
 50

Chapitre 3 : La sortiline, une protéine escorte impliquée 
dans le transport de la protéine « Rhoptry-associated 
membrane antigen » vers les rhoptries chez Plasmodium 

falciparum 

 

3.1 Avant-propos 

Ce chapitre correspond à un article publié le 3 janvier 2018 dans « mSphere » (Hallée, S., Boddey, 

J. A., Cowman, A. F. & Richard, D. mSphere 3, 1–10 (2018)) et dont je suis la première auteure. 

Cet article est présenté tel que publié. Dans cet article j’ai effectué la caractérisation de la lignée 

sortiline-3HA et les essais de colocalisation en microscopie à fluorescence. J’ai également effectué 

l’analyse des résultats et participé à la rédaction du manuscrit. Justin A. Boddey a généré la souche 

de parasites sortiline-3HA et participé à la révision du manuscrit. Alan F. Cowman a également 

participé à la révision du manuscrit. Dave Richard a réalisé les expériences de « pull-down » avec les 

fragments recombinants de RAMA, fait les constructions des fragments de RAMA-mCherry et validé 

leur localisation en microscopie à fluorescence. Il a aussi participé au design expérimental, à l’analyse 

des résultats et écrit l’article. 
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3.2 Résumé 

Chez Plasmodium falciparum, les rhoptries, un organite du complexe apical, joue un rôle essentiel 

dans le processus d’invasion du globule rouge. Malgré leur rôle critique, les mécanismes derrière leur 

biogenèse sont encore mal définis. De précédents travaux suggèrent qu’une interaction entre la 

protéine RAMA, ancrée à la membrane par un groupement GPI, et la protéine soluble RAP1 est 

impliqué dans le transport de cette dernière, de l’appareil de Golgi vers les rhoptries. Cependant, 

comment ce complexe protéique interagit avec la machinerie de transport intracellulaire reste encore 

méconnu. Nos travaux démontrent qu’un homologue à la protéine transmembranaire sortiline-VPS10 

chez P. falciparum interagit avec la protéine RAMA et que cette interaction est suffisante pour assurer 

le transport aux rhoptries. Les résultats présentés ici suggèrent donc que la sortiline de P. falciparum 

agit potentiellement comme protéine escorte afin de médier le transport de molécules cargos destinées 

aux rhoptries.  
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3.3 Abstract  

ABSTRACT 

The rhoptry organelle is critical for the invasion of an erythrocyte by the malaria parasite Plasmodium 

falciparum. Despite their critical roles, the mechanisms behind their biogenesis are still poorly 

defined. Our earlier work had suggested that the interaction between the GPI-anchored Rhoptry-

associated membrane antigen (RAMA) and the soluble Rhoptry-associated protein 1 was involved in 

the transport of the latter from the Golgi apparatus to the rhoptry. However how this protein complex 

could interact with the intracellular trafficking machinery was unknown at this stage. Here we show 

that the P. falciparum homologue of the transmembrane protein sortilin-VPS10 interacts with regions 

of RAMA that are sufficient to target a fluorescent reporter to the rhoptries. These results suggest that 

P falciparum sortilin (PfSortilin) could potentially act as the escorter for the transport rhoptry-

destined cargo. 

IMPORTANCE 

The malaria parasite is a massive burden in several parts of the world. Worryingly, the parasite has 

become resistant to several of the drugs commonly used to treat the disease and at this time, there is 

no commercial vaccine. It is therefore critical to identify new targets for the development of 

antimalarials. To survive in the human body, the malaria parasite needs to invade red blood cells. For 

this, it uses a variety of effectors stored in organelles forming a structure called the apical complex. 

The mechanisms behind how the parasite generates the apical complex are poorly understood. In this 

study, we present evidence that a transmembrane protein called sortilin potentially acts as an escorter 

to transport proteins from the Golgi apparatus to the rhoptries, a component of the apical complex. 

Our study provides new insight into the biogenesis of a critical structure of the malaria parasite.  
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3.4 Introduction 

Despite great progress in reducing the mortality and morbidity of malaria over the past years, the 

disease still represents an enormous burden in several tropical and subtropical regions of the globe. 

In 2015, more than 430,000 deaths were caused by Plasmodium parasites, and most of these were due 

to Plasmodium falciparum, which is responsible for the most severe form of malaria (1). Resistance 

to most currently available antimalarials, including the first-line drug artemisinin (2), and the absence 

of a sterilizing vaccine demonstrate the need to develop novel intervention strategies. 

Like all apicomplexans, Plasmodium spp. are obligate intracellular parasites, and their life cycle is 

initiated by invasion of their target host cell. Invasion of the erythrocyte by the malaria merozoite is 

a multistep process driven by the highly coordinated sequential release of organelles forming the 

apical complex: the rhoptries, micronemes, and dense granules (3). These organelles are formed de 

novo during a peculiar cell division process termed schizogony (4). Tremendous progress in the 

unraveling of intracellular protein trafficking in the model apicomplexan Toxoplasma gondii has led 

to the concept of an evolutionary repurposing of the endosomal systems for the biogenesis of rhoptries 

and micronemes (5). In comparison, the mechanisms driving the biogenesis of the apical complex in 

P. falciparum are poorly defined, although evidence pointing to a direct route from the Golgi 

apparatus suggests that intermediate endosome-like compartments as found in T. gondii might not be 

required (6–8). Recent studies showing partial colocalization of the P. falciparum homologues of the 

small G-protein Rab11A and of adaptor protein 1 with markers of the rhoptry has led to the suggestion 

that these proteins might be involved in the process of vesicular fusion at the rhoptry membrane (9, 

10). 

Our previous results had suggested that the glycosylphosphatidylinositol (GPI)-anchored 

P. falciparum rhoptry protein rhoptry-associated membrane antigen (RAMA) (PF3D7_0707300) 

acted as an escorter for several other rhoptry proteins that exist in a low-molecular-weight rhoptry 

complex termed the rhoptry-associated protein (RAP) complex. This led us to propose a model 

whereby differential sorting to the apical complex organelles involves the aggregation of multiprotein 

complexes in distinct subdomains of the Golgi membrane (11). Central to this hypothesis was the 

requirement of putative organelle-specific transmembrane escort proteins which would package 

rhoptry-, microneme-, or dense-granule-destined cargo into distinct transport vesicles. However, P. 

falciparum, like other apicomplexan parasites, does not possess a mannose-6-phosphate receptor, 

which recognizes proteins that have been tagged with mannose-6-phosphate groups in the Golgi 

apparatus and packages them into transport vesicles for delivery to endosomal/lysosomal 
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compartments (12, 13). Sortilin proteins, which are known by the alternate name VPS10p in yeast 

cells, have a conserved structure consisting of an N-terminal propeptide, a VPS10 domain for binding 

to cargo proteins, a transmembrane domain, and finally a cytoplasmic tail interacting with the 

intracellular trafficking machinery (14). In yeast, VPS10p is involved in trafficking of hydrolases to 

the vacuole (15), while in mammalian cells, it acts as an escorter to transport proteins to the plasma 

membrane, endocytic pathway, and lysosomes but also serves as a cell surface receptor (16). Recent 

work has identified an P. falciparum homologue of the sortilin protein (PF3D7_1451800) and 

suggested that it was playing a role in cargo shuttling between the endosome and the Golgi apparatus 

(17). Because of the conserved role of sortilin homologues as protein escorters, we were therefore 

interested in exploring the possibility that P. falciparum sortilin (PfSortilin) was involved in the 

targeting of proteins from the Golgi apparatus to the rhoptries. Here, 

Here, we present the characterization of the P. falciparum homologue of sortilin. We show that it 

localizes to the cis region of the Golgi apparatus and interacts with regions of RAMA that are 

sufficient for correct trafficking to the rhoptries. We therefore propose that PfSortilin potentially acts 

as an escorter to transport the RAMA-RAP protein complex from the Golgi apparatus to the rhoptries. 
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3.5 Results and Discussion 

P. falciparum sortilin localizes to the cis region of the Golgi apparatus throughout the 

erythrocytic cycle. 

To determine the subcellular localization of PfSortilin, we tagged the endogenous gene at the 3’end 

with a triple-hemagglutinin (3HA) tag by single-crossover recombination (Fig. 1A). Western blots on 

mixed-stages parasite extracts of a PfSortilin-3HA clonal line revealed a single band at the expected 

size of around 100 kDa (Fig. 1B). To determine the expression profile of PfSortilin throughout the 

erythrocytic cycle, we performed Western blotting on tightly synchronized parasites taken at different 

stages of the cycle. This revealed that the protein was detected from early trophozoite stage through 

schizogony as previously described (Fig. 1C)(17). Antibodies against the constitutive protein HSP70 

and the schizont protein RON4 were used as staging controls (Fig. 1C). 

We next looked at the subcellular distribution of PfSortilin by immunofluorescence assays (IFA). In 

ring stages, we could clearly see a distinct focus of fluorescence, along with a perinuclear signal (Fig. 

1Di). This pattern was also seen in trophozoites, and some partial colocalization with an anti-binding 

immunoglobulin protein (anti-BiP) antibody demonstrated that a portion of the protein was found in 

the endoplasmic reticulum (ER) (Fig. 1Di and ii). In schizont-stage parasites, the fluorescence focus 

had multiplied and no longer colocalized with BiP, reminiscent of the behavior of other proteins 

present in the Golgi apparatus during schizogony (Fig. 1Diii) (18–20). Extensive colocalization with 

markers of the cis-Golgi (endoplasmic reticulum retention-defective ERD2) and the trans-Golgi 

(Rab6) confirmed that PfSortilin was indeed localized to the Golgi apparatus as previously shown 

(17) (Fig. 1E and F and Fig. 2Ai and ii). Quantification of the level of colocalization revealed that 

PfSortilin overlapped more with ERD2 than Rab6 (R coefficient of 0.82 ± 0.01 for PfSortilin-ERD2 

compared to 0.77 ± 0.01 for PfSortilin versus Rab6), which suggests that PfSortilin localizes to the 

cis-Golgi. This is further supported by the R coefficient obtained for the cis- and trans-Golgi markers 

ERD2 and Rab6, which is similar to PfSortilin versus Rab6 (0.75 ± 0.02 versus 0.77 ± 0.01). 

Since sortilin is known to cycle between the trans-Golgi and endosomes in yeast and mammalian 

cells (21) and the related apicomplexan Toxoplasma gondii sortilin (TgSortilin) partially colocalizes 

with the endosome-like compartments (22), we consequently determined whether the same was true 

in P. falciparum by colocalization with Rab7, a marker of the late endosome (17, 23). Our results 

showed that despite being very close, the two signals never overlapped in schizont stages, and this 

was corroborated by an R coefficient significantly lower than for PfSortilin and the Golgi markers 
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(Fig. 2Aiii and C). This suggests that the major proportion of PfSortilin is found at the cis-Golgi 

apparatus in schizont-stage parasites. We next attempted to perform immunoelectron microscopy 

(IEM) to determine whether a portion of PfSortilin could be found in endosome-like structures in 

addition to the Golgi apparatus, as has been observed with TgSortilin (22); however, we were not 

successful in obtaining specific labeling. It is worth mentioning that, to our knowledge, no protein 

from either the Golgi apparatus or putative endosome-like organelles have ever been successfully 

detected by IEM in P. falciparum. 

We next investigated whether PfSortilin colocalized with micronemal and rhoptry markers as is the 

case for TgSortilin (22). Minimal overlap was seen with either the micronemal protein AMA1 or the 

rhoptry bulb proteins RAP1 and RAMA (Fig. 2C). As a control for proteins residing in different 

organelles, we calculated the colocalization coefficient for ERD2 and RAP1 and obtained a similar 

value as for PfSortilin versus RAP1 (0.56 ± 0.02 versus 0.53 to 0.02, respectively; Fig. 2D). In 

conclusion, our results show that PfSortilin is localized to the ER and Golgi apparatus in rings and 

trophozoites, redistributing to the cis region of the Golgi apparatus in schizonts.  

RAMA interacts with PfSortilin for localization to the rhoptries. 

Our previous results suggested that the soluble rhoptry bulb protein RAP1 was escorted from the 

Golgi apparatus to the rhoptries by the GPI-anchored protein RAMA. This led us to speculate on the 

existence of a putative transmembrane escort protein interacting with both the intraluminal RAP1-

RAMA complex and the cytoplasmic trafficking machinery (11). To determine whether PfSortilin 

was interacting with RAMA and RAP1, we performed an anti-HA immunoprecipitation (IP) on 

protein extracts from the PfSortilin-3HA-tagged parasite line, but subsequent Western blots probed 

with anti-RAP1 and anti-RAMA antibodies showed that neither protein could be pulled down (Fig. 

3Ai). To try to capture potential transient interactions between PfSortilin-3HA, RAMA, and RAP1, 

we cross-linked the parasites using the amine-reactive and membrane-permeable cross-linker 

dithiobis succinimidyl propionate (DSP) before solubilization and IP (24, 25). As seen in Fig. 3Aii, a 

small amount of RAMA can be pulled down with PfSortilin-3HA under these conditions. This 

demonstrates that a fraction of the total amount of RAMA interacts with PfSortilin-3HA in vivo. The 

absence of pulled-down RAP1 mirrors previous observations with RAMA-RAP1 

immunoprecipitations: interaction was observed only when recombinant protein and not parasite 

lysate was used, suggesting that these interactions are transient (11, 26–28). To better define which 

regions of RAMA were binding to PfSortilin, we examined whether recombinantly expressed RAMA 

could pull down PfSortilin-3HA. As RAMA is a large protein of around 170 kDa (Fig. 3B), we 
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expressed and purified five different regions encompassing the whole protein (RAMAA to RAMAE), 

excluding the signal peptide and the GPI anchor sequence (Fig. 3C). These regions were incubated 

with parasite lysates from the PfSortilin-3HA-tagged line, and as seen in Fig. 3D, RAMAC and 

RAMAE were both able to pull down PfSortilin-3HA specifically. Interestingly, RAMAC contains 

11 imperfect repeats of the sequence EE(S/F)KN. Repeats are found in numerous Plasmodium 

proteins and are sometimes involved in mediating protein-protein interactions (29) so perhaps the 

RAMAC repeats are important for binding to PfSortilin. Of interest, RAMAE is also the region that 

we previously demonstrated interacts with RAP1 (11) and has also been shown to bind to an 

unidentified receptor on the surface of red blood cells (30). BLAST analysis of both RAMAC and 

RAMAE regions on the P. falciparum genome did not recover homologous regions in proteins other 

than RAMA (results not shown). 

Given these results, we investigated whether the regions of RAMA that interact with PfSortilin are 

also important for trafficking to the rhoptries. Accordingly, wild-type (WT) P. falciparum 3D7 

parasites were transfected with constructs expressing each region of RAMA as a fusion protein with 

an N-terminal mCherry reporter containing a signal peptide to allow entry into the secretory pathway. 

Examination of the transfectants showed that RAMAA, RAMAB, and RAMAD were found in the 

parasitophorous vacuole (PV), the default destination for proteins harboring a signal sequence (Fig. 

3Ei, ii, and iv). In the case of RAMAC and RAMAE, a punctate pattern suggestive of an apical 

location was obtained (Fig. 3Eiii and v). Almost complete overlap between either RAMAC and 

RAMAE labeling with RAP1 by IFA confirmed their rhoptry localization (Fig. 3Evi and vii, R 

coefficient of 0.84 ± 0.01 for both RAMAC versus RAP1 and RAMAE versus RAP1). To summarize, 

these results show that PfSortilin interacts with RAMA in vivo and with specific portions of RAMA 

in vitro that are sufficient to localize a fluorescent reporter to the rhoptries. This therefore suggests 

that PfSortilin could potentially be the escorter that transports the RAMA-RAP1 complex from the 

Golgi apparatus to the rhoptries. 
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3.6 Conclusion 

Our initial hypothesis was that the differential trafficking of apical complex proteins was mediated 

by a clustering mechanism at the Golgi apparatus whereby escorter proteins specific for the different 

apical organelles would bind their respective cargo for packaging into transport vesicles (11). Our 

findings that PfSortilin interacts with regions of RAMA sufficient for localization to rhoptries provide 

support for sortilin’s potential role as a protein escorter to this organelle. In other eukaryotic cells, 

binding of the cytoplasmic tail of sortilin to the intracellular trafficking machinery provides 

specificity and ensures the targeting of the cargo-containing vesicles to the proper organelles (14). It 

is tempting to speculate that PfSortilin could interact with Rab11A and AP-1, as these proteins have 

been hypothesized to be involved in vesicular fusion at the rhoptry membrane (9, 10). Intriguingly, 

TgSortilin has been shown to not only be critical for the trafficking of rhoptry proteins but also of 

micronemal protein, and its knockdown led to fully formed parasites lacking these organelles. 

Whether the same is true in P. falciparum remains to be seen and will require the use of parasite 

strains where PfSortilin expression can be conditionally regulated. 
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3.7 Materials and Methods 

Ethics statement 

Study approved by the Canadian Blood Services (CBS) research ethics board, project number 

2015.001 and by the CHU de Québec IRB, project number 2015–2230, B14-12-2230, SIRUL 

104595. Written consent was obtained by the CBS for all study participants. Participants were 

informed about the study before providing consent. All experiments were performed in accordance 

with relevant guidelines and regulations. 

Parasite culture 

P. falciparum 3D7 were maintained in human O+ erythrocytes at a hematocrit of 4% with 0.5% (w/v) 

AlbumaxTM (Invitrogen) in RPMI medium (Life Tech).  P. falciparum 3D7 parasite were originally 

obtained from David Walliker at Edinburgh University. Cultures were synchronized by incubation 

with 0.3 M alanine for 10 min (31). 

Cloning and transfection  

All primers used are listed in Table S1 and all plasmids were sequenced and analyzed before 

transfection. For the PfSortilin-3HA tagged line, a fragment of 1 kb upstream of the stop codon of 

the PfSortilin gene was amplified from 3D7 P. falciparum complementary DNA and cloned into the 

BglII-PstI site of the pHA3 vector (32). P. falciparum 3D7 WT parasites were transfected with 

PfSortilin-3HA plasmid and integrants selected and cloned as described previously (33).  Briefly P. 

falciparum 3D7 were transfected with 100 µg of purified plasmid DNA (Promega). Integrated 

parasites were selected using 20 nM WR99210 (Jacobus Pharma).   

The RAMA fragments were PCR amplified from P. falciparum cDNA and cloned into the MluI-SpeI 

sites in the pTET-MSP2p-SP-mCherry which allows schizont stage expression and entry into the 

secretory pathway. The transfectants were kept on 0.5 µg/ml anhydrotetracycline to prevent transgene 

expression. 

To generate the GFP-Rab7 constructs, Rab6 was removed from pARL-GFP-Rab6 (34) and replaced 

by full length Rab7 amplified from cDNA and digested with AvrII-XhoI.  

Southern Blot  

Integration of Sortilin-3HA was confirmed by Southern blot according to standard procedure. Briefly, 

gDNA was extracted from parasites using the Blood genomic DNA extraction kit (Sigma). For each 
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parasite line, 10 µg of gDNA was digested with HindIII-EcoRV (PfSortilin-3HA). Digested DNA 

fragments were separated on 0.7% (w/v) agarose gel then transferred on Hybond N+ membrane (GE) 

and hybridized.  

Western blotting  

Saponin-extracted parasites from a highly synchronous PfSortilin-3HA line were harvested at the 

ring, early trophozoite, late trophozoite and schizont stages. Proteins were then separated on 7% (w/v) 

SDS-PAGE gel under reducing conditions and transferred to a PVDF membrane (Milipore). The 

membrane was blocked in 4% (w/v) milk in TBS-T. Antibodies used were mouse monoclonal anti-

HA 1:200 (Cedarlane, clone HA.C5); mouse monoclonal anti-Aldolase 1:1000 (Immunology 

Consultants Inc, MB720); rabbit polyclonal anti-PfHSP70 1:20000 (StressMarq Bioscience Inc, SPC-

186C), mouse monoclonal anti-PfRON4 (1:2000)(35), rabbit polyclonal anti-RAMAB (1:1000)(30) 

and mouse monoclonal anti-RAP1 (1:3000)(36). Appropriate HRP-coupled secondary antibodies 

were used and immunoblots were developed using ECL (Biorad).  

Microscopy 

Fluorescence microscopy acquisition was performed as previously described (37) using a GE Applied 

Precision Deltavision Elite microscope with a 100x 1.4NA objective and with a sCMOS camera and 

deconvolved with the SoftWorx software. For immunofluorecence assays, parasites were fixed with 

4% paraformaldehyde (ProSciTech). After blocking in 3% bovine serum albumin (BSA fraction V, 

EMD), the slides were probed with combinations of antibodies: mouse anti-HA (Cedarlane, clone 

HA.C5, 1:1000); rabbit anti-HA (Abm, 1:1000); rabbit anti-ERD2 (MRA-72, 1:1000)(20); rabbit 

anti-AMA1 ; 1:2000 (38); mouse anti-RAP1 (1:3000); rabbit anti-RAMAB (1:1000)(30); rabbit anti-

Bip (1:500) (Absalon and Dvorin, unpublished); mouse monoclonal anti-AMA1 (clone 1F9, 1:500) 

(39). Primary antibodies were probed with Alexa Fluor 594 anti-rabbit IgG or anti-mouse IgG 

(Molecular Probes) and Alexa Fluor 488 anti-rabbit IgG or anti-mouse IgG (Cell Signaling). Slides 

were mounted with 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI, Invitrogen, 100ng/ul) in 

VectaShield (Vector Labs) or ProLong Gold anti-fade (Molecular Probes). Pearson’s correlation 

coefficient between Alexa488 and Alexa594 channels were calculated on deconvolved regions of 

interests of image stacks, including zero-zero pixels and without thresholding using the SoftWorx 

software (GE). Data were analyzed for statistical significance using one-way ANOVA followed by a 

Tukey multiple comparison test. Chromatic calibration of the microscope was performed prior to 

imaging experiments. 
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To image the parasites transfected with the pTET-MSP2p-SP-mCherry-RAMA constructs, 

anhydrotetracycline was removed from cultures 72 hours prior to imaging to allow expression of the 

mCherry fusions. 

Recombinant protein expression and pull down assay 

Fragments of RAMA (A-E) were expressed as recombinant protein fused to a GST tag in E. coli. 

RAMA-GST fusion proteins were purified using glutathione-agarose beads (Sigma). Protein 

expression was confirmed by Western blot with a polyclonal rabbit anti-GST (Bethyl Labs #A190-

122A). Protein concentration was determined by Bradford assay (Bio-Rad). 

 PfSortilin-3HA parasite pellets from saponin-extracts were resuspended in lysis buffer (1% TX-100, 

50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA) in the presence of cOmplete protease inhibitor 

(Roche) then lysed by mild sonication on ice. Proteins were extracted on ice for 45 min and the 

insoluble material was separated by centrifugation. 

For the pulldown assay, 100 µg of purified RAMA-GST bound on glutathione-agarose beads were 

incubated with the parasite lysate over night at 4oC with rotation. Beads were then washed with wash 

buffer (20 mM Tris-HCl ph7.4, 150 mM NaCl) and resuspended in SDS sample buffer. Proteins 

bound to RAMA-GST beads were separated on 7% (w/v) SDS-PAGE gel under reducing conditions 

and blotted onto PVDF membrane. PfSortilin-3HA was detected using a mouse monoclonal anti-HA 

antibody 1:200 (Cedarlane, clone HA.C5). 

To directly investigate protein interactions, immunoprecipitations followed by Western blot were 

performed. Synchronized schizonts of the PfSortilin-3HA and the Pf3D7 WT lines were saponin 

extracted and lyzed in 1% Triton-X100 buffer with cOmplete protein inhibitor (Roche). 

Immunoprecipitation was performed with anti-HA affinity matrix (Roche). Washed beads were 

resuspended directly in sample buffer and interacting partners analyzed by Western blot using with 

anti-RAP1and RAMA antibodies. The flow through was kept and loaded as control. For chemical 

cross-linking prior to parasite lysis and protein extraction, synchronized schizonts of the PfSortilin-

3HA and the Pf3D7 WT lines were incubated with 0.2 mM DSP (ThermoFisher Scientific). 

  



 63

3.8 Acknowledgments 

We thank the following people for providing reagents: Tim W. Gilberger, Jeffrey Dvorin, and Ross 

Coppel. The following reagents were obtained through MR4 as part of the BEI Resources, NIAID, 

NIH: MRA-1, polyclonal anti-Plasmodium falciparum PfERD2 (antiserum, rabbit). Human 

erythrocytes were kindly provided by Canadian Blood Services. This work was supported by a grant 

from National Science and Engineering Council of Canada (grant 418192-2012) to D.R. and an 

Australian Research Council QEII fellow- ship (DP110105395) to J.A.B. The funders had no role in 

study design, data collection and analysis, decision to publish, or preparation of the manuscript. We 

declare that we have no conflict of interest. 

  



 64

3.9 References 

1. Chan Wa. 2016. World Malaria Report. 
2. Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P, Suon S, Sreng S, Anderson JM, 

Mao S, Sam B, Sopha C, Chuor CM, Nguon C, Sovannaroth S, Pukrittayakamee S, Jittamala P, 
Chotivanich K, Chutasmit K, Suchatsoonthorn C, Runcharoen R, Hien TT, Thuy-Nhien NT, 
Thanh NV, Phu NH, Htut Y, Han KT, Aye KH, Mokuolu OA, Olaosebikan RR, Folaranmi OO, 
Mayxay M, Khanthavong M, Hongvanthong B, Newton PN, Onyamboko MA, Fanello CI, 
Tshefu AK, Mishra N, Valecha N, Phyo AP, Nosten F, Yi P, Tripura R, Borrmann S, Bashraheil 
M, Peshu J, Faiz MA, Ghose A, Hossain MA, Samad R, et al. 2014. Spread of artemisinin 
resistance in Plasmodium falciparum malaria. N Engl J Med 371:411-23. 

3. Cowman AF, Berry D, Baum J. 2012. The cellular and molecular basis for malaria parasite 
invasion of the human red blood cell. J Cell Biol 198:961-71. 

4. Margos G, Bannister LH, Dluzewski AR, HOPKINS J, WILLIAMS IT, Mitchell GH. 1999. 
Correlation of structural development and differential expression of invasion-related molecules 
in schizonts of Plasmodium falciparum. Parasitology 129:273-287. 

5. Tomavo S. 2013. Evolutionary repurposing of endosomal systems for apical organelle 
biogenesis in Toxoplasma gondii. International Journal for Parasitology.  

6. Bannister LH, Hopkins JM, Dluzewski AR, Margos G, Williams IT, Blackman MJ, Kocken CH, 
Thomas AW, Mitchell GH. 2003. Plasmodium falciparum apical membrane antigen 1 
(PfAMA1) is translocated within micronemes along subpellicular microtubules during merozoite 
development. Journal of cell science 116:3825-3834. 

7. L H BANNISTER JMHREFSKGHM. 2000. Ultrastructure of rhoptry development in 
Plasmodium falciparum erythrocytic schizonts.1-15. 

8. Schrevel J, Asfaux-Foucher G, Hopkins JM, Robert V, Bourgouin C, Prensier G, Bannister LH. 
2008. Vesicle trafficking during sporozoite development in Plasmodium berghei: ultrastructural 
evidence for a novel trafficking mechanism. Parasitology 135:1-12. 

9. Agop-Nersesian C, Naissant B, Ben Rached F, Rauch M, Kretzschmar A, Thiberge S, Menard 
R, Ferguson DJP, Meissner M, Langsley G. 2009. Rab11A-controlled assembly of the inner 
membrane complex is required for completion of apicomplexan cytokinesis. PLoS pathogens 
5:e1000270. 

10. Kaderi Kibria KM, Rawat K, Klinger CM, Datta G, Panchal M, Singh S, Iyer GR, Kaur I, Sharma 
V, Dacks JB, Mohmmed A, Malhotra P. 2015. A role for adaptor protein complex 1 in protein 
targeting to rhoptry organelles in Plasmodium falciparum. Biochim Biophys Acta 185 4:699-710. 

11. Richard D, Kats LM, Langer C, Black CG, Mitri K, Boddey JA, Cowman AF, Coppel RL. 2009. 
Identification of rhoptry trafficking determinants and evidence for a novel sorting mechanism in 
the malaria parasite Plasmodium falciparum. PLoS pathogens 5:e1000328. 

12. Kornfeld S, Mellman I. 1989. The biogenesis of lysosomes. Annu Rev Cell Biol 5:483-525. 
13. Braulke T, Bonifacino JS. 2009. Sorting of lysosomal proteins. Biochim Biophys Acta 1793:605-

14. 
14. Hermey G. 2009. The Vps10p-domain receptor family. Cellular and molecular life sciences : 

CMLS 66:2677-2689. 
15. Marcusson EG, Horazdovsky BF, Cereghino JL, Gharakhanian E, Emr SD. 1994. The sorting 

receptor for yeast vacuolar carboxypeptidase Y is encoded by the VPS10 gene. Cell 77:579-586. 
16. Canuel M, Libin Y, Morales CR. 2009. The interactomics of sortilin: an ancient lysosomal 

receptor evolving new functions. Histol Histopathol 24:481-92. 
17. Krai P, Dalal S, Klemba M. 2014. Evidence for a Golgi-to-Endosome Protein Sorting Pathway 

in Plasmodium falciparum. PloS one 9:e89771. 



 65

18. Struck NS, de Souza Dias S, Langer C, Marti M, Pearce JA, Cowman AF, Gilberger TW. 2005. 
Re-defining the Golgi complex in Plasmodium falciparum using the novel Golgi marker 
PfGRASP. Journal of cell science 118:5603-5613. 

19. Struck NS, Herrmann S, Schmuck-Barkmann I, de Souza Dias S, Haase S, Cabrera AL, Treeck 
M, Bruns C, Langer C, Cowman AF, Marti M, Spielmann T, Gilberger TW. 2008. Spatial 
dissection of the cis- and trans-Golgi compartments in the malaria parasite Plasmodium 

falciparum. Molecular microbiology 67:1320-1330. 
20. Elmendorf HG, Haldar K. 1993. Identification and localization of ERD2 in the malaria parasite 

Plasmodium falciparum: separation from sites of sphingomyelin synthesis and implications for 
organization of the Golgi. The EMBO journal 12:4763-4773. 

21. Johannes L, Popoff V. 2008. Tracing the retrograde route in protein trafficking. Cell 135:1175-
87. 

22. Sloves P-J, Delhaye S, Mouveaux T, Werkmeister E, Slomianny C, Hovasse A, Alayi TD, 
Callebaut I, Gaji RY, Schaeffer-Reiss C, Van Dorsselear A, Carruthers VB, Tomavo S. 2012. 
Toxoplasma Sortilin-like Receptor Regulates Protein Transport and Is Essential for Apical 
Secretory Organelle Biogenesis and Host Infection. Cell Host and Microbe 11:515-527. 

23. Zerial M, McBride H. 2001. Rab proteins as membrane organizers. Nat Rev Mol Cell Biol 2:107-
17. 

24. Kluger R, Alagic A. 2004. Chemical cross-linking and protein-protein interactions-a review with 
illustrative protocols. Bioorg Chem 32:451-72. 

25. Trakselis MA, Alley SC, Ishmael FT. 2005. Identification and mapping of protein-protein 
interactions by a combination of cross-linking, cleavage, and proteomics. Bioconjug Chem 
16:741-50. 

26. Howard RF, Reese RT. 1990. Plasmodium falciparum: hetero-oligomeric complexes of rhoptry 
polypeptides. Experimental parasitology 71:330-342. 

27. Howard RF, Stanley HA, Campbell GH, Reese RT. 1984. Proteins responsible for a punctate 
fluorescence pattern in Plasmodium falciparum merozoites. Am J Trop Med Hyg 33:1055-9. 

28. Sanders PR, Cantin GT, Greenbaum DC, Gilson PR, Nebl T, Moritz RL, Yates JR, Hodder AN, 
Crabb BS. 2007. Identification of protein complexes in detergent-resistant membranes of 
Plasmodium falciparum schizonts. Molecular and biochemical parasitology 154:148-157. 

29. Davies HM, Nofal SD, McLaughlin EJ, Osborne AR. 2017. Repetitive sequences in malaria 
parasite proteins. FEMS Microbiol Rev  

30. Topolska AE, Lidgett A, Truman D, Fujioka H, Coppel RL. 2004. Characterization of a 
membrane-associated rhoptry protein of Plasmodium falciparum. The Journal of biological 

chemistry 279:4648-4656. 
31. Braun-Breton C, Rosenberry TL, da Silva LP. 1988. Induction of the proteolytic activity of a 

membrane protein in Plasmodium falciparum by phosphatidyl inositol-specific phospholipase 
C. Nature 332:457-9. 

32. Triglia T, Tham W-H, Hodder A, Cowman AF. 2009. Reticulocyte binding protein homologues 
are key adhesins during erythrocyte invasion by Plasmodium falciparum. Cellular Microbiology 
11:1671-1687. 

33. Gilberger T-W, Thompson JK, Reed MB, Good RT, Cowman AF. 2003. The cytoplasmic 
domain of the Plasmodium falciparum ligand EBA-175 is essential for invasion but not protein 
trafficking. The Journal of cell biology 162:317-327. 

34. Struck NS, Herrmann S, Langer C, Krueger A, Foth BJ, Engelberg K, Cabrera AL, Haase S, 
Treeck M, Marti M, Cowman AF, Spielmann T, Gilberger TW. 2008. Plasmodium falciparum 
possesses two GRASP proteins that are differentially targeted to the Golgi complex via a higher- 
and lower-eukaryote-like mechanism. Journal of cell science 121:2123-2129. 

 
 



 66

35. Richard D, MacRaild CA, Riglar DT, Chan J-A, Foley M, Baum J, Ralph SA, Norton RS, 
Cowman AF. 2010. Interaction between Plasmodium falciparum apical membrane antigen 1 and 
the rhoptry neck protein complex defines a key step in the erythrocyte invasion process of 
malaria parasites. The Journal of biological chemistry 285:14815-14822. 

36. Schofield L, Bushell GR, Cooper JA, Saul AJ, Upcroft JA, Kidson C. 1986. A rhoptry antigen 
of Plasmodium falciparum contains conserved and variable epitopes recognized by inhibitory 
monoclonal antibodies. Molecular and biochemical parasitology 18:183-195. 

37. Hallee S, Richard D. 2015. Evidence that the Malaria Parasite Plasmodium falciparum Putative 
Rhoptry Protein 2 Localizes to the Golgi Apparatus throughout the Erythrocytic Cycle. PLoS 

One 10:e0138626. 
38. Healer J, Triglia T, Hodder AN, Gemmill AW, Cowman AF. 2005. Functional analysis of 

Plasmodium falciparum apical membrane antigen 1 utilizing interspecies domains. Infection and 

Immunity 73:2444-2451. 
39. Coley AM, Campanale NV, Casey JL, Hodder AN, Crewther PE, Anders RF, Tilley LM, Foley 

M. 2001. Rapid and precise epitope mapping of monoclonal antibodies against Plasmodium 

falciparum AMA1 by combined phage display of fragments and random peptides. Protein Eng 

14:691-8. 
  



 67

3.10 Figures 

Figure 1. Generation of the 3HA-tagged PfSortilin line. (A) Schematic of the knock-in strategy 

and Southern blot showing proper integration of the plasmid and the disappearance of the WT allele. 

(B) Western blot showing a specific band at the expected size of around 100 kDa for PfSortilin-3HA. 

(C) Time course of expression of PfSortilin-3HA. HSP70 and RON4 are used as staging controls. 

e.troph, early trophozoites; l. troph, late trophozoites; schiz, schizonts. (D) IFA showing PfSortilin-

3HA is expressed throughout the erythrocytic cycle and partially overlaps with the ER marker Bip in 

rings and trophozoites. (E) IFA showing extensive colocalization between PfSortilin-3HA and the 

cis-Golgi marker ERD2 at all stages. (F) IFA showing extensive colocalization between PfSortilin-

3HA and the trans-Golgi marker GFP-Rab6 at all stages.  
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Figure 2. Plasmodium falciparum sortilin localizes to the cis region of the Golgi apparatus. (A) 

IFA showing extensive colocalization between PfSortilin-3HA and the cis-Golgi marker ERD2. 

Some overlap is also seen with the trans-Golgi marker GFP-Rab6, while little overlap is obtained 

with the late endosome marker GFP-Rab7. (B) Pearson’s correlation analysis demonstrates that 

PfSortilin-3HA overlaps significantly more with ERD2 than with either Rab6 or Rab7. Each symbol 

represents the value for an individual cell. The numbers of cells analyzed (n) are as follows: Rab6 

versus PfSortilin-3HA and ERD2 versus PfSortilin-3HA, n = 20; Rab7 versus PfSortilin-3HA, n = 

11; Rab6 versus ERD2, n = 14. (C) IFA showing that PfSortilin-3HA does not colocalize with either 

the micronemal marker AMA1 or the rhoptry markers RAP1 and RAMA. (D) Pearson’s correlation 

analysis to confirm that PfSortilin-3HA overlaps significantly more with ERD2 than either AMA1, 

RAP1, or RAMA. PfSortilin-3HA versus RAP1 and PfSortilin-3HA versus ERD2, n = 20; RAP1 

versus ERD2, n = 19; PfSortilin-3HA versus AMA1, n = 18. PfSortilin-3HA versus RAMA, n = 10. 

Values that are significantly different are indicated by bars and asterisks as follows: *, P<0.05; **, 

P<0.01; ****, P<0.0001. Values that are not significantly different (NS) are also indicated. P values 

were calculated using one-way ANOVA followed by a Tukey’s multiple-comparison test. Values 

shown below the symbols in panels B and D are the means ± standard errors.  
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Figure 3. Regions of RAMA interacting with PfSortilin are sufficient for trafficking to the 

rhoptries. (A) Immunoprecipitation (IP) with anti-HA (αHA) shows that PfSortilin-3HA pulls down 

RAMA but only from DSP-cross-linked parasite lysates. FT, flow through. (B) Schematic of RAMA 

showing each of the five regions (RAMAA to RAMAE) that were used for further study. (C) 

Production of recombinant RAMA regions. Coomassie blue-stained gel showing the purification of 

the recombinant GST-RAMA fragments. (D) In vitro pulldown shows that recombinantly expressed 

RAMAC and RAMAE interacts with PfSortilin-3HA. The results shown are representative of two 

experiments using two different protein preparations and two different parasite extracts. (E) mCherry-

RAMAC and mCherry-RAMAE fusion proteins traffic to the rhoptries, as confirmed by 

colocalization with RAP1, while RAMAA, RAMAB, and RAMAD fusions are trafficked to the 

parasitophorous vacuole (PV), the default destination for proteins harboring a signal sequence. The 

R coefficient values are means ± standard errors. The numbers of cells analyzed (n) are as follows: n 

= 10 for both RAMAC versus RAP1 and RAMAE versus RAP1. 
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Table 1. List of primers used in this study. 

 

  


