP2 - are associated with 

PTP5 and REX1 respectively (Maier et al., 2008, Pachlatko et al., 2010). The essentiality 

of Maurer’s clefts proteins in in vitro culture is puzzling, considering that the known new 

permeability pathway proteins (e.g. RhopH complex proteins) do not transit through these 

organelles.  

 

Both REX1 (712 residues) and PTP5 (631 residues) have a hydrophobic stretch near the 

N-terminus that may function as a recessed signal sequence. Following the non-canonical 

signal sequence PTP5 has a PEXEL whereas REX1 does not. A significant portion of the 

REX1 and PTP5 polypeptide sequences are comprised of repeating sequences. The repeat 

region of REX1 has been extensively investigated and has been shown to be required for 

Maurer’s clefts dispersion within the red blood cell cytoplasm and for efficient transport 

of PfEMP1 to the red blood cell membrane (Chapter 3) (McHugh et al., 2015). In REX1, 

the repeat region has an overall negative charge (pI = 4.92) and has two types of repeats: 

PQAEKDASKLTTTYDQTKEVK (pI = 6.62) and PQAEKDALAKTENQNGELL (pI = 

4.41). The repeat region in PTP5 is positively charged (pI = 8.86) and consists of a 

repeating sequence of TSSKKAQEKSVEPTKKPSKYTMNLDSPLLKGSSGSE. The 

charged repeat regions within PTP5 and REX1 could represent points of electrostatic 

interactions between the two proteins.  

 
The PTP6 protein is required for PfEMP1 transport from Maurer’s clefts to the red blood 

cell membrane. Parasites (CS2 strain) lacking PTP6 do not adhere to CSA under flow 

conditions even though PfEMP1 is still transferered to the Maurer’s clefts (Maier et al., 

2008). We assessed the protein-protein interactions of PTP6-GFP by co-precipitation and 

identified a suite of proteins different to those interacting with the other tagged Maurer’s 

clefts proteins under investigation. The PTP6-GFP-interacting proteins are relatively 

uncharacterised compared to other Maurer’s clefts proteins, yet all (except MESA) were 

identified in the Maurer’s clefts protein profile. Two PTP6-GFP co-precipitating proteins, 

STARP and PF3D7_0301700, have not been localised by microscopy nor genetically 

deleted. Characterisation of the PTP6-interacting cluster will assist in understanding how 

this protein influences PfEMP1 trafficking. Another study identified PTP6 as possible 

interacting partner of PTP1 in CS2 parasites (Rug et al., 2014). Although we identified 

PTP1 in tandem mass spectrometry analysis of Maurer’s clefts proteins (Table 6), we did 

not identify PTP1 in co-precipitation analyses of PTP6-GFP nor with any other GFP-
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tagged parasite line. We infer from the Maurer’s clefts morphology that PTP1 is in fact 

expressed in these parasites (Figure 4.6). Differing sample preparation methods may 

account for the different Maurer’s clefts protein interaction partners identified.  

 
Protein-protein interaction data has been previously published for two Maurer’s clefts 

proteins: PTP1 and SEMP1, and for PfEMP1 (Dietz et al., 2014, Rug et al., 2014, 

Batinovic et al., 2017). Indeed, a recent analysis of a PfEMP1-GFP mini-protein 

identified many exported proteins, including MAHRP1, PTP5, REX1, SBP1 and 

MAHRP2 (Batinovic et al., 2017). These studies involved pre-treatment of infected red 

blood cells with the amine-reactive chemical crosslinker DSP (dithiobis(succinimidyl 

propionate)) to stabilise interacting partners. We found that uncrosslinked REX1-GFP 

co-precipitated PfEMP1, but PTP5-GFP did not. Integrating the interaction data from the 

present study with data from (Batinovic et al., 2017), SEMP1 and PTP1 mass 

spectrometry co-precipitation studies reveals multiple cliques involving PfEMP1.   

 

The PEXEL-containing protein, PTP1, was first identified as a mediator of PfEMP1 

export in a large-scale exported protein knock-out study (Maier et al., 2008). It is a 

Maurer’s clefts protein that is required for maintenance of the discoid structure of 

Maurer’s clefts, as well as PfEMP1 trafficking from the parasitophorous vacuole. It may 

also function to link the Maurer’s clefts to the cytoskeleton by aiding actin polymerisation 

(Maier et al., 2008, Rug et al., 2014). The published mass spectrometry analysis of PTP1-

interacting proteins (one replicate) identified 6 PEXEL proteins (Rug et al., 2014). An 

additional 45 non-PEXEL proteins were also identified (including known Maurer’s clefts 

proteins PFF0090w [PF3D7_0601900] and PF08_0004 [PF3D7_0830400]) (Rug et al., 

2014). Some of the interactions between PTP1 and other proteins identified in the mass 

spectrometry analysis (SBP1, PfEMP1 and PIESP2) were confirmed by Western blotting 

(Rug et al., 2014). Additionally, 2D Blue Native PAGE provided evidence that PTP1 

exists in a 420 kDa complex (Rug et al., 2014).  

 

The small Maurer’s clefts protein, SEMP1, was not identified as an interacting protein in 

the present study (possibly because of its size), but an epitope-tagged SEMP1 parasite 

line has been analysed by co-immunoprecipitation and mass spectrometry by others 

(Dietz et al., 2014). They found that SEMP1 co-immunoprecipitated with REX1, 

PF3D7_0702500, MAHRP2, PF3D7_0601900  and other exported proteins (Dietz et al., 
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2014). The exact function of SEMP1 is still unclear, but it may bind to REX1 and 

MAHRP2 (a tether protein). Evaluating the existing spatial and interaction data of known 

Maurer’s clefts proteins in the context of the network presented in this study is an 

important step to understanding Maurer’s clefts function.  

 
 
 
 
 
 

 
 
 

  



 140 

 
 
 
 

Chapter 6 : Summary and conclusion 
6.1 New understanding of the function of ring-exported protein-1 
 
Ring exported protein 1 is a 712 residue protein that is amongst the most well studied 

Maurer’s clefts components. The REX1 gene was identified within a region of 

chromosome 9 associated with cytoadherence and was only the second Maurer’s clefts 

protein described (Hawthorne et al., 2004a). Although it is a PEXEL-negative exported 

protein, the region of REX1 required for export has been identified as the 10 amino acids 

proximal to the hydrophobic stretch (Dixon et al., 2008). The downstream predicted 

coiled-coil region targets REX1 to the Maurer’s clefts, where it is located primarily on 

the edges and tethers (Dixon et al., 2008, Hanssen et al., 2008a). Truncation of REX1 at 

residue 362 (just prior to the repeat region) results in stacking of the Maurer’s clefts 

lamellae (Hanssen et al., 2008a). Residues 362-579 of REX1 comprise an acidic repeat 

region while residues 579-712 comprise a unique domain with no obvious motifs. The 

stacking of Maurer’s clefts may be caused by failure of the lamellae to separate during 

genesis, or by aggregation whilst the Maurer’s clefts are mobile in the red blood cell 

cytoplasm. We created two REX1 truncation parasite lines in order to determine which 

portion of the protein is required for separating Maurer’s clefts lamellae. The parasite line 

lacking the C-terminal segment of the protein (termed REX1-579) showed no difference in 

Maurer’s clefts morphology, exported protein localisation or virulence protein trafficking 

(McHugh et al., 2015). As such, the role of the C-terminal segment of REX1 is still 

unclear. In contrast, a parasite line expressing a truncated form of REX1 that lacked only 

the repeat region (REX1D371-579-GFP) exhibited stacked Maurer’s clefts (McHugh et al., 

2015).  

 

As well as being an important contributor to Maurer’s clefts architecture, REX1 also plays 

a part in trafficking of the virulence protein PfEMP1. Genetic ablation of REX1 caused 

decreased adherence of infected red blood cells to CD36, and decreased trypsin-

cleaveable PfEMP1 on the red blood cell surface (Dixon et al., 2011). However, knockout 

of REX1 was consistently associated with truncation of chromosome 2 distal to the gene 
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encoding KAHRP. We created a REX1 inducible knockdown parasite line in order to 

study the function of REX1 in parasites that were expressing KAHRP. When REX1 was 

knocked down, the amount of surface exposed PfEMP1 decreased but was not completely 

ablated (McHugh et al., 2015). Similarly, REX1 knockdown parasites showed decreased 

binding to CD36 under flow conditions. The Maurer’s clefts in REX1 knockdown 

parasites became stacked, as observed in the REX1D371-579-GFP parasites. Knockout of 

some Maurer’s clefts proteins such as SBP1, PTP1 and MAHRP1 completely ablates 

trafficking of PfEMP1 to the red blood cell surface (Maier et al., 2007, Spycher et al., 

2008, Rug et al., 2014). Whilst knockdown of REX1 does not stop PfEMP1 trafficking 

to the red blood cell surface, it does decrease the trafficking efficiency reservoir (McHugh 

et al., 2015). This was interpreted as likely being due to the altered Maurer’s clefts 

morphology being suboptimal for PfEMP1 transport. However, subsequent work (by 

others and in the present study) has demonstrated direct interactions between PfEMP1, 

REX1 and PTP5 (Batinovic et al., 2017). This suggests the alternative or additional 

possibility that disrupting REX1 decreases the efficiency of PfEMP1 transfer from the 

Maurer’s clefts edges to the red blood cell membrane. Understanding this step in PfEMP1 

trafficking is crucial for targeting the Maurer’s clefts to impede the virulence of P. 

falciparum.  

 

6.2 A more complete picture of Maurer’s clefts  
 
We have developed a method to enrich Maurer’s clefts from P. falciparum-infected red 

blood cells. We have used tandem-mass spectrometry to profile the proteins of the 

Maurer’s clefts at 14 - 18 h post-invasion. At this stage of the asexual lifecycle, PfEMP1 

has arrived at the clefts and may be at the early stages of transferring to the red blood cell 

membrane (Kriek et al., 2003). We successfully identify all known ring-stage expressed 

Maurer’s clefts proteins as well as a number of putative novel Maurer’s clefts proteins. 

This list will provide a useful resource for others wishing to study Maurer’s clefts. 

Interestingly, a number of human proteins involved in various aspects of membrane 

trafficking and lipid pathways were identified as enriched within the Maurer’s clefts. This 

suggests a possible co-optation of host proteins for parasite virulence protein trafficking. 

 

To validate the Maurer’s clefts enrichment technique, a number of parasite lines were 

generated expressing epitope-tagged putative and established Maurer’s clefts proteins. 
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This resulted in the localisation of four novel Maurer’s clefts proteins: PTP6, GEXP10, 

Pf13_0275 and also PTP5 which we recently published (Batinovic et al., 2017). These 

new Maurer’s clefts proteins, along with tagged established clefts proteins, were localised 

by super-resolution microscopy to sub-compartments within the Maurer’s cleft organelle 

(Figure 6.1). We next looked at protein-protein interactions at the Maurer’s clefts using 

co-precipitation/tandem mass spectrometry with eight epitope-tagged parasite lines. With 

this data, we map a Maurer’s cleft interaction network that can be placed within the spatial 

context of the clefts. We identified two Maurer’s clefts proteins, GEXP07 and REX1 that 

co-precipitated with PfEMP1. A conditional knockdown of GEXP07-HA showed that 

reduced levels of GEXP07 had no effect on PfEMP1 localisation or adherence of infected 

red blood cells to CD36 under flow conditions. GEXP07, GEXP10 and MAHRP1 localise 

and interact within the central compartment of the Maurer’s clefts (Figure 6.1), where 

MAHRP1 is responsible for the transport of PfEMP1 to the Maurer’s clefts (Spycher et 

al., 2008). We propose that a second interaction hub, including REX1 and PTP5 at the 

Maurer’s clefts periphery, is involved in transport of PfEMP1 from the clefts to the red 

blood cell surface. The transport of PfEMP1 from the Maurer’s clefts to the red blood cell 

surface has been suggested to be mediated by EDVs such as those observed to label with 

PTP2 (McMillan et al., 2013, Regev-Rudzki et al., 2013). Future work investigating this 

process will provide insights into trafficking of PfEMP1 - a key mediator of severe 

malaria.  
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Figure 6.1 Schematic representing protein locations within the Maurer’s clefts 

  

Proteins at edges of Maurer’s clefts

Maurer’s cleft
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6.3 Conclusions 
 

The Maurer’s clefts of P. falciparum have been studied for over 100 years, yet their 

function is still not fully understood. This study dissected the specific region of a 

Maurer’s clefts protein, REX1, that is required for the dispersed clefts phenotype 

observed in wild-type parasite-infected red blood cells. The proteomic analysis of the 

Maurer’s clefts defines the proteins at these organelles at the time of virulence protein 

trafficking. We show how proteins are spatially related within subcompartments of the 

Maurer’s clefts and tie-in this information with protein-protein interaction data from co-

immunoprecipitation and from the literature. This leads us to a model for PfEMP1 

transport through the clefts where it is received at the clefts by a centrally located group 

of proteins and is shuttled to the clefts edges before transport to the red blood cell 

membrane. These insights further our understanding of how P. falciparum remodels the 

host red blood cell. 
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Supplementary 

 
 

Table S1 Human proteins enriched in PTP5-GFP LC-MS/MS 

 
  

Accession Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

PTP5 3D7 PTP5 3D7 
sp|Q9BVA1|TBB2B_HUMAN Tubulin beta-2B chain 6 0 2 0 
sp|Q5XKE5|K2C79_HUMAN Keratin, type II cytoskeletal 79  3 0 2 0 
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Table S2 Human proteins enriched in PTP6-GFP LC-MS/MS  

Accession Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

PTP6 3D7 PTP6 3D7 

sp|P29144|TPP2_HUMAN Tripeptidyl-peptidase 2  32 0 50 2 
sp|P69891|HBG1_HUMAN Hemoglobin subunit gamma-1 3 0 2 0 

sp|O94919|ENDD1_HUMAN Endonuclease domain-containing 1 
protein 2 0 2 0 

sp|P17980|PRS6A_HUMAN 26S protease regulatory subunit 6A  2 0 7 1 
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Table S3 Human proteins enriched in REX1-GFP LC-MS/MS  

Accession Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

REX1 3D7 REX1 3D7 

sp|P68032|ACTC_HUMAN Actin, alpha cardiac muscle 1  10 0 6 0 
sp|P04220|MUCB_HUMAN Ig mu heavy chain disease protein  10 0 12 0 

sp|Q86X55|CARM1_HUMAN Histone-arginine methyltransferase 
CARM1 4 0 3 0 

sp|Q9H0R4|HDHD2_HUMAN Haloacid dehalogenase-like hydrolase 
domain-containing protein 2 3 0 2 0 

sp|Q6XQN6|PNCB_HUMAN Nicotinate phosphoribosyltransferase  3 0 3 0 
sp|Q96M27|PRRC1_HUMAN Protein PRRC1  2 0 9 0 
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Table S4 Human proteins enriched in REX2-GFP LC-MS/MS  

Accession Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

REX2 3D7 REX2 3D7 

sp|Q86VP6|CAND1_HUMAN Cullin-associated NEDD8-dissociated 
protein 1 6 0 23 4 

sp|Q13200|PSMD2_HUMAN 26S proteasome non-ATPase 
regulatory subunit 2  4 0 11 2 

sp|P17858|PFKAL_HUMAN ATP-dependent 6-
phosphofructokinase, liver type  3 0 13 1 

sp|O43242|PSMD3_HUMAN 26S proteasome non-ATPase 
regulatory subunit 3  2 0 7 0 

sp|Q92526|TCPW_HUMAN T-complex protein 1 subunit zeta-2  2 0 3 0 
sp|Q96P70|IPO9_HUMAN Importin-9 2 0 9 0 

 
  



 149 

Table S5 Human proteins enriched in MAHRP1-GFP LC-MS/MS  

Accession Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

MAHRP1 3D7 MAHRP1 3D7 

sp|P07203|GPX1_HUMAN Glutathione peroxidase 1  6 1 3 0 
sp|P62979|RS27A_HUMAN Ubiquitin-40S ribosomal protein S27a  5 0 3 0 
sp|Q00013|EM55_HUMAN 55 kDa erythrocyte membrane protein  5 0 4 0 
sp|P08779|K1C16_HUMAN Keratin, type I cytoskeletal 16 3 0 3 0 
sp|P11171|41_HUMAN Protein 4.1  3 0 12 0 
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Table S6 Human proteins enriched in GEXP07-GFP LC-MS/MS  

Accession Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

GEXP07 3D7 GEXP07 3D7 

sp|P08779|K1C16_HUMAN Keratin, type I cytoskeletal 16 4 0 6 0 
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Table S7 Human proteins enriched in GEXP10-GFP LC-MS/MS  

Accession Protein name 

Number of significant ms/ms 
spectra 

Experiment 1 Experiment 2 

GEXP10 3D7 GEXP10 3D7 

sp|P11171|41_HUMAN Protein 4.1  11 0 8 0 
sp|Q7Z794|K2C1B_HUMAN Keratin, type II cytoskeletal 1b  3 0 6 0 
sp|Q5XKE5|K2C79_HUMAN Keratin, type II cytoskeletal 79  2 0 8 0 
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Table S8 Human proteins enriched in PF13_0275-GFP LC-MS/MS  

Accession Protein name 

Number of significant ms/ms spectra 

Experiment 1 Experiment 2 

PF13_0275 3D7 PF13_0275 3D7 

sp|O95373|IPO7_HUMAN Importin-7 44 0 47 0 

sp|Q86VP6|CAND1_HUMAN Cullin-associated NEDD8-
dissociated protein 1  41 0 58 0 

sp|O00410|IPO5_HUMAN Importin-5  33 0 32 0 
sp|Q14974|IMB1_HUMAN Importin subunit beta-1 27 0 27 0 

sp|Q93008|USP9X_HUMAN Probable ubiquitin carboxyl-terminal 
hydrolase FAF-X 22 0 53 0 

sp|Q96P70|IPO9_HUMAN Importin-9  22 0 18 0 
sp|Q9C0E2|XPO4_HUMAN Exportin-4  15 0 19 0 

sp|O00507|USP9Y_HUMAN Probable ubiquitin carboxyl-terminal 
hydrolase FAF-Y 12 0 18 0 

sp|P30153|2AAA_HUMAN 
Serine/threonine-protein 
phosphatase 2A 65 kDa regulatory 
subunit A alpha isoform  

9 0 14 0 

sp|Q9Y5L0|TNPO3_HUMAN Transportin-3 9 0 9 0 
sp|O14980|XPO1_HUMAN Exportin-1  7 0 12 0 
sp|Q5T4S7|UBR4_HUMAN E3 ubiquitin-protein ligase UBR4 7 0 31 0 
sp|Q08AM6|VAC14_HUMAN Protein VAC14 homolog 6 0 7 0 
sp|P27348|1433T_HUMAN 14-3-3 protein theta  3 0 5 0 

sp|P54920|SNAA_HUMAN Alpha-soluble NSF attachment 
protein 3 0 17 0 

sp|Q14C86|GAPD1_HUMAN GTPase-activating protein and 
VPS9 domain-containing protein 1 3 0 23 0 

sp|Q7Z3U7|MON2_HUMAN Protein MON2 homolog  3 0 7 0 
sp|Q96IU4|ABHEB_HUMAN Protein ABHD14B 3 0 3 0 
sp|Q9UIA9|XPO7_HUMAN Exportin-7 3 0 11 0 

sp|Q9UPN7|PP6R1_HUMAN Serine/threonine-protein 
phosphatase 6 regulatory subunit 1  3 0 5 0 

sp|O60518|RNBP6_HUMAN Ran-binding protein 6  2 0 3 0 

sp|O75155|CAND2_HUMAN Cullin-associated NEDD8-
dissociated protein 2  2 0 4 0 

sp|O94919|ENDD1_HUMAN Endonuclease domain-containing 1 
protein  2 0 2 0 

sp|P62258|1433E_HUMAN 14-3-3 protein epsilon  2 0 10 0 
sp|Q92973|TNPO1_HUMAN Transportin-1 2 0 9 0 
sp|Q96ER3|SAAL1_HUMAN Protein SAAL1 2 0 3 0 

sp|Q9BSL1|UBAC1_HUMAN Ubiquitin-associated domain-
containing protein 1  2 0 8 0 

sp|Q9BYX7|ACTBM_HUMAN Putative beta-actin-like protein 3 2 0 3 0 
sp|Q9NPQ8|RIC8A_HUMAN Synembryn-A  2 0 6 0 
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