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ZUSAMMENFASSUNG 

 

Trotz erheblicher Erfolge in der Malariabekämpfung in den letzten 20 Jahren, ist sie noch immer eine der 

verheerendsten Infektionskrankheiten, welche Millionen Menschen weltweit betrifft. Die schwerste Form dieser 

Krankheit wird durch Plasmodium falciparum verursacht. Dieser Parasit kann, im sogenannten Merozoiten-

Stadium, in Erythrocyten eindringen und sich in ihnen vermehren. Das damit einhergehende exponentielle 

Wachstum ist verantwortlich für alle klinischen Symptome der Malaria. 

 

Die Wirtszellinvasion wird durch eine komplexe Invasionsmaschinerie des Parasiten koordiniert. Spezialisierte 

sekretorische Organellen (Mikroneme, Rhoptrien und dichte Granula) entleeren ihren Proteininhalt, um in einer 

kontrollierten Kaskade molekularer Interaktionen den Eintritt in den Erythrocyten zu ermöglichen. Die paarigen, 

kegelförmigen Rhoptrien sind am apikalen Pol des Parasiten lokalisiert. Die zugrundeliegenden molekularen 

Prozesse, welche die Rhoptrienbiogenese am apikalen Pol des Merozoiten und deren sekretorische Aktivität 

ermöglichen, sind gegenwärtig nur teilweise verstanden. 

 

Für ein, für die phylogenetische Gruppe der Apikomplexa, zu welcher auch die Spezies P. falciparum und 

Toxoplasma gondii gehören, spezifisches Protein names ARO (Armadillo repeats only) konnte gezeigt werden, dass 

es mit Hilfe von Lipidankern mit der cytosolischen Seite der Rhoptrienmembran interagiert und dort eine 

essentielle Funktion für die intrazelluläre Positionierung der Rhoptrien ausübt. Weiterführende Arbeiten mit dem 

ARO-Homolog in T. gondii identifizierten interagierende Proteine, darunter die Adenylatcyclase β (ACβ), Myosin F 

(MyoF) und ein ARO interagierendes Protein, welches AIP genannt wurde. Dessen Homolog im Malariaparasiten 

war bislang unerforscht und eine detaillierte Information zur Tertiärstruktur von ARO war nicht vorhanden. 

 

In der vorliegenden Arbeit wurde ein AIP-Homolog mittels der BLAST-Homologie-Suche in P. falciparum 

identifiziert und das Gen so modifiziert, dass sowohl dessen Lokalisation als auch eine funktionelle Analyse des 

Genproduktes möglich war. Nachfolgende Fluoreszenzmikroskopie-Kolokalisationsstudien zeigten, dass AIP an 

den Rhoptrienhals lokalisiert. Die quantitative Auswertung der Kolokalisationstudien zeigte eine nur teilweise 

Überlappung mit ARO, welches selbst eine ausgeprägte Lokalisation am Rhoptrienbauch aufwies. Die funktionelle 

Analyse wurde durch die „knock-sideways“-Methode realisiert, welche eine konditionelle Mislokalisierung von AIP 

ermöglichte. Es konnte gezeigt werden, dass eine Depletion von AIP vom Rhoptrienhals zu einem Defekt der 

Invasion von Erythrozyten führt. Um potentielle Interaktionspartner von AIP zu ermitteln, wurde die Methode der 

entfernungsabhängigen Biotinylierung, gefolgt von Massenspektrometrie, gewählt. Dieses ermöglichte die 

Erstellung einer Kandidatenliste, die unter anderem auch ACβ beinhaltete. 

 

In einer Kollaboration mit dem Junop Labor (Western University, Kanada) wurde die Kristallstruktur von ARO 

ermittelt. Die strukturellen Informationen erlaubten eine detailliertere Untersuchung der ARO-AIP-Interaktion. 

Verschiedene Aminosäuren der vermutlichen Protein-Protein-Interaktionsdomäne wurden mutiert und deren 

Auswirkungen auf die Interaktion von ARO und AIP wurden quantifiziert. Es konnte gezeigt werden, dass 

Mutationen innerhalb dieser ARO-Domäne zu einer Fehllokalisation von AIP führen.  
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SUMMARY 

 

Despite tremendous efforts, malaria is still one of the most devastating diseases affecting millions of humans 

worldwide. The most severe form of the disease is caused by Plasmodium falciparum. One stage of this protozoan 

parasite, termed merozoite, infects red blood cells, where the parasite multiplies exponentially. This multiplication 

step is responsible for all clinical symptoms.  

 

The infection of an erythrocyte is coordinated by the complex invasion machinery of the parasite. Specialized 

secretory organelles (micronemes, rhoptries and dense granules) discharge their protein content to establish an 

orchestrated cascade of molecular interactions to mediate host cell entry. The dual club-shaped rhoptries are 

located at the apical pole (apex) of the parasite. The underlying molecular processes governing rhoptry biogenesis 

at the apex and its activity during secretion are not well understood. 

 

An Apicomplexa-specific protein named ARO (Armadillo repeats only) has been identified in P. falciparum and in 

its close relative Toxoplasma gondii. It has been shown that ARO, which localizes to the cytosolic side of the 

rhoptries via lipid anchor modification, is essential to orient the nascent rhoptries at the apex. No crystal structure 

was available that would allow for a more detailed functional analysis. Research on T. gondii has shown that ARO 

interacts with ARO interacting protein (AIP), adenylate cyclase β (ACβ) and myosin F (MyoF), but no information 

was available on any ARO interacting proteins in the malaria parasite. 

 

In this work, an AIP homologue was identified in P. falciparum using a BLAST homology search. Subsequent 

co-localization studies, using fluorescence microscopy, localized fluorescent reporter-tagged versions of AIP to the 

rhoptry neck. Quantitative analysis of co-localization data demonstrated only a partial overlap with ARO, which 

showed a pronounced rhoptry bulb localization. Flow cytometry and Giemsa smear analysis were performed to 

assess the phenotypic effect upon the depletion of AIP from the rhoptry neck using the conditional knock-sideways 

approach. The mislocalization of AIP caused a defect in the invasion of erythrocytes by merozoites. To assess AIP 

interaction partners, the proximity-dependent biotinylation approach followed by mass spectrometry was used. 

Several candidates could be identified, including ACβ, which was previously implicated in AIP interaction in 

T. gondii.  

 

In a collaborative approach with the Junop laboratory (Western University, Canada), the crystal structure of PfARO 

was solved. This structural information was used to probe ARO-AIP interaction. Distinct amino acids were mutated 

at the putative protein-protein interaction face, and the consequences for ARO-AIP interaction were quantified. It 

could be shown that mutations within this ARO domain lead to mislocalized AIP. 
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CHAPTER 1 INTRODUCTION 
 

1.1 Malaria 

Almost 5,000 years ago, a disease with symptoms of (what we today know as) malaria was described, and ancient 

cultures believed for a long time that this disease was caused by miasmata (ancient Greek for pollution, 

defilement) that are mists or vapours consisting of poisonous matter. Malaria was called “marsh fevers”, 

“intermittent fevers”, “quartan fevers” or “tertian fevers” for more than 1,500 years before finally the term 

“malaria” (Italian: mala aria, bad air) was used. This term was introduced into England in the 18th century. It was 

known at that time that black deposits can be found in the organs of patients that died from malaria. In 1846 

Heinrich Meckel diagnosed a dead malaria patient and found brown pigmented particles within capillaries of the 

brain and spleen. Although he did not associate these particles with malaria, he concluded that it was a blood 

product. Erroneously he assumed that this pigment was melatonin. Later, Rudolf Virchow concluded that the 

pigment was haematin crystals (or hemozoin, see 1.2.1.3) [Cox, 2010; Hempelman & Krafts, 2013]. 

In 1880 the causative agent of malaria was finally discovered by Charles L. A. Laveran. Examining the blood of 

patients suffering from malaria of different intensity, Laveran found that a common element was the presence of 

pigmented granules in the blood of all patients, which was in accordance with Meckel. Laveran observed 

pigmented spherical bodies undergoing exflagellation that moved quickly. It turned out later that he observed 

male gametocytes (see 1.2.1.4) as well as all erythrocytic stages (see 1.2.1.3) of a protozoan parasite that he 

named Oscillaria malariae, which was later named Plasmodium [Cox, 2010; Hempelman & Krafts, 2013]. 

By feeding female Anopheles mosquitoes with blood from a malaria patient, Ronald Ross discovered in 1897 

pigmented bodies in the stomach wall of the mosquitoes. Knowing that mosquitoes are not able to produce 

haemozoin, he concluded that the pigment must have been related to malaria [Hempelman & Krafts, 2013]. 

 

1.1.1 Epidemiology and transmission 

Although the number of cases per 1,000 population was reduced from 71 to 57 between the year 2010 and 2018, 

more than three billion people are currently at risk of being infected with malaria, with an estimated 228 million 

cases and 405,000 deaths (≈ 0.2 %) in 2018. The most vulnerable group affected by malaria are children under the 

age of five. In 2018, about 272,000 children died of malaria, which accounts for 67 % of all malaria deaths 

worldwide. Most malaria cases (93 %) are reported in the African Region (AFR) (213 million cases), followed by 

3.4 % of cases in the South-East Asia Region (SEAR) and 2.1 % in the Eastern Mediterranean region (EMR) [WHO, 

2019]. P. falciparum, the most prevalent malaria parasite, accounts for 99.7 % of estimated cases in the AFR, 50 % 

in the SEAR and 71 % in the EMR. P. vivax accounts for 3.3 % of global malaria cases and is the predominant malaria 

parasite in the Americas region accounting for 75 % of malaria cases [WHO, 2019]. 

 

 

 

 

 

https://parasitesandvectors.biomedcentral.com/articles/10.1186/1756-3305-3-5
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-232
https://parasitesandvectors.biomedcentral.com/articles/10.1186/1756-3305-3-5
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-232
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-232
https://www.who.int/publications/i/item/world-malaria-report-2019
https://www.who.int/publications/i/item/world-malaria-report-2019
https://www.who.int/publications/i/item/world-malaria-report-2019
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Fig. 1.1 | Map of malaria-endemic regions. P. falciparum is found in hot tropical areas, as its gametocytes 
require 10 to 18 days at a temperature of > 21 °C to mate and mature into infectious sporozoites. P. falciparum 
is temperature-sensitive, as sporozoite maturation is slowed down at lower temperatures. If the mosquito dies 
before sporozoite maturation is completed, the parasites perish. P. vivax sporogony can take place at 16 °C, 
while this parasite propagates at subtropical regions too. (Adopted from [Phillips et al., 2017].) 

 

The transmission of malaria is restricted to tropical and subtropical regions that support development of the sexual 

stage of the parasite (Fig. 1.1) and depends on female Anopheles mosquitoes as vector. About 70 Anopheles 

mosquito species are competent vectors to transmit human malaria. Globally, 41 species are dominant vector 

species. The dominant vector species in the AFR are An. gambiae, An. arabiensis, An. merus and An. melas, which 

all belong to the An. gambiae Giles species complex. An. funestus is another important vector which is co-dominant 

with the An. gambiae complex species [Hay et al., 2010; Sinka et al., 2010, 2012]. The high transmission rates in 

sub-Saharan Africa are probably due to preferential indoor feed behaviour and anthroposophily of An. gambiae 

complex species [Tirados et al., 2006].  

To become infectious to other individuals, the parasite developed a complex life cycle within the mosquito and its 

vertebrate host (see 1.2.1). Within the mosquito, parasite progression through the different maturation and 

proliferation stages depends on the ambient temperature and life span of the mosquito. If the temperature falls 

below 18 °C, the transmission becomes much less likely, and at temperatures below 16 °C parasite development 

ceases completely [Mitzmain, 1917; Noden et al., 1995; Sachs & Malaney 2002; Waite & Suh et al., 2019]. 

Transmission is further reduced as many mosquitoes stop biting activity at low temperatures 

[Paaijmans et al., 2013].  

 

Malaria parasite transmission intensity varies geographically in endemic countries since it is affected by 

temperature, humidity, and available surface water. Arid environments with low ambient humidity affect egg and 

adult vector survival negatively. The successful transmission of parasites depends on the ability of the adult vector 

to survive long enough to ensure a minimum population abundance. It is therefore dependent on the resistance 

of mosquitoes to arid conditions, which is species-specific [Gray & Bradley, 2005; Guerra et al. 2008]. 

https://www.nature.com/articles/nrdp201750
https://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.1000209
https://parasitesandvectors.biomedcentral.com/articles/10.1186/1756-3305-3-117
https://parasitesandvectors.biomedcentral.com/articles/10.1186/1756-3305-5-69
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2915.2006.652.x
https://www.jstor.org/stable/4574614?seq=1#metadata_info_tab_contents
https://www.cambridge.org/core/journals/parasitology/article/impact-of-variations-in-temperature-on-early-plasmodium-falciparum-development-in-anopheles-stephensi/EF6A55EA1000454501598AF9B3398963
https://www.nature.com/articles/415680a
https://royalsocietypublishing.org/doi/10.1098/rsbl.2019.0275
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0055777
http://www.ajtmh.org/content/journals/10.4269/ajtmh.2005.73.553
https://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.0050038
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1.1.2 Apicomplexa 

The large phylum of Apicomplexa comprises alveolates with a parasitic lifestyle. Alveolates are defined by flattened 

vesicles (alveoli) underneath the plasma membrane. Most Alveolates fall into one of the following groups: ciliates 

(i.a. Paramecium), dinoflagellates, chromerids (Chromera and Vitrella), colpodellids and the obligate parasitic 

apicomplexans (i.a. Toxoplasma, Plasmodium) [Cavalier-Smith, 1993; Templeton & Pain, 2016]. 

More than 6,000 apicomplexan species are known to date and it is expected that about 1.2 million species exist 

[Adl et al., 2007]. Apicomplexa evolved from a photosynthetically active flagellate ancestor, and most 

apicomplexans contain an apicoplast, a modified, non-photosynthetic plastid [Botté & Yamaryo-Botté, 2018; 

Salomaki & Kolisko, 2019]. However, the name Apicomplexa derived from the two Latin words apex (top) and 

complexus (enfold/enclose) which refers to a set of organelles located at the apical pole of the parasite, the apex, 

which is a unifying morphological feature of this phylum. Apical complex organelles are microtubules, polar rings, 

and secretory organelles (rhoptries, micronemes and dense granules), which will be explained in another chapter 

(see 1.2.2.2) [Votýpka et al., 2017]. 

 

 

Fig. 1.2 | Hypothetical tree of life of the Apicomplexa. Relationships are derived from morphology, biology, and 
molecular evolutionary studies. Question marks denote uncertainty of key radiation events. Branch thickness 
and circles indicate the relative number of existing species. (Adopted from [Votypka et al., 2017].) 
 
 

 

 

The Apicomplexa phylum can be subdivided primarily into Hematozoa, Coccidia (i.a. Eimeria, Toxoplasma), 

Gregarinasina (i.a. Nematocystis, Gregarina) and Cryptosporidium (Cryptosporidium) [Adl et al., 2012]. 

Apicomplexans are closely related to marine and freshwater protists such as Chromera, Vitrella and Colpodella 

(Fig. 1.2). While gregarines attach extracellularly to the host cell via the apical end, the host cell envelops 

https://pubmed.ncbi.nlm.nih.gov/8302218/
https://www.cambridge.org/core/journals/parasitology/article/diversity-of-extracellular-proteins-during-the-transition-from-the-protoapicomplexan-alveolates-to-the-apicomplexan-obligate-parasites/3C75989A31AD5FC072D789B70107B84B
https://academic.oup.com/sysbio/article/56/4/684/1685317
https://link.springer.com/protocol/10.1007/978-1-4939-8654-5_3
https://www.mdpi.com/2218-273X/9/8/378
https://link.springer.com/referenceworkentry/10.1007%2F978-3-319-28149-0_20
https://link.springer.com/referenceworkentry/10.1007%2F978-3-319-28149-0_20
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1550-7408.2012.00644.x
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cryptosporidians with flat membrane folds. A modified interface, the feeder organelle, is thereby the only contact 

zone between host and parasitic cell. Coccidians and hematozoans on the other hand are intracellular parasites. 

Hematozoans are subdivided into Piroplasmida (i.a. Babesia, Theileria) and Haemosporidia (i.a. Plasmodium). 

Genera of the latter are marked by merogony/schizogony (see 1.2.1.3) in intermediate vertebrate hosts and 

sporogony (see 1.2.1) in blood-feeding dipteran vectors [Votýpka et al., 2017].  

 

1.1.2.1 Human infecting Plasmodium species 

Approximately 250 Plasmodium species parasitize mammals, birds and reptiles, and presumably all primate 

malaria causing species are transmitted only by Anopheles mosquitoes. It is reported that more than thirty 

Plasmodium species infect non-human primates [Ramasamy, 2014; Sharp et al., 2020], but only six Plasmodium 

species are recognized to cause malaria in humans: Plasmodium falciparum, P. vivax, P. ovale wallickeri, 

P. ovale curtisi, P. malariae and P. knowlesi [Milner, 2018] (Fig. 1.3). 

 

 

Fig. 1.3 | Giemsa-stained blood smears of five different human infecting Plasmodium species. Species-specific 
characteristics are shown at the right. P. ovale denotes the species P. ovale wallickeri and P. ovale curtisi. 
(Adopted from [Poostchi et al., 2018].)  

 

 

 

 

P. falciparum, responsible for the most casualties, causes the most severe form of human malaria. Unlike any other 

human-infecting Plasmodium species, P. falciparum has the ability to bind at epithelial cells in blood vessels and 

https://link.springer.com/referenceworkentry/10.1007%2F978-3-319-28149-0_20
https://www.frontiersin.org/articles/10.3389/fpubh.2014.00123/full
https://www.annualreviews.org/doi/10.1146/annurev-micro-020518-115628
http://perspectivesinmedicine.cshlp.org/content/8/1/a025569
https://linkinghub.elsevier.com/retrieve/pii/S193152441730333X
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capillaries during the erythrocytic stage (see 1.1.3). This leads to the sequestering of parasites in organs like the 

liver, spleen and brain, which contributes to the high virulence of this species [Greenwood et al., 2008]. 

Plasmodium falciparum was formerly considered to be strictly restricted to humans, but it is able to infect 

bonobos, chimpanzees and gorillas. Those apes are therefore likely to be reservoirs for this malaria-causing agent 

[Prugnolle & Durand et al., 2010]. The minimum temperature for P. falciparum survival is 18 °C, whereas the 

maximum temperature is 40 °C. The optimum range for its development is between 25 °C and 30 °C [Rossati et 

al., 2016]. Fevers and chills occur every third day (tertian fever) in P. falciparum malaria [Garcia et al., 2001].  

 

P. vivax is the second major cause of human malaria and is the most geographically widespread malaria parasite 

outside of Africa. The sexual cycle (sporogony) of P. vivax within the vector can be accomplished at lower 

temperatures (as low as 16 °C) than those required for P. falciparum, explaining its broader distribution. Hence, 

P. vivax malaria occurs outside tropical and subtropical areas [Chu & White, 2016; Greenwood et al. 2008]. P. vivax 

adapted to humans by host switching from Asian macaques [Mu et al., 2005]. P. vivax malaria prevalence is 

common in tropical areas outside Africa, as Africans lack the Duffy blood group antigen, a necessary receptor for 

P. vivax [Howes et al., 2011; Miller et al., 1976]. However, the requirement of the Duffy antigen was questioned 

when P. vivax malaria was also observed in Duffy negative Malagasy people [Ménard et al. 2010]. P. vivax 

preferentially invades reticulocytes, which are immature red blood cells (RBC) representing 1-2 % of circulating 

RBCs [Moreno-Pérez et al., 2013]. P. vivax forms liver stages (hypnozoites) that can lie dormant for weeks, months 

and even years. Hypnozoites are responsible for malaria relapse [Chu & White, 2016] and the hypnozoite reservoir 

is the cause for delays in diagnosis and ineffective treatment, contributing to the morbidity and mortality of 

P. vivax malaria [Baird, 2013]. Because of its tendency to relapse after the clearing of the primary infection, it is 

more difficult to control P. vivax than P. falciparum. How relapse is triggered is still not understood in detail, but it 

is assumed that hypnozoites are activated by external stimuli, such as malaria or other infectious diseases, which 

cause febrile illness [Shanks & White, 2013; White, 2011]. Fevers and chills occur every two days in P. vivax malaria 

[Garcia et al., 2001]. 

 

The fact that P. ovale shares similarities with P. vivax makes it difficult to distinguish both species by examination 

of Giemsa-stained peripheral blood smears. Like P. vivax, P. ovale infects reticulocytes, causing malaria 

characterized by tertian fever [Collins & Jeffery, 2005], and as far as we know, humans are the only natural hosts 

of P. ovale [Rossati et al., 2016]. Of the human infecting Plasmodium species, only P. vivax and P. ovale form 

hypnozoites [Chu & White, 2016]. P. ovale was described as one species at first, but sequence analysis did show 

that P. ovale curtisi and P. ovale wallikeri are actually two species, since they do not show sexual recombination 

[Sutherland et al., 2010]. 

 

P. malariae can persist for decades as an asymptomatic blood stage infection without forming hypnozoites. The 

erythrocytic life cycle (72 h) is considerably longer compared to the other human infecting Plasmodium species, 

and the number of merozoites that are produced with every schizont rupture is lower. Therefore, the overall 

parasitemias are lower in human hosts compared to hosts infected with other malaria types [Collins & Jeffrey, 

2007; Greenwood et al. 2008]. P. malariae causes the mildest but also the most persistent form of malaria and is 

https://www.jci.org/articles/view/33996
https://www.pnas.org/content/107/4/1458
https://pubmed.ncbi.nlm.nih.gov/27367318/
https://pubmed.ncbi.nlm.nih.gov/27367318/
https://www.jbc.org/content/273/20/12003
https://www.tandfonline.com/doi/full/10.1080/14787210.2016.1220304
https://www.jci.org/articles/view/33996
https://academic.oup.com/mbe/article/22/8/1686/1042812
https://www.nature.com/articles/ncomms1265
https://www.nejm.org/doi/10.1056/NEJM197608052950602
https://www.pnas.org/content/107/13/5967
https://onlinelibrary.wiley.com/doi/abs/10.1111/boc.201200093
https://www.tandfonline.com/doi/full/10.1080/14787210.2016.1220304
https://cmr.asm.org/content/26/1/36
https://www.thelancet.com/journals/laninf/article/PIIS1473-3099(13)70095-1/fulltext
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-10-297
https://journals.sagepub.com/doi/10.1177/074873001129002114
https://cmr.asm.org/content/18/3/570
https://pubmed.ncbi.nlm.nih.gov/27367318/
https://www.tandfonline.com/doi/full/10.1080/14787210.2016.1220304
https://academic.oup.com/jid/article/201/10/1544/993159
https://cmr.asm.org/content/20/4/579
https://cmr.asm.org/content/20/4/579
https://www.jci.org/articles/view/33996
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associated with nephrotic syndrome. Manifestation of P. malariae infection is common in children but not adults 

[Bartoloni & Zammarachi, 2012]. Fevers and chills occur every four days in P. malaria malaria [Garcia et al., 2001]. 

 

P. knowlesi, which has the shortest erythrocytic cycle (24 h) of all human malaria parasites, is a simian parasite 

infecting macaque monkeys but was recognized as an important cause of human disease. However, there is no 

evidence that this parasite is transmitted from human to human like any of the aforementioned species. Instead, 

it is zoonotic in Malaysia and other areas of Southeast Asia [Ahmed & Cox-Singh, 2015; Singh & Daneshvar, 2013]. 

Due to morphological similarities between P. knowlesi and P. malariae during late blood stages (see Fig. 1.3), 

P. knowlesi infection is often misdiagnosed as P. malariae infection [Singh et al., 2004]. P. knowlesi malaria has a 

clinical profile that is similar to P. falciparum and P. vivax infections [Daneshwar et al. 2009]. 

 

1.1.3 Pathophysiology of P. falciparum 

In most cases of parasite transmission, a female anopheline mosquito transmits the parasite, but this blood-borne 

transmission can also occur through blood transfusions, organ transplantation or needle-sharing among drug 

addicts. Congenital and accidental nosocomial transmission might be possible as well [Bartoloni & Zammarachi, 

2012; Verra & Angheben et al., 2018]. Mosquito-borne transmission requires sporozoites that are injected into 

subcutaneous capillaries. Within about 45 minutes after the injection, sporozoites migrate to hepatocytes, where 

they multiply by asexual reproduction to a schizont that contains thousands of merozoites (see 1.2.1.2). Upon 

rupture of schizonts, the merozoites are released into the bloodstream. The hepatic schizogony lasts on average 

between 5.5 days for P. falciparum and 15 days for the slowest replicating human-infecting species P. malariae 

[Hoffman et al., 2011]. Since only a few hepatocytes are infected, the hepatic schizogony is asymptomatic. 

Released merozoites then invade RBCs and undergo asexual erythrocytic schizogony to multiply and release new 

merozoites (see 1.2.1.3). The rupture of schizonts releases malaria parasites as well as erythrocytic material into 

the bloodstream, which induces the pathophysiological processes of malaria. Cytokine cascade activation is 

triggered and is responsible for many of the symptoms [Bartoloni & Zammarachi, 2012]. 

In individuals that have not encountered Plasmodium before, the median pre-patent period (time of injection of 

sporozoites to detection of merozoites in the blood) ranges between five to ten days. The incubation period is 

defined as the time from infection to the onset of symptoms. The duration of the incubation period depends of 

different factors such as: a) the vector species, b) the mode of parasite transmission, c) the immune status of the 

host, d) chemoprophylactic use of antimalarial drugs and e) the number of parasites that were transmitted 

[Bartoloni & Zammarachi, 2012; Trampuz et al. 2003]. The incubation period of malaria varies between different 

Plasmodium species. P. falciparum and P. vivax malaria normally show an incubation period of about two weeks, 

whereas onset of symptoms in P. malariae malaria occurs after forty days or more [Bartoloni & Zammarachi, 2012]. 

Since the adaptive immune system has the ability to cope with malaria-causing agents to some extent, most 

infections worldwide are clinically silent. Infection with P. falciparum results in an uncomplicated febrile disease 

in which peaks of parasitemia are accompanied by episodes of fever. The infection is controlled and finally 

eliminated by the host’s immune defences. However, in non-immune individuals, infections become clinically 

more obvious, partially severe, and life-threatening. While P. falciparum causes almost all severe and live 

http://www.mjhid.org/index.php/mjhid/article/view/2012.026
https://journals.sagepub.com/doi/abs/10.1177/074873001129002114
https://onlinelibrary.wiley.com/doi/abs/10.1111/voxs.12115
https://cmr.asm.org/content/26/2/165
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(04)15836-4/fulltext
https://academic.oup.com/cid/article/49/6/852/333758
http://www.mjhid.org/index.php/mjhid/article/view/2012.026
http://www.mjhid.org/index.php/mjhid/article/view/2012.026
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-018-2181-0
https://www.sciencedirect.com/book/9780702039355/tropical-infectious-diseases
http://www.mjhid.org/index.php/mjhid/article/view/2012.026
http://www.mjhid.org/index.php/mjhid/article/view/2012.026
https://ccforum.biomedcentral.com/articles/10.1186/cc2183
http://www.mjhid.org/index.php/mjhid/article/view/2012.026
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threatening complications, P. vivax, P. ovale spp. and P. malariae rarely lead to such severe effects [Schofield & 

Grau, 2005; Miller et al. 2013] 

 

Children and travellers from non-endemic areas are at high risk of suffering severe complications, as they have 

not been previously exposed to malaria. Severe complications are anaemia, renal failure, bleeding, pulmonary 

oedema, and cerebral malaria (CM). The most common metabolic complications of severe malaria are acidosis 

and hypoglycaemia. Any single complication can progress rapidly and lead to death within hours or days and in 

many patients several complications occur at the same time, contributing synergistically to the life-threatening 

effect of this disease [Tizifa et al., 2018; Trampuz et al., 2003]. 

 

The first symptoms of malaria are the same for all malaria species. Symptoms are nonspecific and resemble a flu-

like syndrome (headache, chills, nausea), whereas the hallmark of all types of malaria is fever, which is induced by 

fever-inducing agents called pyrogens that signal to the thermoregulatory regions of the hypothalamus to induce 

a rise in body temperature. The fever is caused by the release of parasite antigens (toxins) upon destruction of 

parasitized RBCs during schizogony, in a process called hemolysis. Malaria hemozoin and glycosyl-

phosphatidylinositol (GPI) are two toxins that can be recognized by toll-like receptors (TLRs), which are expressed 

on the surface of macrophages. Recognition of malarial GPI by macrophage TLR2 induces cytokine TNF-α 

production leading to a fever-inducing signalling cascade [Oakley et al., 2011]. 

 

In case of progression to fatal CM, the mortality ranges between 15-20 %. The molecular mechanisms for CM are 

not fully understood, but there is evidence that the binding of parasitized RBCs to the endothelium 

(cytoadherence) and to other RBCs (sequestration) causes blocking of blood vessels that leads to a reduction in 

blood flow causing inflammation [Seydel et al., 2015; Wassmer et al., 2015]. The binding of infected red blood 

cells (iRBCs) to the endothelium is a unique feature of P. falciparum that is due to the modification of RBC 

membrane (RBCM) by the parasite. Adherence to the endothelium of more progressed stages is the reason why 

only ring stages can be found in circulating blood. The adherence is mediated by protuberances (so-called knobs, 

see 1.2.1.3) that are in contact with endothelial cells, preventing the parasitized cell from clearance and 

destruction in the spleen. Various endothelial cells in organs like the brain, kidney, liver, lung, placenta, and 

subcutaneous tissues express variable host cell receptors. P. falciparum erythrocyte membrane protein 1 family 

(PfEMP1), which is located at the knob surface, mediates the adherence to the various receptors and sequestering 

of iRBCs to the endothelium [Miller et al. 2013; Milner, 2018; White et al., 2014]. 

 

 

 

 

 

https://www.nature.com/articles/nri1686/
https://www.nature.com/articles/nri1686/
https://www.nature.com/articles/nm.3073
https://link.springer.com/article/10.1007/s40475-018-0133-y
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https://linkinghub.elsevier.com/retrieve/pii/S147149221100119X
https://www.nejm.org/doi/10.1056/NEJMoa1400116
http://www.ajtmh.org/content/journals/10.4269/ajtmh.14-0841
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http://perspectivesinmedicine.cshlp.org/content/8/1/a025569
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(13)60024-0/fulltext
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1.1.4 Malaria control strategies 

In 2018, 49 countries reported fewer than 10,000 indigenous cases and 27 countries reported fewer than 100 

indigenous malaria cases. This shows that malaria eradication is within reach, but despite the progress made in 

malaria reduction, eradication of malaria still remains a challenging task [WHO, 2019]. 

 

1.1.4.1 Vector control 

Vector control comprises measures that aim at limiting the ability of a vector to transmit a disease in endemic 

areas. Transmission depends on the capacity of a local vector to transmit malaria, which depends on i.a. population 

size, biting habits and longevity to favour the period of sporogony. Those parameters are affected by climate 

conditions, local ecology as well as the behaviour of humans and vectors. The objective of vector control is the 

reduction of the vectoral capacity below a critical threshold that is needed to maintain malaria transmission [Smith 

Gueye et al., 2016]. Approximately US$ 2.7 billion was globally invested by governments of endemic countries and 

their international partners to control and eradicate malaria in 2018. The most used prevention methods are 

insecticide-treated mosquito nets (ITNs) and indoor residual spraying (IRS) with insecticides [WHO, 2019]. The 

most important interventions targeting vector transmission in Africa are ITNs and IRS that have reduced the 

prevalence of P. falciparum by 68 % and 13 %, respectively, between 2000 and 2015 [Bhatt et al., 2015]. 

 

The discovery of the insecticidal properties of dichlorodiphenyltrichloroethane (DDT) in 1939 provided a powerful 

new tool for interrupting transmission. DDT was used in areal spraying campaigns as well as for IRS during the 

malaria eradication programme from 1957 to 1969, which did not include tropical Africa [Enayati & Hemingway, 

2010]. However, vector resistance to DDT, which is conferred by over-expression of glutathione S-transferases 

(GSTs) [Prapanthadara et al., 1995], occurred less than two years after the introduction of DDT and is now 

common. Interestingly, in some high transmission areas where DDT was used for several decades, mosquitoes 

remain sensitive towards DDT [Tizifa et al., 2018]. Nowadays DDT is banned by some countries because of its 

environmental hazards but still used in others to battle malaria, and DDT is still recommended by the WHO for 

indoor spraying under specific conditions [Enayati & Hemingway, 2010]. 

 

ITNs include nets treated with insecticides that are active up to 12 months and long-lasting insecticidal nets (LLINs) 

with insecticides lasting for up to three years. The use of ITNs treated with pyrethroid insecticides, the only 

licensed insecticide class that is approved for use on ITNs, is simpler than IRS. [Enayati & Hemingway, 2010; 

Coleman et al., 2017]. However, cytochrome P450-mediated resistance to pyrethroid insecticides in Anopheles 

mosquito vectors is widespread throughout southern Africa [Weedall et al., 2019]. A review examining data sets 

from 1955 to 2016 from 71 malaria-endemic countries detected a global rise in insecticide resistance. Resistance 

resulted in the reduced efficacy of ITNs as well as IRS [Strode et al., 2014]. 

 

One of the oldest tools to fight malaria is larval source management (LSM) as a means to control potential breeding 

sites of mosquitoes. LSM comprises methods such as habitat modification (surface water drainage, land 

reclamation and filling), biological control (introduction of e.g. predatory fish) and larviciding (application of 

https://www.who.int/publications/i/item/world-malaria-report-2019
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-015-1054-z
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-015-1054-z
https://www.who.int/publications/i/item/world-malaria-report-2019
https://www.nature.com/articles/nature15535
https://www.annualreviews.org/doi/abs/10.1146/annurev-ento-112408-085423
https://www.annualreviews.org/doi/abs/10.1146/annurev-ento-112408-085423
https://www.cambridge.org/core/journals/bulletin-of-entomological-research/article/ddtresistance-in-anopheles-gambiae-diptera-culicidae-from-zanzibar-tanzania-based-on-increased-ddtdehydrochlorinase-activity-of-glutathione-stransferases/BC6B86556732E55E42A44AC9347CDDCE
https://link.springer.com/article/10.1007/s40475-018-0133-y
https://www.annualreviews.org/doi/abs/10.1146/annurev-ento-112408-085423
https://www.annualreviews.org/doi/abs/10.1146/annurev-ento-112408-085423
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-017-1733-z
https://stm.sciencemag.org/content/11/484/eaat7386/tab-article-info
https://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.1001619
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biological/chemical insecticides to water bodies), which is the most commonly used LSM [Fillinger & Lindsay, 

2011].  

 

Access to sugar sources (such as fruits or nectar) strongly affects vector potential [Gu et al., 2011]. Sugar feeding 

with an attractive toxic sugar bait (ATSB) is a cheap and simple approach to kill female and male mosquitoes that 

seek essential sugar sources. The ATSB method uses fruit or flower scent as attractant, a sugar solution as feeding 

stimulant, and an oral toxin, which is usually spinosad or boric acid. ATSB has the potential to reduce vector 

capacity, dramatically resulting in transmission levels near zero [Beier et al., 2012; Müller et al., 2010]. 

 

Swarm sprays are another method to reduce vector competence. This method makes use of the stable location of 

Anopheles mating swarms (mostly consisting of males) [Manoukis et al., 2009]. In a field trial in Burkina Faso, 300 

swarms were identified and sprayed with aerosols containing a mixture of carbamate and pyrethroid with the 

result that the mass killing of swarming males led to an 80 % decrease in population size [Sawadogo et al., 2017]. 

This study demonstrated that targeting primarily male rather than female mosquitoes drastically reduces the 

mosquito population. 

 

A promising tool to eradicate malaria is the gene-drive system. Gene-drive enables transgene inheritance to the 

offspring with a higher probability than the natural 50 %. Recently, the CRISPR/Cas9 gene-drive was applied to 

alter differentiation of the An. gambiae sex ratio. Within few generations, female mosquitoes showed complete 

sterility [Hammond et al., 2016; Kyrou et al., 2018]. Although this method is highly efficient, it is vigorously debated 

whether transgenic organisms should be released into nature in order to eradicate a species [Collins, 2018]. 

 

1.1.4.2 Antimalarial drugs 

Joannes Lancisius, the physician of three popes, suggested the use of Peruvian (Cinchona) tree bark powder. Crude 

extracts from this bark for the treatment of malaria have been used since the early 16th century. Francesco Torti 

showed in 1756 that only intermittent fevers, characteristic of malaria, could be cured with extracts of Peruvian 

bark that, as it was later discovered, contain quinine, which became the standard drug for curing malaria after its 

chemical synthesis became feasible [Hempelmann & Krafts 2013]. During the Indochina Wars, the Chinese 

Communist Party assigned more than 600 scientists to research for new antimalarial drugs. In 1970, in the course 

of this programme, the Chinese scientist, and later Nobel prize laureate, Tu Youyou extracted “qinghaosu” from 

the annual mugwort (Artemisia annua) that has been used in Chinese herbal medicine for over 2,000 years [Burns, 

2008]. The isolated compound was later named artemisinin and is the basis for today’s artemisinin combination 

therapies (ACTs), which are currently the recommended treatment for malaria [Miller et al., 2013].  

 

In ACTs, artemisinin, or a derivative (e.g. dihydroartemisinin, artesunate) is combined with a partner drug, such as 

amodiaquine, mefloquine or piperaquine. As the partner drugs have a longer half-life in the bloodstream, they are 

supposed to inhibit the development of resistance to the artemisinins. The artimisinins are highly potent and 

reduce parasitemia fast but have a short half-life. The long-lasting but less potent partner drug is needed to kill 

the remaining parasites [Fairhurst et al., 2012; Miller et al., 2013]. The first ACT to conform with international GMP 

https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-10-353
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-10-353
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0015996
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-11-31
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-9-210
https://academic.oup.com/jme/article-abstract/46/2/227/876108
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0173273
https://www.nature.com/articles/nbt.3439
https://www.nature.com/articles/nbt.4245
https://bmcproc.biomedcentral.com/articles/10.1186/s12919-018-0110-4
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-232
https://www.sciencedirect.com/science/article/abs/pii/S016093270800046X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S016093270800046X?via%3Dihub
https://www.nature.com/articles/nm.3073
http://www.ajtmh.org/content/journals/10.4269/ajtmh.2012.12-0025
https://www.nature.com/articles/nm.3073
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standards was artemether-lumefantrine. Artemether-lumefantrine, DHA-piperaquine, artesunate-amodiaquine, 

artesunate-mefloquine and artesunate-sulfadoxine-pyrimethamine are currently the most widely used 

combinations [Premji, 2009]. Based on recent reviews [Ashley & Phyo, 2018; Phillips et al., 2017; Wadi et al., 2019; 

Wicht et al., 2020], Fig. 1.4 shows common antimalarials drugs and some in development or under investigation 

as well as their site of action within the malaria parasite [Greenwood et al., 2008]. 

 

 

Fig. 1.4 | Antimalarial drugs and their site of action in the parasite. Antimalarial drugs mediate their effects by 
disrupting metabolic pathways in different subcellular organelles or the cytosol. The 4-aminoquinolines 
concentrate inside the acidic digestive vacuole (food vacuole) where they interfere with heme to hemozoin 
detoxification (see 1.2.1.3). Falcipain inhibitors interfere with hemoglobin degradation. Methylene blue inhibits 
glutathione reductase. Fosmidomycin disrupts digestive vacuole integrity and inhibits isoprenoid synthesis in 
the chloroplast-like apicoplast. Antibiotics inhibit translation in the apicoplast, resulting in a delayed death of 
progeny. Atovaquone and DSM625 interfere with the mitochondrial electron transport chain. MMV390048 
dysregulates intracellular signalling and trafficking. Antifolates disrupt de novo biosynthesis of folate within the 
cytosol. The endoperoxide artemisinin and its derivatives cause oxidative degradation of membrane 
phospholipids and down-regulation of antioxidant genes. DHFR inhibitors impede nucleic acid metabolism. 
Compounds in red are still in development. (Modified from [Greenwood et al., 2008].) 

 

In five countries in Southeast Asia, parasite resistance to ACT has occurred, and the spread of resistance to the 

Indian subcontinent or to Africa could have very severe consequences [Hemingway et al., 2016]. Although 

complete non-response to artemisinin treatment is not described to date, resistance of P. falciparum to 

artemisinin has increased steadily since 2008, which may have been due to artesunate monotherapy or to falsified 

or substandard drugs. Resistance to artemisinin results clinically in a delayed clearance of parasites [Ashley & Phyo, 

2018]. Molecular markers conferring resistance to artemisinin derivatives were reported for the kelch gene on 

chromosome 13 of the parasite [Ariey et al., 2014]. In Cambodia, where resistance occurred, the situation is 

https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-8-S1-S3
https://link.springer.com/article/10.1007/s40265-018-0911-9
https://www.nature.com/articles/nrdp201750
https://www.future-science.com/doi/10.4155/fmc-2019-0225
https://www.annualreviews.org/doi/abs/10.1146/annurev-micro-020518-115546
https://www.jci.org/articles/view/33996
https://www.jci.org/articles/view/33996
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.1002380
https://link.springer.com/article/10.1007/s40265-018-0911-9
https://link.springer.com/article/10.1007/s40265-018-0911-9
https://www.nature.com/articles/nature12876
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serious, as ACT treatment using DHA-piperaquine reverted to artesunate-mefloquine, which was replaced by DHA-

piperaquine in 2008 because of the emergence of resistance [Ashley & Phyo, 2018]. Small numbers of parasites 

resistant to artemisinin were found in India and the Americas [Chenet et al., 2016; Mishra et al., 2016], whereas 

in Africa resistance is not established [Ménard et al., 2016] although in vitro resistance was recently reported 

[Uwimana & Legrand et al., 2020]. Emerging drug resistance requires the identification of new compounds for the 

treatment of malaria. Triple ACTs comprising standard ACT together with another antimalarial drug are currently 

being evaluated [Ashley & Phyo, 2018]. 

 

In order to interrupt transmission of the parasite, transmission-blocking drugs (TBDs) that interfere with 

gametocyte development (see 1.2.1.4) are crucial. Gametocytes are an attractive although “altruistic” drug target, 

as their number within the bloodstream is significantly lower than the number of merozoites, forming a bottleneck 

stage within the life cycle [Smith et al., 2014], but play no role in the clinical manifestation. TBDs are considered 

as altruistic, as these drugs do not reduce the number of clinically important merozoites in the patient but inhibit 

transmission of gametocytes to the vector and thus other humans.  

Primaquine is the only TBD with gametocytocidal activity against mature gametocytes that is also recommended 

by the WHO to be used with ACT. Furthermore, primaquine is the only drug available for preventing recurrent 

attacks (relapses) of P. vivax and P. ovale. However, due to its hemolytic toxicity in patients with a deficiency of 

glucose-6-phosphate-dehydrogenase (G6PD), it is not widely used [Baird, 2013; Wadi et al., 2019]. 

 

1.1.4.3 Vaccine development 

Malaria vaccine development began with studies in mice using irradiated sporozoites [Nussenzweig et al., 1967]. 

Fifty years later there is still no licenced vaccine available, which reflects the technical difficulties to create a 

vaccine against this complex eukaryotic parasite. RTS/S (Mosquirix) is currently the most extensively tested vaccine 

against P. falciparum malaria [Draper et al., 2018]. RTS/S induces immune responses against P. falciparum 

circumsporozoite protein (PfCSP), which covers the surface of infecting sporozoites (see 1.2.1.2). This vaccine was 

designed as a virus-like particle (VLP) comprising parts of a central repeat region and the C-terminal domain of 

PfCSP fused to hepatitis B virus surface antigen. RTS/S was formulated with the AS01 adjuvant system from 

GlaxoSmithKline (to boost high antibody concentrations) and was shown to protect partially against malaria in 

clinical trials. The major limitation of RTS/S is the low level of antibodies only a few years after the vaccination. 

[Draper et al., 2018; Leach et al., 2011; RTS, 2015]. Although efficient to 35.9 % in the first year after vaccination, 

the efficacy of RTS/S dropped to 2.5 % in the fourth year, showing that the protection is of limited durability [Olotu 

et al., 2016]. 

 

The vaccination with the highest efficacy to date makes use of immunization with radiation-attenuated sporozoites 

(RAS), which has been the first whole sporozoite vaccine tested in rodents and humans. RAS arrest in liver-stage 

development at random points, conferring protection in humans [Draper et al., 2018]. Irradiation of sporozoites 

causes DNA damage but infectivity is preserved. The DNA damage blocks parasite replication after the hepatocyte 

is infected. This causes the parasite to die and the presentation of parasite antigens to the immune system 

[Vaughan & Kappe, 2017a]. The P. falciparum sporozoite vaccine (PfSPZ Vaccine) had to be applied intravenously 

https://link.springer.com/article/10.1007/s40265-018-0911-9
https://academic.oup.com/jid/article/213/9/1472/2459478
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-016-1636-4
https://www.nejm.org/doi/10.1056/NEJMoa1513137
https://www.nature.com/articles/s41591-020-1005-2
https://link.springer.com/article/10.1007/s40265-018-0911-9
https://www.scielo.br/scielo.php?script=sci_arttext&pid=S0074-02762014000500644&lng=en&tlng=en
https://cmr.asm.org/content/26/1/36
https://www.future-science.com/doi/10.4155/fmc-2019-0225
https://www.nature.com/articles/216160a0
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(18)30320-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312818303202%3Fshowall%3Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(18)30320-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312818303202%3Fshowall%3Dtrue
https://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-10-224
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(15)60721-8/fulltext
https://www.nejm.org/doi/full/10.1056/NEJMoa1515257
https://www.nejm.org/doi/full/10.1056/NEJMoa1515257
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(18)30320-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312818303202%3Fshowall%3Dtrue
https://www.tandfonline.com/doi/full/10.1080/14760584.2017.1341835
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to induce potent immunity in humans challenged with controlled human malaria infection (CHMI) [Mordmüller et 

al., 2017; Seder & Chang et al., 2013]. PfSPZ has to be cryopreserved in liquid nitrogen to guarantee its 

effectiveness, a major complication for vaccination in settings with limited infrastructure. Nevertheless, unlike 

refrigerated vaccines, the liquid nitrogen vapor phase (LNVP) storage of PfSPZ in containers is independent of 

electricity and therefore available in areas with insufficient electrical infrastructure [Richie et al. 2015]. 

Genetically attenuated sporozoites (GAS) are an alternative for the sporozoite challenge model. GAS contain 

genetic deletions that arrest parasite development during hepatocyte infection. Complete attenuation was 

observed with a P. falciparum early liver stage-arresting triple knockout GAP (PfGAP3KO) that showed complete 

attenuation after the infection of hepatocytes. No breakthrough blood stage infection could be observed in a 

humanized mouse model [Mikolajczak et al., 2014]. In a recent study, PfGAP3KO was administered to human 

subjects through the bites of mosquitoes infected with PfGAP3KO. No subject showed blood stage parasites and 

the subjects developed inhibitory antibodies to sporozoites [Kublin & Mikolajczak et al., 2017]. Further clinical 

trials are being conducted to test the safety and efficacy of PfGAP3KO formulas against homologous and 

heterologous CHMI [Vaughan & Kappe, 2017a]. 

 

Blood stage vaccines induce immune responses that limit parasite replication after liver exit. Most blood stage 

vaccines target proteins that are expressed on the surface of merozoites, while some of them focus on parasite 

proteins expressed on the surface of iRBCs. However, clinical phase II studies led to disappointing results 

[Frimpong et al., 2018]. Except for the MSP3 vaccine that conferred short-term protection [Sirima et al., 2011], no 

other blood stage antigen vaccine was able to confer potent immunity against malaria illness [Laurens, 2018]. 

 

Transmission-blocking vaccines (TBVs) exploit functional immunity against sexual stage proteins to decrease 

transmission [Frimpong et al., 2018]. TBV candidate antigens for P. falciparum include the pre-fertilization proteins 

Pfs48/45 and Pfs230. These proteins are expressed on the surface of gametocyte stages. The post-fertilization 

proteins Pfs25 and Pfs28 expressed in zygotes and ookinetes are also TBV candidates [Laurens, 2018].  
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1.2 Biology of Plasmodium falciparum 
 

1.2.1 Life cycle 

Plasmodium spp. undergo a complex life cycle where sporogony in the Anopheles mosquito alternates with 

merogony in the vertebrate host. Depending on the stage, the formation of unique zoite forms allows for the 

invasion of different cell types in which the parasite resides. Upon mosquito blood feeding, Plasmodium 

sporozoites migrate via the bloodstream to the liver, where they infect hepatocytes to multiply exponentially 

(“liver stage”). The liver schizont ruptures and merozoites are released into the bloodstream where they infect 

RBCs (“blood stage”) to multiply again. Some parasites develop into gametocytes (“sexual stage”) that are taken 

up by a mosquito during blood feeding, completing the cycle as male and female gametes give rise to sporozoites 

(Fig. 1.5).  

 

 
 
Fig. 1.5 | Life cycle of Plasmodium falciparum in the human body and the anopheline mosquito. The cycle begins 
with the injection of motile sporozoites into the human dermis by a female Anopheles mosquito. The 
sporozoites migrate to the liver to invade hepatocytes and multiply. After about a week, the liver schizont 
(merosome) releases thousands of merozoites into the bloodstream. Merozoites invade red blood cells and 
begin the asexual cycle. Some parasites develop into gametocytes that are taken up by a feeding mosquito in 
which they reproduce sexually by forming an ookinete and oocyst to finally give rise to thousands of sporozoites 
that migrate to the mosquito’s salivary glands. (Adopted from [Lee et al., 2014].)  

 

https://mmbr.asm.org/content/78/3/469
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1.2.1.1 Mosquito stage 

Within 10-15 minutes of being taken up by a mosquito, gametocytes (see 1.2.1.4) differentiate into gametes in 

the mosquito midgut lumen in a process called gametogenesis. Activation of gametogenesis is promoted by the 

mosquito-derived tryptophan metabolite xanthurenic acid (XA) [Billker et al., 1998; Garcia et al., 1998] and a fall 

in temperature of > 5 °C [Roller & Desser, 1973; Sinden & Croll, 1975]. An additional signal reported to induce 

gametogenesis is an increase in pH from 7.4 to 8 [Sinden, 1983]. Whereas the female gametocyte forms a rounded 

female gamete, the male gametocyte undergoes three mitotic divisions that increase DNA content from haploid 

(1n) to octoploid (8n), producing eight motile (haploid) microgametes in a process named exflagellation [Sinden, 

2015]. Male and female gametes egress from their host erythrocytes via the rupture of the parasitophorous 

plasma membrane (PVM) prior to the opening of the erythrocyte membrane (EM) [Guttery et al., 2015].  

Motile microgametes encounter female macrogametes and merge to produce diploid zygotes. The zygotes then 

develop into motile ookinetes that penetrate the mosquito midgut wall to differentiate into immotile oocysts. The 

oocyst differentiates into a sporoblast in which thousands of sporozoites are created by mitotic division that are 

then released into the hemocoel and migrate through the hemolymph into the mosquito’s salivary glands. 

Sporozoites accumulate in the salivary cavities and are injected into the host as the biting mosquito ejects saliva 

with a small fraction of gland-residing sporozoites during blood feeding [Guttery et al., 2015]. 

 

1.2.1.2 Liver stage 

Sporozoites are 10-15 µm long and ≈ 1 µm in diameter and use gliding motility (≈ 1-2 µm/s) to penetrate the 

epithelial cell membrane during a bite of a blood-feeding mosquito. Sporozoites use i.a. an actin-myosin motor 

for substrate-dependent gliding as well as flexing, twisting, and turning motions to traverse epidermal cells and 

reach the bloodstream [Kappe et al., 2004]. After a mosquito bite, it takes about two hours for a sporozoite to 

reach the hepatic capillary network (sinusoid) cavity through hepatic arteries [Sinnis & Coppi, 2007], where they 

attach to endothelial cells before invading a hepatocyte. Sporozoites either enter a hepatocyte through the space 

of discontinuous endothelial cells, or actively migrate through endothelial cells, or traverse through phagocytic 

Kupffer cells by rupturing their plasma membranes [Ishino et al., 2004; Meis et al., 1983; Pradel & Frevert, 2001]. 

Sporozoites express on their surface CSP, which conveys interaction to its receptor, heparan sulfate proteoglycan 

(HSPG) [Frevert et al., 1993], located at the surface of hepatocytes. CSP-HSPG interaction signals to the parasite 

to actively invade the hepatocyte [Coppi et al., 2007]. However, sporozoites migrate through multiple hepatocytes 

until they finally invade and settle in one [Vaughan & Kappe, 2017b]. Sporozoite migration to the sinusoid and 

hepatocyte infection is summarized in Fig. 1.6. Sporozoites that are injected into the dermis are in “migratory 

mode” and upon interaction with hepatocytes they convert to “invasive mode”. One signal for this switch is the 

recognition of HSPG, which activates calcium-dependent protein kinase 6 (CDPK6) [Coppi et al., 2007]. Other 

hepatocyte surface molecules required for infection are cluster of differentiation (CD81) and scavenger 

receptor B1 (SR-B1), which are recognized by the sporozoite in order to initiate the formation of a parasitophorous 

vacuole (PV) [Rodrigues, Hannus & Prudencio et al., 2008]. Following hepatocyte infection, the P. falciparum 

sporozoite transforms into an exo-erythrocytic form (EEF), also called liver stage (LS), to give rise to up to 90,000 

merozoites per hepatocyte [Vaughan et al., 2012]. The merozoites are released into the bloodstream through the 

budding of merozoite-filled vesicles called merosomes [Sturm & Amino et al., 2006].  
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Fig. 1.6 | Schematic representation of pre-erythrocytic stages of a malaria sporozoite. (a) Entry of the sporozoite 
into dermal tissue followed by traversal to enter the bloodstream. (b) A sporozoite enters the liver sinusoid 
lumen by gliding motility out of the blood vessel. (c) The sporozoite escapes the endothelial and Kupffer cells 
to (d) invade hepatocytes and traverse among neighbouring hepatocytes. (Adopted from [Kori et al., 2018].) 

 

1.2.1.3 Blood stage 

Following the invasion of an erythrocyte (see 1.2.2.3), the ring-stage parasite (enclosed by a PVM) resides in this 

terminally differentiated blood cell which lacks all organelles, including a nucleus and all endomembrane systems. 

To multiply within the erythrocyte, the parasite remodels its host cell to accommodate its needs, such as nutrition 

acquisition and cytoadherence. P. falciparum establishes various unusual biological processes to develop within 

this special host cell [Tilley et al., 2011]. For instance, the parasite ingests small amounts of its host cell’s cytoplasm 

using endocytic structures called cystostomes, which allows the parasite to metabolize hemoglobin. Hemoglobin 

digestion is processed in a specialized organelle known as the food vacuole [Abu Bakar et al., 2010; Goldberg, 

2005]. This allows the parasite to use hemoglobin-derived amino acids for protein synthesis. The toxic hematin, a 

by-product of hemoglobin digestion, is polymerized into a crystalline form called hemozoin, which is also known 

as malaria pigment [Pagola et al., 2000]. Another feature of erythrocyte remodelling by the parasite is the 

establishment of a new permeability pathway (NPP) by inserting parasite-coded transporters into the membrane 

of the erythrocyte, which increases the permeability of the RBCM to allow for the importation of nutrients and 

the exportation of waste products [Alkhalil et al., 2004; Gero & Wood, 1991; Staines et al., 2000].  

 

The asexual blood stage is cyclic and involves the differentiation of the invading merozoite into three 

morphologically distinct forms/stages: the ring, trophozoite and schizont stages [Boddey & Cowman, 2013]. The 

parasite undergoes three or four rounds of DNA synthesis, mitosis and nuclear division to produce a multi-

nucleated syncytial schizont, and the last nuclei division is synchronized, which results in a schizont containing 

between 16 and 32 haploid merozoites (Fig. 1.7) [Gerald et al., 2011]. 
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Fig. 1.7 | Different stages of Plasmodium falciparum development in human erythrocytes. A merozoite attaches 
and invades an RBC and develops within a parasitophorous vacuole (PV) through the ring (0-24 hpi), trophozoite 
(24-36 hpi) and schizont stages (40-48 hpi). In immature-stage parasites at > 24 hpi, Maurer’s clefts and knobs 
occur. At about 48 hpi, the schizont ruptures to release 16-32 merozoites. (Adopted from [Maier et al.,2009].) 

 

The rapid growth and proliferation of the intraerythrocytic parasite is supported by the catabolism of glucose as 

carbon and as an energy source via glycolysis [Salcedo-Sora et al., 2014]. It has been shown that the metabolically 

active trophozoite stage that follows the initial ring stage consumes about six times more glucose than ring stage 

parasites [Shivapurkar et al., 2018]. 

 

Successful exploitation of the intra-erythrocytic niche by the parasite requires the establishment of an 

exomembrane system within the host cell cytoplasm to allow for remodelling and the communication of the 

parasite with its extracellular environment. This is achieved by exporting about 400 proteins (i.a. kinases, lipases, 

adhesins, proteases and chaperone-like proteins) outside the parasite and across the PVM to various locations 

within the iRBC [Tilley et al., 2011]. This depends upon the establishment of a protein trafficking network to sort 

and move exported proteins to their specific locations within the infected erythrocytes. One of the key features 

of this network are Maurer’s clefts (MCs), flattened membranous vesicles that bud from the PV in a dynamic 

process during early ring-stage development (Fig. 1.7) [Grüring et al., 2011]. These structures migrate to and are 

tethered to the underside of the erythrocyte membrane. Other membranous structures are electron-dense 

vesicles (EDV) and J-dots, which traffic proteins from MCs to the RBCM. MC tethering is important to traffic luminal 

MC proteins to the underside and the surface of the RBCM [Boddey & Cowman, 2013]. During the early blood-

stage development, most of the PVM lies in close proximity to the parasite plasma membrane (PPM). During 

parasite maturation, the PV increases in size and complexity as it develops large membranous loops that extend 

far into the RBC cytoplasm. This structure is the so-called tubulovesicular network (TVN) (Fig. 1.8) and it is thought 

that the TVN transiently associates with the RBC surface to import nutrients from the blood plasma [Matz et al., 

2020].  
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Fig. 1.8 | The parasitophorous vacuole of the malaria parasite. (A) The invading merozoite (see 1.2.2.1 and 
1.2.2.3) induces an invagination of the RBC membrane (RBCM), resulting in the formation of a parasitophorous 
vacuole membrane (PVM) enclosing the parasitophorous vacuole (PV). (B) The PV forms a continuous space 
around the parasite. Membrane whorls emanate from the PVM to envelop RBC cytoplasm, forming the 
tubulovesicular network (TVN) and double-membrane vesicles. Maurer’s clefts bud off from the PVM and 
become tethered to the underside of the RBCM. Host cell cytoplasm is endocytosed by PVM internalization, 
leading to the formation of intra-parasitic lysosomes that degrade hemoglobin, causing polymerization of 
hemozoin within the digestive vacuole. (Ca - Cd) Morphology of the PV in maturing parasites. A fluorescent 
reporter tagged TVN protein is indicated in red. The nucleus is indicated in blue. (Adopted from [Matz et 
al.,2020].) 

 

The particular virulence of P. falciparum is due to its ability to sequester within capillaries to avoid clearance within 

the spleen (see 1.1.3) as the parasite exports adhesins via MCs to the iRBC surface. Infected RBCs adhere to the 

epithelium of blood vessels and are thereby not filtered out by macrophages that recognize and remove RBCs with 

compromised deformability or different antigenicity in the spleen [Tilley et al., 2011]. One of the best studied 

adhesins is the P. falciparum EMP1, which is encoded by the var multi-gene family [Baruch et al., 1995]. 

Approximately 60 var (variable) genes that are expressed mutually exclusively are present per parasite and each 

iRBC expresses a single PfEMP1 variant on its surface [Scherf et al., 2008]. PfEMP1 proteins are transported via 

MCs to the iRBC surface where they cluster in knobs. The purpose of those electron-dense knobs is to present 

PfEMP1 in a conformation that allows for tight adhesion of the iRBC to the blood vessel endothelium. This is 

achieved by the binding of the extracellular domain of PfEMP1 to molecules (ICAM-1, CD31, CD36, CSA, 

glycosaminoglycans) presented on the surface of endothelial cells [Rowe et al., 2009]. The monoallelic expression 

and switching of var genes allows the parasite to vary the antigens presented on the iRBC surface and to evade 

host immune responses, since the PfEMP1 family proteins are targets of the acquired immune response [Boddey 

& Cowman, 2013]. 
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1.2.1.4 Sexual development 

It is widely believed that the commitment to sexual development occurs shortly before schizogony as all 

merozoites in a schizont form either a gametocyte or an asexual parasite. Also, all merozoites in a schizont undergo 

either male or female gametocytogenesis [Josling et al., 2018].  

The development of gametocytes requires several important cellular processes such as reversible protein 

phosphorylation and translational repression. Male gametocytogenesis is regulated by reversible protein 

phosphorylation, whereas translational repression is a prominent feature during female gametocytogenesis 

[Guttery et al., 2015]. The sexual commitment of P. falciparum is a consequence of the activation of Apatella2-G 

(PfAP2-G), the transcriptional master regulator of gametocytogenesis [Kafsack et al., 2014; Sinha & Hughes et al., 

2014]. Transcription of the ap2-g gene is epigenetically controlled by heterochromatin protein 1 (HP1) [Brancucci 

et al., 2014] and gametocyte development 1 (GDV1) [Filarsky et al., 2018]. The interplay of those key regulators 

during a transcriptional cascade leads to the development of male and female gametocytes in the erythrocytic 

cycle. During the erythrocytic cycle only a subpopulation of parasites undergoes sexual development to finally 

form oocysts in the mosquito midgut (Fig. 1.9). The level of gametocytes that are produced during the erythrocytic 

cycle varies between clonal parasite lines, which suggests the involvement of both genetic and epigenetic factors 

[Josling et al., 2018]. 

 
 

Fig. 1.9 | Estimated parasite numbers during the different life cycle stages. The numbers of different parasite 
life cycle stages vary significantly between the human host and anopheline vector. Sg spz, salivary gland 
sporozoites; meros, merozoites; EEF, extra-erythrocytic form. (Adopted from [Graumans et al., 2020].)  

 

 

The sexual stages of most Plasmodium species develop within two days [Sinden, 1982], but P. falciparum 

gametocytes mature within 10-12 days. This long differentiation process can be morphologically discriminated 

into five stages (I to V). Molecular and cellular rearrangements during the stages transform the gametocyte into a 

banana-shaped or falciform stage V gametocyte (Fig. 1.10) [Henry et al., 2019; Josling & Llinas, 2015]. P. falciparum 

stage II – IV gametocytes have been identified as sequestering in the bone marrow and spleen, whereas stage 

I and V gametocytes are found in the peripheral blood [Tibúrcio et al., 2015].  
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Fig. 1.10 | Schematics of the five stages of gametocyte development in Plasmodium falciparum. 
Gametocytogenesis occurs over 10-12 days. Stage I gametocytes are not distinguishable from an asexual 
trophozoite but begin to elongate to become D-shaped as the subpellicular microtubules begin to form. In 
stage III, the gametocytes elongate further with rounding ends. Stage IV gametocytes elongate even further 
but have pointed ends. Female gametocytes have osmiophilic bodies. The characteristic crescent shape of 
gametocytes is obvious in stage V. Female gametocytes are more curved and thicker than male gametocytes. 
(Adopted from [Josling & Llinas, 2015].) 

 

1.2.2 Cellular biology 

 

1.2.2.1 Merozoites 

A merozoite is the invasive form of Plasmodium spp. and the smallest cell during the Plasmodium life cycle and, 

with a size of ≈ 1-2 µm, it is also one of the smallest known eukaryotic cells [Bannister et al., 1986]. The merozoite 

contains the conventional organelle repertoire of eukaryotic cells, including an additional four membrane-encased 

DNA containing apicoplast, which is a remnant of a former plastid (Fig. 1.11) [Cowman et al., 2012].  

 

A B 

  

Fig. 1.11 | The Plasmodium falciparum merozoite. (A) Schematic of a P. falciparum merozoite with organelles 
and trafficking routes of secretory organelles. The three major trafficking routes are numbered from 1 to 3. 
Route 1 (rhoptry-directed vesicles) and route 3 (dense granules) are independent of microtubules, while route 
2 represents the targeting of micronemes to the apical pole via subpellicular microtubules. (Adopted from 
[Bannister et al., 2003].) (B) A merozoite rendered image from EM data. Red, apical ring; yellow, small electron-
dense apical organelles; purple, rhoptries; magenta, mitochondrium; green, apicoplast; blue, nucleus; dark 
green basal complex. (Adopted from [Rudlaff et al., 2020].) 
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Underlying the plasma membrane is a membranous network, named the inner membrane complex (IMC), that is 

derived from the secretory pathway. A group of IMC-located proteins form components of the so-called 

glideosome, a motor complex that allows the merozoite to enter the erythrocyte (see 1.2.2.3) [Kono et al., 2013]. 

 

1.2.2.2 Apical complex organelles 

The apical complex, a unique feature of Apicomplexans, comprises secretory organelles such as rhoptries (see 

1.2.2.4), micronemes and exonemes, which are associated with parasite egress [Yeoh & Donnell et al., 2007]. 

Secretory organelles, emanating from the secretory pathways, discharge effector proteins that have crucial roles 

during invasion [Kats et al., 2008]. Merozoites and sporozoites possess all the secretory organelles, whereas 

ookinetes lack rhoptries as well as additional exocytic organelles termed dense granules (see below) [Lal et al., 

2009].  

 

A merozoite contains up to 40 micronemes which resemble log-necked bottles and are translocated via 

subpellicular microtubules from the Golgi apparatus to the apical pole of the parasite, where the subpellicular 

microtubules radiate out from the apical polar rings (Fig. 1.11A) [Bannister et al., 2003]. The content of 

micronemes is secreted into the rhoptry neck and onto the merozoite apex to coordinate the initial attachment 

of the merozoite to the RBC [Riglar et al., 2011]. Proteins found in the micronemes of merozoites are adhesins, 

including the erythrocyte binding antigen (EBA) family (i.a. EBA-175) or apical membrane antigen 1 (AMA1) [Lal et 

al., 2009]. 

 

Dense granules are spherical organelles with a similar size as micronemes. However, dense granules are situated 

non-apically and their discharge takes place after the merozoite enters the RBC [Bannister et al., 2003]. The matrix 

of dense granules is uniformly electron-dense (hence the name), which is due to their high protein content. Once 

invasion is completed, dense granule secretion occurs in the subapical, lateral regions of the parasite. Proteins 

secreted by dense granules cover the PVM to facilitate traffic between the parasite and its host cell [Kats et al., 

2006; De Souza, 2006].  

 

1.2.2.3 Process of erythrocyte invasion 

Once released by the rupture of merosomes (see 1.2.1.2), the merozoites rapidly invade RBCs in a fast, dynamic, 

and multi-step process. The pre-invasion step that takes about 10 seconds is characterised by a dramatic 

deformation of the target erythrocyte to which the merozoite is attached. Internalization of the merozoite takes 

place within 20-60 seconds. After internalization, a period of echinocytosis occurs, which takes between 5-10 

minutes before the erythrocyte returns to its biconcave shape (Fig. 1.12) [Dvorak et al., 1975; Gilson & Crabb, 

2009; Treeck et al., 2009; Yahata et al., 2012]. Little is known about the molecular details of the pre-invasion step. 

Merozoite surface protein 1 (MSP1) is the predominant merozoite surface protein that is anchored to the 

merozoite surface via a GPI linker [Holder, 1994]. MSP1 forms a complex with a number of peripheral proteins on 

the merozoite surface is required for invasion [Cowman et al., 2017]. MSP1 acts as a platform on the merozoite 

surface for at least three large complexes with different peripheral proteins that bind to erythrocytes [Lin et al., 

2016], and it has been implicated in binding directly to both band 3 and glycophorin A on the erythrocyte surface 
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[Baldwin et al., 2015; Goel et al., 2003]. However, merozoites that lack MSP1 are still able to invade erythrocytes, 

suggesting that MSP1 is not essential for invasion [Das et al., 2015]. It is suspected that MSP1 is instead involved 

in displaying proteins on the surface of merozoites to evade host responses [Cowman et al., 2016]. 

 

 
 

Fig. 1.12 | Merozoite invasion of erythrocytes. (A) Initial contact between the merozoite and the RBC is 
mediated by low-affinity interactions. Those interactions occur between merozoite surface proteins and RBC 
surface receptors. The merozoite reorients to bring its apex perpendicular to the red RBC membrane (RBCM) 
so that (B) specific receptor-ligand interactions mediated by EBA and PfRh family members occur, which initiate 
downstream invasion events involving the binding of the (C) PfRh5 complex to the RBCM located basigin (BSG) 
receptor. This causes a Ca2+-flux in the RBC, and microneme secretion is initiated to (D) deposit the RON complex 
into the RBCM and establish the moving junction. (E - G) By an actin-myosin motor driven movement, the 
merozoite is propelled into the RBC, forming a parasitophorous vacuole by discharging rhoptry contents that 
contribute to the formation of the parasitophorous vacuole membrane (PVM) that surrounds the merozoite. 
(H) After sealing the PVM and RBCM, echinocytosis occurs, which is due to the loss of water from the RBC 
cytosol, which is followed by the (I) recovery of RBC homeostasis. (Adopted from [Cowman et al., 2016].) 

 

 

The pre-invasion involves robust interaction between the merozoite and the erythrocyte, which results in a 

parasite actomyosin motor-driven deformation of the host cell. This step involves two families of type 1 membrane 

proteins that are discharged from micronemes (see 1.2.2.2) and rhoptries (see 1.2.2.4) during invasion: the 

erythrocyte binding-like proteins (EBLs) and P. falciparum reticulocyte-binding protein homologues (PfRhs). These 

proteins bind to specific receptors on the erythrocyte surface (i.a. glycophorin A (GPA) and complement receptor 1 

(CR1)) to mediate the reorientation of the merozoite by positioning its apical end toward the erythrocyte 

membrane [Cowman et al., 2016]. Although the function of EBA and PfRh proteins shows redundancy, their overall 

function is essential in P. falciparum [Tham et al., 2012]. EBA and PfRh ligands are involved in the activation of 
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subsequent steps during invasion and mediate the attachment of the merozoite to the erythrocyte surface 

through interaction with several known and unknown ligands on the RBC surface [Weiss, Gilson & 

Taechalertpaisarn et al., 2015]. 

 

After egress from the host cell, merozoites are exposed to low-potassium ion concentrations in the blood plasma. 

This leads to a rise in cytosolic calcium (Ca2+) levels in the parasite which in turn triggers the release of EBA-175 

from micronemes. The binding of EBA-175 to GPA triggers the release of rhoptry proteins to the surface of 

merozoites [Singh & Chitnis, 2012]. Similarly, PfRh1 is linked to Ca2+ signalling in the merozoite [Gao et al., 2013] 

and the phosphorylation of the cytoplasmic tail of PfRh4 by CDPK2 is required for invasion through PfRh4-CR1 

interaction [Tham et al., 2015]. Another PfRh protein with a distinct function in invasion is the essential protein 

PfRh5 [Crosnier & Bustamante et al., 2011]. PfRh5 forms a ternary complex with the parasite Ripr (Rh5 interacting 

protein) and CyRPA (cysteine-rich protective antigen) to interact with basigin (BSG) on the erythrocyte surface 

(Fig. 1.13) [Volz, Yap & Sisquella et al., 2016].  

 

 
 

Fig. 1.13 | Parasite ligand-receptor interactions. Schematic of merozoite surface ligands and erythrocyte 
receptor interactions involved in merozoite invasion. (Adopted from [Cowman et al., 2017].) 

 

The ternary complex is associated with the RBCM to execute the next step in invasion, the formation of a moving 

junction. The merozoite moves, driven by an actomyosin motor, through the junction. As the junction moves to 

the posterior end of the merozoite, it is also referred to as the moving junction (Fig. 1.12). At its core, the moving 

junction is composed of the proteins AMA1 and RON2 [Alexander et al., 2005; Besteiro & Michelin et al., 2009; 

Riglar et al., 2011; Tonkin & Roques et al., 2011]. AMA1 is secreted by micronemes independently of EBA-175 

[Healer et al., 2002] and found on the surface of merozoites where it binds to RON2, which is part of a larger RON 

complex. RON2 is a rhoptry neck protein and is one of the first proteins that are injected into the erythrocyte 

membrane to serve as a receptor for AMA1, which is a mechanism used by apicomplexan parasites to insert their 

own ligand-receptor pair in order to invade their host cells. During invasion, the merozoite surface protein coat is 

shed at the moving junction by a serine protease, also referred as sheddase [Cowman et al., 2017].  

 

The current model of actomyosin-driven movement of the merozoite into the erythrocyte postulates that the 

glideosome links merozoite surface ligands such as EBA-175, PfRhs and AMA1 directly or indirectly to the IMC via 

a transmembrane domain (TMD). Entry into the erythrocyte is powered by an actin-myosin contractile system that 

uses the force of myosin A (MyoA) as a gliding motor to pull filamentous actin. This transmits force into a 

https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1004670
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1004670
https://www.sciencedirect.com/science/article/abs/pii/S1286457912001256?via%3Dihub
https://www.nature.com/articles/ncomms3862
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1005343
https://www.nature.com/articles/nature10606
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(16)30255-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312816302554%3Fshowall%3Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(17)30286-X?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS193131281730286X%3Fshowall%3Dtrue
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0010017
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1000309
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(10)00413-0?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1931312810004130%3Fshowall%3Dtrue
https://science.sciencemag.org/content/333/6041/463.abstract
https://iai.asm.org/content/70/10/5751
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(17)30286-X?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS193131281730286X%3Fshowall%3Dtrue


INTRODUCTION 

23 

movement of the surface ligands from the apex to the posterior end of the merozoite. As the ligands are connected 

to receptors on the erythrocyte surface, the merozoite propels itself into the erythrocyte (Fig. 1.14) [Cowman et 

al., 2016; Koch & Baum, 2016]. 

 

 
 

Fig. 1.14 | Schematic model of actin-myosin motor-mediated merozoite invasion. The current model of 
apicomplexan cell entry is explained by an actin-myosin motor complex. Myosin treadmilling occurs on 
polymerized actin filaments that are connected to the surface ligands which causes the ingress of the parasite. 
ER, endoplasmic reticulum. (Adopted from [Koch & Baum, 2016].)  

 

 

1.2.2.4 Rhoptries 

Rhoptries are the most prominent of the secretory organelles and are synthesized de novo during schizogony 

through the intra-erythrocytic parasite development, but they are also present in sporozoites. These pear-shaped, 

membrane-bound organelles are an unique feature of Apicomplexans and can be morphologically separated into 

an apical duct (the rhoptry neck) and a larger region (the rhoptry bulb) [Counihan & Kalanon et al., 2013]. The 

overall size of rhoptries is about 650 nm in length and 300 nm at the base (bulb). Each region contains a different 

set of proteins that are secreted sequentially [Bannister et al., 2000]. To date, more than thirty rhoptry neck and 

bulb proteins have been identified in P. falciparum [Haase et al., 2008; Kats et al., 2006; Wickramarachchi & Devi 

et al., 2008]. The molecular details of i) the rhoptry biogenesis, ii) how proteins traffic through the secretory 

pathway, specifically to the rhoptries (and for instance not to the micronemes) and iii) rhoptry protein segregation 

within the rhoptry (bulb vs neck) are sparse [Counihan & Kalanon et al., 2013].  

All luminal rhoptry proteins display an N-terminal signal peptide (SP), which allows their trafficking through the 

conventional eukaryotic secretory pathway via the ER and Golgi [Deponte et al., 2012]. Rhoptries are formed by 

the fusion of endosome-like vesicles derived from the Golgi. These vesicles deliver proteins to the rhoptries in a 

process that appears to depend on the adaptor protein complex AP-1 [Kaderi Kibria & Rawat et al., 2015]. Studies 

in P. falciparum as well as in T. gondii [Agop-Nersesian et al., 2009; Bradley et al., 2005] have localized the small 

GTPase Rab11A to the rhoptry membrane. Two other GTPases, Rab5A and Rab5C, as well as dynamin-related 

proteins (Drps), have also been shown to be important regulators of vesicular traffic of the rhoptries (and 

micronemes) [Breinich et al., 2009; Kremer et al., 2013]. 
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https://www.cell.com/trends/parasitology/fulltext/S1471-4922(13)00037-8?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1471492213000378%3Fshowall%3Dtrue
https://www.cambridge.org/core/journals/parasitology/article/ultrastructure-of-rhoptry-development-in-plasmodium-falciparum-erythrocytic-schizonts/4080B1DB172ADF74E22398B15CA9D933
https://iai.asm.org/content/76/3/879.abstract
https://www.sciencedirect.com/science/article/abs/pii/S1471492206000961
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0001732
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https://www.cell.com/trends/parasitology/fulltext/S1471-4922(13)00037-8?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS1471492213000378%3Fshowall%3Dtrue
https://www.sciencedirect.com/science/article/pii/S016668511200240X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0167488914004650?via%3Dihub
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As the rhoptry matures, the rhoptry neck and rhoptry bulb are sub-compartmentalized [Bannister et al., 2000]. 

Luminal rhoptry proteins are heterologous and include soluble proteins, transmembrane proteins, and GPI-

anchored proteins. They are involved in invasion as well as the formation of the PVM [Kats et al., 2006, 2008] and 

nutrient uptake [Counihan et al., 2017]. Formation of the junction likely triggers the discharge of the rhoptry bulb 

to release the proteins and lipids required for the formation of the PV and PVM [Riglar et al., 2011]. 

 

1.2.2.5 The rhoptry surface proteins ARO, CERLI1 and AIP 

In addition to signal peptide containing rhoptry proteins, three other proteins, PfARO, PfCERLI1 (PfRASP2) and 

PfAIP [Cabrera et al., 2012; Liffner et al., 2019; Mueller et al., 2013, 2016; Suarez et al., 2019] are associated with 

the rhoptry membrane. These proteins lack a signal peptide and are located at the cytosolic face of this organelle. 

PfCERLI1 (PfRASP2) localizes to the rhoptry bulb membrane and its knockdown disrupts merozoite invasion as the 

secretion of key rhoptry antigens, such as RON4 and Rh4 that coordinate merozoite invasion, is inhibited [Liffner 

et al., 2019; Suarez et al., 2019]. TgRASP2 - The T. gondii rhoptry apical surface protein 2 (a homologue of PfCERLI2) 

binds specifically to charged lipids such as phosphatidic acid (PA) and phosphatidylinositol 4,5-bisphosphate 

(PI(4,5)P2). The binding is presumably mediated by a calcium lipid-binding-like domain (C2) and a pleckstrin 

homology-like (PH) domain. It has been suggested that TgRASP2 binds to PA and PI(4,5)P2, which are concentrated 

at the apex of the PPM, to facilitate the close apposition of the rhoptry towards the PPM. Subsequently, the 

recruitment of hypothetical membrane fusion machinery proteins, such as SNARE proteins, could be initiated 

[Suarez et al., 2019]. 

 

PfARO - the P. falciparum Armadillo (ARM) repeats only protein has been identified in the P. falciparum genome 

and localized to the rhoptries [Hu et al., 2010]. Consecutive work has shown that PfARO membrane attachment is 

accomplished by co- and post-translational modification (PTM) with the fatty acids myristate and palmitate. These 

modifications are catalyzed by N-myristoyl transferase (NMT) and palmitoyl acyl transferase (PAT) [Cabrera et al., 

2012]. In T. gondii, the knockdown of the rhoptry membrane-localized PAT TgDHHC7 causes the dispersion of 

rhoptries in the cytosol, resulting in a disruption of invasion [Beck et al., 2013]. 

Recombinant expression and its subsequent purification allowed for the structural determination of PfARO (PDB 

accession: 5EWP). The structure of PfARO (residue 32-274) was solved by single-wavelength anomalous dispersion 

phasing (using a selenomethionine-derivatized protein) to a resolution of 1.8 Å [Geiger & Brown et al., 2020]. The 

PfARO32-274 monomer (Fig. 1.15) comprises five ARM-like repeats, each containing three α-helices. Although the 

first ARM repeat (Fig. 1.15A, purple) is similar to the other four ARM repeats in terms of fold, it differs in the 

relative positioning of its first helix and is therefore a somewhat atypical or ‘degenerate’ ARM repeat. Similar to 

what is observed in other ARM-containing proteins such as β-Catenin (PDB accession: 2I22), helices from adjacent 

ARM repeats of PfARO stack in a head-to-tail fashion, resulting in an elongated right-handed superhelix. As shown 

in Fig. 1.15B, PfARO exhibits an overall shape that resembles a kidney bean with the concave surface formed by 

the last helix from each ARM repeat. 

 

 

 

https://www.cambridge.org/core/journals/parasitology/article/ultrastructure-of-rhoptry-development-in-plasmodium-falciparum-erythrocytic-schizonts/4080B1DB172ADF74E22398B15CA9D933
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Fig. 1.15 | Structure of PfARO protein. (A) Front and rear view of PfARO (PDB: 5EWP) structure. Each ARM-like 
domain is colored separately (ARM1, purple; ARM2, gold; ARM3, green; ARM4, cyan; ARM5, blue). Individual 
alpha (α) helices are labeled in sequential order starting with α1. N and C indicate residues L32 and T274, 
respectively. Surface exposed loop1 (S60 to T80) and loop2 (E203 to L214) are indicated by L1 (red) and L2 
(magenta), respectively. (B) Surface electrostatic map of PfARO. Front and rear views of PfARO are presented. 
The front view (left) is oriented identically to the left structure shown in (A). The rear view is oriented identically 
to the right structure shown in (A). The electrostatic surface potential scale is from 5 kT/e (red) to +5 kT/e (blue). 
Light grey indicates neutral electrostatic potential. 

 

Similar to ARM repeat proteins such as importin α7 (PDB accession: 4UAD, 6N88), the concave surface of PfARO 

has been suggested to potentially function as an interaction surface for PfARO binding partners [Geiger & Brown 

et al., 2020]. In addition to its distinct shape, the surface has a significant negative charge (Fig. 1.15B) that might 

help mediate interaction. The electrostatic surface potential of PfARO is not evenly distributed. While the front 

side (Fig. 1.15B, left) of PfARO is slightly positive, the opposing rear side is almost entirely covered with a negative 

charge, suggesting that the rear side may be well suited for interaction with a positively charged protein or helps 

to orient PfARO relative to a positively charged surface.  

Perhaps the most notable feature of the PfARO structure is the presence of two loops inserted between α2- α3 of 

ARM1 and α11- α12 of ARM4 (Fig. 1.15A). Both loops protrude from the same surface. However, loop1 (residue 

60-80) is considerably larger than loop2 (residue 203-214) and contains a surprisingly large number of highly 

conserved residues (S1, Appendix). In fact, loop1 and the adjacent helix α3 represent the most highly conserved 

region of PfARO (Fig. 1.15A). Residues from the apex of loop1 (residues 71-78) extend toward α3, forming a 

continuous surface of highly conserved residues between these elements in 3-dimensional space. As such, this 

region is expected to be important for PfARO function by mediating interaction with binding partners. 

 

It has been shown that the T. gondii homologue TgARO is necessary for the correct positioning of rhoptries to the 

apical pole and that its depletion recapitulates the phenotype of dispersed rhoptries observed for TgDHHC7 

knockdown [Beck et al., 2013; Mueller et al., 2013]. It has been further shown that TgARO interacts with the motor 

protein myosin F (TgMyoF) and ARO interacting protein (TgAIP), which recruits the key regulator enzyme 

adenylate cyclase β (TgACβ) to a rhoptry neck sub-compartment [Mueller et al., 2013, 2016]. TgACβ is unstable 

upon TgAIP knockout and no longer recruited to this sub-compartment, but TgARO’s location is unchanged 

[Mueller et al., 2016]. Through the depletion of different ARM repeats of TgARO, the authors demonstrated that 

https://www.sciencedirect.com/science/article/pii/S0022283619307338?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022283619307338?via%3Dihub
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1003162
https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://jcs.biologists.org/content/129/5/1031.abstract
https://jcs.biologists.org/content/129/5/1031.abstract
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each ARM repeat is necessary for rhoptry positioning to the parasite apex (Fig. 1.16). Interestingly, TgAIP 

knockdown did not result in a disruption in invasion and no defect in parasite proliferation is reported. 

Furthermore, PfARO was able to functionally complement TgARO [Mueller et al., 2013, 2016]. This might point 

towards a conserved mode of rhoptry biogenesis and discharge across the Apicomplexa phylum.  

 

 
 
Fig. 1.16 | Summarized model visualizing the effect of TgARO mutations and TgAIP knockdown on rhoptry 
positioning. The upper box shows the parasite during endodyogeny with nascent rhoptries (red) in the forming 
daughter cells. Ultrastructural changes on rhoptry positioning are shown for TgARO mutant lines (A-C) that 
allow anhydrotetracycline (ATc) induced knockout of endogenous TgARO (ARO-iKO) while stably expressing 
mutated versions of TgARO. (A) Parasites expressing wild-type TgARO (B) Parasites expressing mutated versions 
of TgARO where ARM repeats 3 and 4 were deleted (ΔARM3,4). (C) Parasites expressing a mutated version of 
TgARO where ARM repeat 6 was deleted (ΔARM6). In situation A, rhoptries are located at the apical end. In 
situation B, rhoptries are randomly dispersed throughout the cytosol. In situation C, rhoptries are dispersed but 
bundled together. The lower box shows (from D-F) schematics of the interactions between wild-type TgARO or 
its mutants with TgAIP and TgACβ. (Adopted from [Mueller et al., 2016].) 

 

1.3 Aims of this thesis 

Despite intensive research over the past years, rhoptry morphogenesis is still largely elusive. This work aims to 

i) identify and locate a homologue of TgAIP in the related species P. falciparum as well as to functionally analyze 

this protein using a conditional functional inactivation method, ii) use emerging structural information of the 

PfARO protein - that allows a mutational approach to determine PfARO/PfAIP interaction, and iii) use proximity-

based biotinylation to identify PfAIP interacting proteins. 
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CHAPTER 2 MATERIALS & METHODS 
 

2.1 Materials 

 

2.1.0 Technical devices 

 

Device Specifications Brand/Distributor 

Agarose gel chamber Wide Mini-Sub© Cell GT basic Bio-Rad, München 

Analytical Balance 870 
572 

Kern & Sohn, Balingen 

Blot device 
Cooling unit 
Electrode assembly 
Foam pads 
Gel holder cassettes 

Mini-PROTEAN Tetra Cell System Bio-Rad, München 

Centrifuge Megafuge 1.0R 
J2-HS Ultracentrifuge 
Rotor JA-12 
Avanti J-26S XP 
Rotor JA-14 

Heraeus, Hannover 
Beckmann Coulter, Krefeld 
 
Beckmann Coulter, Krefeld 

Table Centrifuge Eppendorf 5415D Eppendorf, Hamburg 

Casting stand 
Casting plates 
Casting frames 
12-well combs 

Mini Protean Bio-Rad, München 

Cell-Separator VarioMACSTM Miltenyi Biotech, Bergisch 
Gladbach 

Electrophoresis chamber Mini Protean 67s Bio-Rad, München 

Electroporator Nucleofector II AAD-1001N Amaxa Biosystems, Germany 

Flow cytometer LSR II 
NovoCyte® 

BD Instruments, USA 
ACEA Biosciences Inc. 

Ice machine EF 156 easy fit Scotsmann, Vernon Hills, USA 

Imaging system ChemiDoc XRS+ imaging system 
Odyssey© Fc imaging system 

Bio-Rad, Müchen 
LI-COR Biosciences 

Incubator Heratherm IGS400 
Innova 40 
Max Q4000 
Thermo function line 

Thermo Fisher Scientific 
New Brunswick Scientific 
Barnstead, Iowa/USA 
Heraeus, Hannover 

Fluorescence microscope Axio Imager M1 Zeiss, Jena 

Light microscope Axio Lab A1 Zeiss, Jena 

Magnetic stirrer RSM-10HP PHOENIX Instrument 

Digital microscope camera Orca C4742-95 Hamamatsu Photonics K.K. 
Systems, Japan 

Microwave Micro 750W Whirlpool, China 

Laboratory scale Atilon Acculab Sartorius, Göttingen 

PCR cycler C1000 TouchTM Thermo Cycler 
Mastercycler EP gradient 

Bio-Rad, Munich 
Eppendorf, Hamburg 

Photometer BioPhotometer plus Eppendorf, Hamburg 

pH-meter SevenEasy Mettler-Toledo, Gießen 

Pipettes 1-10/200/1000 µl Gilson, Middleton, USA 

Pipettor Matrix CellMate II 
Pipetboy acu 

Thermo Fisher Scientific 
IBS, USA  

Power supply Consort EV231 Merck, Darmstadt 



MATERIAL & METHODS 

28 

PowerPac basic Bio-Rad, Munich 

Roller mixer SRT 6D Stuart 

Spectrophotometer NanoDrop 2000c Thermo Fisher Scientific 

Safety cabinet Steril Gard III Advance 
Safe 2020 

Baker, Stanford USA 
Thermo Fisher Scientific 

Thermoblock Thermomixer F1.5 Eppendorf, Hamburg 

Ultrapure water purification 
system 

Milli Q Millipore 

UV transilluminator PHERO-lum 289 Biotec Fischer, Reiskirchen 

Vacuum pump BVC Control Vacuubrand, Deutschland 

Vortexer Vortex-Genie 2 Scientific Industries, USA 

Waterbath 1083 GFL, Burgwedel 

 

2.1.1 Chemicals 

 

Reagent Brand/Distributor 

Acetic acid (C2H4O2) Roth, Karlsruhe 

Acrylamide/Bisacrylamide solution (40 %) Roth, Karlsruhe 

Agar LB (Lennox) Roth, Karlsruhe 

Agarose Invitrogen, USA 

AlbumaxII Gibco, Life Technologies, USA 

Albumin bovine fraction V (BSA) Biomol, Hamburg 

Ammonium persulfate (APS) Applichem, Darmstadt 

Ampicillin Roche, Mannheim 

BactoTM yeast extract 
BactoTM Peptone 

BD, USA 

Biotin Sigma-Aldrich, Steinheim 

Blasticidin S (BSD) Invitrogen, USA 

Bromophenol blue Roth, Karlsruhe 

Calcium chloride (CaCl2) Sigma-Aldrich, Steinheim 

ClarityTM Western ECL Substrate Bio-Rad 

Coomassie Brilliant Blue G-250 Merck, Darmstadt 

Cut Smart® reaction buffer NEB, Ipswich, USA 

Dako Fluorescence mounting medium DAKO, Hamburg 

4’,6-diamidino-2-phenylindole (DAPI) Roche, Mannheim 

Dihydroethidium (DHE) Cayman, Ann Arbor, USA 

Deoxynucleotides (dNTPs)  Thermo Fisher Scientific, Lithuania 

Dihydroethidium (DHE) Cayman Chemical, Michigan, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

Dipotassium phosphate (K2HPO4) Merck, Darmstadt 

Disodium phosphate (Na2HPO4) Roth, Karlsruhe 

1,4,-dithiothreitol (DTT) Biomol, Hamburg 

Dulbecco’s phosphate buffered saline (DPBS) PAN, Biotech, Aidenbach 

Ethanol Roth, Karlsruhe 

Ethidium bromide (EtBr) Sigma-Aldrich, Steinheim 

Ethylene glycol-tetraacetic acid (EGTA) Biomol, Hamburg 

FIREPol® reaction buffer Solis BioDyne, Estonia 

Formaldehyde 10%, methanol free, ultra-pure Polysciences, Hirschberg 

G418 disulfate salt (Neomycin) Sigma-Aldrich, Steinheim 

Gentamicin Ratiopharm, Ulm 

Giemsa’s azure, eosin, methylene blue solution 
D-Glucose 
Glycerol 

Merck, Darmstadt 

Glutardialdehyde (25 %) Roth, Karlsruhe 
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Glycine Biomol, Hamburg 

4-(2-Hydroxyethyl)-1-piperazineethane- 
sulfonic acid (HEPES) 

Roche, Mannheim 

Hoechst 33342 (Ho33342) Chemodex, Switzerland 

Hydrochloric acid (HCl) Merck, Darmstadt 

Hypoxanthine Sigma-Aldrich, Steinheim 

Isopropanol Roth, Karlsruhe 

Magnesium chloride (MgCl2) Merck, Darmstadt 

Methanol (MeOH) Roth, Karlsruhe 

3-(N-morpholino)propanesulfonic acid (MOPS) Sigma-Aldrich, Steinheim 

Milk powder Roth, Karlsruhe 

Percoll GE Healthcare, Sweden 

Phenylmethylsulfonylfluoride (PMSF) Sigma-Aldrich, Steinheim 

Phusion® HF reaction buffer NEB, Ipswich, USA 

Potassium chloride (KCl) 
Potassium dihydrogen phosphate (KH2PO4) 

Merck, Darmstadt 

Protease inhibitor cocktail ("Complete 
Mini") (PIC) 

Roche, Mannheim 

Rapalog (A/C Heterodimerizer AP21967) Clontech, Mountain View, USA 

Rubidium chloride (RbCl) Sigma-Aldrich, Steinheim 

RPMI (Roswell Park Memorial Institute)-Medium Applichem, Darmstadt 

Saponin Sigma-Aldrich, Steinheim 

Sodium acetate (C2H3NaO2) Merck, Darmstadt 

Sodium bicarbonate (NaHCO3) Sigma-Aldrich, Steinheim 

Sodium chloride (NaCl) Gerbu, Gaiberg 

Sodium dodecyl sulfate (SDS) Applichem, Darmstadt 

Sodium dihydrogen phosphate (NaH2PO4) Roth, Karlsruhe 

Sodium hydroxide (NaOH) Merck, Darmstadt 

Sorbitol Sigma-Aldrich, Steinheim 

SYBR® Green Sigma-Aldrich, Steinheim 

N, N, N, N-Tetramethylethylenediamine (TEMED) Merck, Darmstadt 

Triethylammonium bicarbonate buffer (TEAB) Sigma-Aldrich 

Tris base Roth, Karlsruhe 

Tris-EDTA (TE) Invitrogen, Karlsruhe 

Triton X-100 Biomol, Hamburg 

TWEEN-20 Merck, Darmstadt 

T4 DNA ligase reaction buffer NEB, Ipswich, USA 

Water for molecular biology (Ampuwa) Fresenius Kabi, Bad Homburg 

WR99210 (WR) Jacobus Pharmaceuticals, Washington, USA 

Yeast extract Becton Dickinson, Heidelberg 

 

2.1.2 Labware & disposables 

 

Labware and disposables Specifications Brand/Distributor 

Conical FalconTM tubes 
Cryotubes 
Culture bottles 

15 ml, 50 ml 
1.6 ml 
50 ml 

Sarstedt, Nümbrecht 

DAKO Pen  DAKO, Hamburg 

Disposable pipette tips 1-10/20-200/100-1000 µl Sarstedt, Nümbrecht 

Filter, round 150 mm Macherey-Nagel, Düren 

Filter tips 1-10/20-200/100-1000 µl Sarstedt, Nümbrecht 

Flow cytometry tubes 75x12 mm Sarstedt, Nümbrecht 

Glass cover slips 24x65 mm  
0.13-0.16 mm thickness 

R. Langenbrinck, Emmendingen 
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Glass slides  Engelbrecht, Edermünde 

Gloves, latex  Kimtech Science EcoShieldTM 

Gloves, purple, nitrile  Kimtech Science 

Leukosilk tape  BSN medical GmbH 

Low protein binding tubes 1.5 ml Thermo Fisher Scientific 

MACS cell separation column  Miltenyi Biotech 

Nitrocellulose blotting membrane 
Protran® 

Amersham 0.45 µm GE Healthcare, Deutschland 

One way cannula  Braun, Melsungen 

Parafilm  Bemis, USA 

Pasteur pipette  Brand, Wertheim 

Pierce™ Spin Columns - Snap Cap  Thermo Fisher Scientific 

PCR Reaction tubes 
Petri dishes 
Plastic pipettes 

Multiply-µmStrip Pro 8-Strip 
15x60mm, 14x90 mm  
5/10/25 ml 

Sarstedt, Nümbrecht 
 

Reaction tubes 1.5 ml/2 ml Sarstedt, Nümbrecht 
Eppendorf, Hamburg 

Scalpel Braun, Tuttlingen  

Sterile filter 0.22 µm Sarstedt, Nümbrecht 

Transfection cuvettes 0.2 cm Bio-Rad, München 

WhatmanTM chromatography 
paper 

3 MM Chr GE Healthcare 

 

2.1.3 Kits 

 

Designation Manufacturer/Distributor 

NucleoSpin© Plasmid Kit Macherey-Nagel, Düren 

NucleoSpin© Gel and PCR cleanup  Macherey-Nagel, Düren 

QIAamp© DNA Mini Kit Qiagen, Hilden 

QIAGEN© Plasmid Midi Kit Qiagen, Hilden 

Western Blot ECL-ClarityTM Detection Kit Bio-Rad, USA 

 

2.1.4 DNA- and protein-ladders 

 

Designation Manufacturer/Distributor 

GeneRulerTM 1 kb DNA Ladder Thermo Fisher Scientific, Schwerte 

PageRulerTM prestained protein ladder Thermo Fisher Scientific, Schwerte 

PageRulerTM (Plus) prestained protein ladder Thermo Fisher Scientific, Schwerte 
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2.1.5 Media, buffers and solutions 

 

2.1.5.1 Solutions and buffers for bacterial culture 

 

10x LB medium stock solution 10 % NaCl 

5 % peptone 

10 % yeast extract 

in dH2O 

autoclaved 

 

1x LB medium working solution 1:10 dilution of 10x LB medium stock solution 

in autoclaved dH2O 

 

LB Agar plate solution 1.5 % Agar-Agar  

10 % NaCl 

5 % peptone 

10 % yeast extract 

in dH2O 

autoclaved 

 

Ampicillin stock solution 100 mg/ml in 70 % ethanol 

 

Glycerol stabilate solution 50 % (v/v) glycerol in 1x LB working solution 

 

Buffers for competent E. coli cells 

 

TFBI buffer 30 mM acetic acid 

50 nM MnCl2 

100 mM RbCl 

10 mM CaCl2 

15 % (v/v) glycerol 

pH 5.8 (with 0.2 M Acetic acid) 

ad 500 ml dH2O 
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TFBII buffer 10 mM MOPS 

75 mM CaCl2 

10 mM RbCl 

15 % (v/v) glycerol 

pH 7.0 (with NaOH) 

ad 500 ml dH2O 

 

2.1.5.2 Solutions and buffers for DNA precipitation and analyses 

 

Agarose gel 0.5 - 2 % Agarose in 1x TAE buffer 

 

Ethanol 100 %, 70 % in dH20 

 

Sodium acetate 3 M, pH 5.2 

 

Tris-EDTA (TE) buffer 10 mM Tris-HCl, pH 8.0 

1 mM EDTA 

in dH20 

autoclaved 

 

50x TAE (Tris-acetate) buffer 2 M Tris base 

1 M Acetic acid 

50 mM EDTA 

pH 8.5 

in dH20 

autoclaved 

 

1x TAE buffer 1:50 dilution of 50x TAE buffer in dH2O 

 

6x Loading buffer 40 % Glycerol (v/v) 

2.5 % (w/v) Xylene cyanol 

2.5 % (w/v) Bromophenol blue 

in dH2O 
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2.1.5.3 Solutions and buffers for parasite culture and cell biology experiments 

 

P. falciparum in vitro culture 

 

RPMI complete medium 1.587 % (w/v) RPMI 1640 

12 mM NaHCO3 

6 mM D-Glucose 

0.5 % (v/v) Albumax II 

0.2 mM Hypoxanthine 

0.4 mM Gentamicin 

pH 7.2 

in dH2O 

sterile filtered 

 

10 % Giemsa solution 10 ml Giemsa’s azure, eosin, 

methylene blue solution 

90 ml dH2O 

 

Synchronization solution 5 % (w/v) D-Sorbitol 

in dH2O 

sterile filtered 

 

Amaxa transfection buffer 90 mM NaPO4 

5 mM KCl 

0.15 mM CaCl2 

50 mM HEPES 

pH 7.3 

in dH2O 

sterile filtered 

 

Malaria freezing solution (MFS) 4.2 % D-sorbitol 

0.9 % NaCl 

28 % Glycerol 

in dH2O 

sterile filtered 

 

Malaria thawing solution (MTS) 3.5 % NaCl in dH2O, sterile filtered 

 

WR99210 stock solution 20 mM WR99210 in DMSO 
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WR99210 working solution 1:1,000 dilution of WR99210 stock solution 

in RPMI complete medium, sterile filtered 

 

Blasticidin S (BSD) working solution 5 mg/ml BSD in RPMI complete medium,  

sterile filtered 

 

DHE stock solution (10x) 5 mg DHE in 1 ml DMSO 

 

DHE working solution (1x) 1:10 dilution of DHE stock solution in dH2O 

 

Ho33342 stock solution (10x) 4.5 mg Ho33342, in 1 ml DMSO 

 

Ho33342 working solution (1x) 1:10 dilution of Ho33342 stock solution in dH2O 

 

Flow cytometry stop solution 0.5 μl Glutaraldehyde (25 %) 

in 40 ml RPMI complete medium 

 

G418 working solution 50 mg/ml in RPMI complete 

medium 

sterile filtered 

 

Rapalog (AP21967) stock solution 500 µM AP21967 in ethanol 

 

Rapalog working solution 1:20 dilution of rapalog stock solution  

in RPMI complete medium 

sterile filtered 

 

Human red blood cells sterile concentrate, blood group 0+ 

Blood bank Universitätsklinikum 

Eppendorf (UKE), Hamburg 

 

Solutions for cell biology and biochemical assays 

 

Parasite lysis buffer 4 % SDS 

0.5 % Triton X-100 

0.5x PBS 

in dH2O 

 



MATERIAL & METHODS 

35 

Percoll stock solution 90 % (v/v) Percoll 

10 % (v/v) 10x PBS 

 

60 % Percoll solution 6.7 ml Percoll stock solution 

3.3 ml RPMI complete medium 

0.8 g Sorbitol 

sterile filtered 

 

Saponin lysis buffer Saponin 0.03 % (w/v) in DPBS 

 

RIPA buffer 10 mM Tris/HCl pH 7.5 

150 mM NaCl 

0.1 % SDS 

1 % Triton X-100 

1 mM PMSF 

2x Protease inhibitor cocktail 

in dH2O 

 

Dilution buffer 10 mM Tris/HCl pH 7.5 

150 mM NaCl 

1 mM PMSF 

2x Protease inhibitor cocktail 

in dH2O 

 

2.1.5.4 Solutions and buffers for protein analyses 

 

SDS-Page and Western blot 

 

10x Running buffer stock solution 250 mM Tris base 

1.92 M Glycine 

1 % (w/v) SDS 

in dH2O 

 

1x Running buffer working solution 1:10 dilution of 10x Running buffer stock solution 

in dH2O 

 

Ammonium persulfate 10 % (w/v) in dH2O 
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Separating gel buffer 1.5 M Tris-HCl, pH 8.8 in dH2O 

 

Stacking gel buffer 1 M Tris-HCl, pH 6.8 in dH2O 

 

Stacking gel (for two gels, 5 % acrylamide) 0.75 ml stacking gel buffer 

4.35 ml dH2O 

750 µl acrylamide (40 %) 

60 µl SDS (10 %) 

60 µl APS (10 %) 

6 µl TEMED 

 

Separating gel (for two gels, 12% acrylamide) 2.5 ml running gel buffer 

4.2 ml dH2O 

3 ml acrylamide (40 %) 

100 µl SDS (10 %) 

100 µl APS (10 %) 

4 µl TEMED 

 

6x SDS sample buffer 375 mM Tris-HCl pH 6.8 

12 % (w/v) SDS 

60 % (v/v) Glycerol 

0.6 M DTT 

0.06 % (w/v) Bromophenol blue 

 

Coomassie de-staining solution 50 ml H2O 

40 ml methanol 

10 ml acetic acid 

 

10x Western blot transfer buffer  

stock solution 

250 mM Tris-Base 

1.92 M glycerol 

0.1 % (w/v) SDS 

in dH2O 

 

1x Western blot transfer buffer 

working solution 

10 % dilution of 10x Western blot transfer buffer stock 

solution 

20 % Methanol 

in dH2O 

 

Blocking solution 5 % (w/v) milk powder in 1xPBS 
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Washing buffer (PBS-Tween) 1xPBS 

0.05 % Tween-20 

 

2.1.6 Bacterial and Plasmodium strains 

 

P. falciparum strain 3D7 clone of NF54 isolated from an airport malaria patient, 

near Schiphol Airport, Amsterdam, 

Netherlands 

 

Bacterial strain E. coli XL-10 Gold Tetr Δ(mcrA)183 

Δ(mcrCB-hsdSMR-mrr)173 

endA1 supE44 thi-1 recA1 

gyrA96 relA1 lac Hte [F’ proAB 

lacIqZΔM15 Tn10 (Tetr) Amy 

Camr] 

 

2.1.7 DNA-polymerases and enzymes 

 

DNA-Polymerase Concentration (units/µl) Manufacturer/Distributor 

FirePol® DNA Polymerase 5 Solis BioDyne, Estonia 

Phusion® High-Fidelity DNA 
Polymerase 

2 NEB, Ipswich, USA 

 

Ligase Concentration (units/µl) Manufacturer/Distributor 

T4 DNA-Ligase 400 NEB, Ipswich, USA 

 

Phosphatase Concentration (units/µl) Manufacturer/Distributor 

Alkaline Phosphatase, Calf 
Intestinal (CIP) 

5 NEB, Ipswich, USA 

 

Restriction enzyme (cut site) Concentration (units/µl) Manufacturer/Distributor 

AvrII (C’CTAGG) 5 NEB, Ipswich, USA 

BamHI-HF® (G’GATCC) 20 NEB, Ipswich, USA 

EcoRI-HF® (G’AATTC) 20 NEB, Ipswich, USA 

EcoRV-HF® (GAT’ATC) 20 NEB, Ipswich, USA 

KpnI-HF® (G’GTACC) 20 NEB, Ipswich, USA 

MluI-HF® (A’CGCGT) 20 NEB, Ipswich, USA 

NotI-HF® (GC’GGCCGC) 20 NEB, Ipswich, USA 

SalI-HF® (G’TCGAC) 20 NEB, Ipswich, USA 

 

Protease  Manufacturer/Distributor 

Trypsin  Roche, Mannheim 
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2.1.8 Antibodies 

  Dilution/Application Source 

 

Primary 
antibodies 

Aldolase (rabbit) 1:2,000 for Western blot Mesén-Ramírez et al., 
2016 

anti-GFP (mouse) 1:1,000 for Western blot Roche, Mannheim 
anti-mCherry (rat) 1:1,000 for Western blot Chromotek, München 
anti-RALP1 (rabbit) 1:500 for IFA Haase et al., 2008 

 

Secondary 
antibodies 

anti-mouse-HRP (rabbit)1) 1:3,000 for Western blot Dianova, Hamburg 
anti-rabbit Alexa Fluor®594 (goat) 2) 1:2,000 for IFA Invitrogen 
anti-rat-HRP (goat)1) 1:3,000 for Western blot Dianova, Hamburg 
IRDye®800CW streptavidin2) 1:1,000 for Western blot LI-COR Biosciences 
anti-rat IRDye®800CW (goat)2) 1:5,000 for Western blot LI-COR Biosciences 
anti-mouse IRDye®680RD (goat)2) 1:5,000 for Western blot LI-COR Biosciences 
anti-rabbit IRDye®800CW (goat)2) 1:10,000 for Western blot LI-COR Biosciences 
Streptavidin-HRP1) 1:1,000 for Western blot Thermo Fisher Scientific 

 

Antibody 
coupled 
beads 

GFP-TRAP 
RFP-TRAP 

IP 
IP 

Chromotek, München 
Chromotek, München 

Streptavidin-Sepharose BioID pulldown GE Healthcare life 
sciences 

 

1) used in combination with the ChemiDoc XRS+ imaging system (see 2.2.5.4) 

2) used in combination with the Odyssey© Fc imaging system (see 2.2.5.4) 
 

2.1.9 Oligonucleotides 

 

Oligonucleotide 
(ordered from Sigma-Aldrich) 

Sequence (restriction site written in lower case characters, mutations written 
in bold characters) 

PfAIP_fwd_pARL_forced_NotI GGCgcggccgcTAACTTTTTTGATTTGGAAGAAGGC 

PfAIP_rev_pARL_AvrII GGCcctaggTCTTAACATATCTTGATTAACAC 

PfAIP_check_integration_fwd GGTAATGTCTTACACAAAGAATAATATTTTAC 

GFP_as_272 CCTTCGGGCATGGCACTC 

PfARO_wt_fwd_KpnI GCGCggtaccATGGGAAATAATTGCTGTGC 

PfARO_rev_AvrII GCGCcctaggATCCGTTAGTCTCAATAAGAGAACATTG 

PfAIP_fwd_MluI GCGCacgcgtATGGATAAATTAATAAAAGAAAATATTAATG 

PfAIP_rev_SalI GCGCgtcgacTCTTAACATATCTTGATTAACACTAAC 

PfARO_mut1_PCRprod1_rev GGGGTCAGCAGCACTAGGATCCATTCTATCTTC 

PfARO_mut1_PCRprod2_fwd GAAGATAGAATGGATCCTAGTGCTGCTGACCCC 

PfARO_mut2_PCRprod1_rev CTAAAATTGCCAATTCAGTTGCGGAATCTGCACCAATAG 

PfARO_mut2_PCRprod2_fwd CTATTGGTGCAGATTCCGCAACTGAATTGGCAATTTTAG 

PfARO_mut3_PCRprod1_rev GATAATGCACCAATTGCTTTACCGTCAGCAGCCCAAG 

PfARO_mut3_PCRprod2_fwd CTTGGGCTGCTGACGGTAAAGCAATTGGTGCATTATC 

PfARO_mut4_PCRprod1_rev GATAAAGCAACAACAGCAGCATGTACTTGATTTAATTCGTGTG 

PfARO_mut4_PCRprod2_fwd CACACGAATTAAATCAAGTACATGCTGCTGTTGTTGCTTTATC 

PfARO_mut5_PCRprod1_rev GAGTTGCGGATAATGCACCAATAGTTTCGCATGTTGAAGAACATAAGTTTAC 

PfARO_mut5_PCRprod2_fwd GTAAACTTATGTTCTTCAACATGCGAAACTATTGGTGCATTATCCGCAACTC 

PfARO_mut6_PCRprod1_rev CATTGTCAACGGATAAATCTGATAAAGCAACAACAGCAGC 

PfARO_mut6_PCRprod2_fwd GCTGCTGTTGTTGCTTTATCAGATTTATCCGTTGACAATG 

FKBP39rev (sequencing) TTGACCTCTTTTTGGAAATGTACG 

pA_as (sequencing) CAGTTATAAATACAATCAATTGG 

https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1005618
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1005618
https://iai.asm.org/content/76/3/879.abstract
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2.2 Methods 

 

2.2.0 Cloning strategies 

For the generation of the transgenic cell line PfAIP-2xFKBP-GFP (AIPendo), the 3’end of the gene (634 bp) was PCR 

amplified (see 2.2.3.1) from P. falciparum strain 3D7 genomic DNA (gDNA) and cloned into the pSLI-2xFKBP-GFP 

vector [Birnbaum & Flemming et al., 2017] in frame with 2xfkbp-gfp using Not/AvrII restriction sites. For co-

localization studies, the AIPendo cell line was transfected with an over-expression vector expressing PfARO-mCherry 

under the control of the late stage specific ama-1 promoter using a BSD resistance cassette for selection [Cabrera 

et al., 2012]. To generate the PfARO-mCherry vector, the Pfaro gene was amplified from cDNA using the primer 

combination PfARO_wt_fwd_KpnI/PfARO_rev_AvrII and cloned into the vector backbone using KpnI/AvrII 

restriction sites. For the generation of the conditional PfAIP knock-sideways (KS) cell line (AIPcondKS), the AIPendo cell 

line was transfected with a mislocalizer plasmid 2xNLS-FRB-mCherry (mislocalizer) [Birnbaum & Flemming et al., 

2017]. For the generation of transgenic parasites overexpressing PfARO-GFP variants in conjunction with PfAIP-

mCherry, full length coding sequences were obtained using either cDNA library (PfAIP) or plasmid (PfARO) DNA. 

Pfaip was PCR amplified using primer combination PfAIP_fwd_MluI/PfAIP_rev_SalI and cloned into a skip vector 

that enables bicistronic expression under the control of the late stage specific ama1 promoter [Kono et al., 2016] 

using MluI/SalI restriction sites. PfARO variants were PCR amplified using overlap PCR [Ho et al., 1989]. Firstly, 

PCR1 product was amplified using the forward primer PfARO_wt_fwd_KpnI and the reverse primer containing the 

mutation (see 2.1.9). Secondly, PCR2 product was amplified using the forward primer containing the mutation and 

the reverse primer PfARO_rev_AvrII. In a third amplification step, full length Pfaro variants were generated using 

primer combination PfARO_wt_fwd_KpnI/PfARO_rev_AvrII and template combination PCR1 product/PCR2 

product. The PfARO variants were cloned into the skip vector using the KpnI/AvrII restriction sites. 

 

2.2.1 Sterilisation 

All media, buffers, solutions, glass materials and pipette tips were autoclaved at 121 °C and 1.5 bar vapour pressure 

for 20 min. Heat-unstable solutions were sterilized by filtration, using sterile filters with a pore size of 0.22 μm. 

 

2.2.2 Microbiological methods 

 

2.2.2.1 Production of chemo-competent E. coli 

To increase the plasmid uptake of E. coli, the rubidium chloride method was applied to decrease bacterial cell wall 

stability [Hanahan, 1983]. 20 ml of LB medium was inoculated with the E. coli XL-10 Gold strain from a glycerol 

stock and incubated overnight at 37 °C with vigorous shaking. 10 ml of this culture was then transferred to a 1 liter 

Erlenmeyer flask with 200 ml LB-medium and incubated at 37 °C with vigorous shaking until an optical density 

(OD) of 0.5-0.6 was obtained. After harvesting the bacteria by centrifugation at 2,400 x g at 4 °C, the pellet was 

resuspended in a 60 ml TFBI buffer and incubated on ice for 10 min. After another centrifugation step (2,400 x g 

at 4 °C), the pellet was suspended in an 8 ml TFBII buffer and aliquoted (100 µl) into 1.5 ml reaction tubes and 

stored at -80 °C until further use.  

https://www.nature.com/articles/nmeth.4223
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0854.2012.01394.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0854.2012.01394.x
https://www.nature.com/articles/nmeth.4223
https://www.nature.com/articles/nmeth.4223
https://jcs.biologists.org/content/129/4/673.short
https://www.sciencedirect.com/science/article/abs/pii/0378111989903582
https://www.sciencedirect.com/science/article/abs/pii/S0022283683802848
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2.2.2.2 Transformation of chemo-competent E. coli 

For transformation, an aliquot with chemo-competent E. coli (100 µl) was thawed on ice and plasmid DNA (10 µl 

of a ligation (see 2.2.3.4) or 0.2 µl of a sequenced plasmid) was added before the mix was incubated on ice for 

30 min. After a heat-shock of 42 °C for 45 seconds, the mix was immediately placed on ice for 2 min. 20-100 µl of 

the bacteria suspension was then plated on LB-agar plates containing ampicillin [100 µg/ml]. The plates were 

incubated at 37 °C overnight and stored at 4 °C until further use. 

 

2.2.2.3 Overnight culture of E. coli for subsequent plasmid DNA preparation 

For plasmid mini preparations, an LB-Amp medium volume of 1.8 ml in a 2 ml reaction tube was inoculated with 

a bacterial colony from an agar plate or glycerol stock and incubated overnight at 37 °C with vigorous shaking. For 

plasmid midi preparations, a LB-Amp medium volume of 200 ml was inoculated in an Erlenmeyer flask and 

incubated overnight at 37 °C with vigorous shaking. 

 

2.2.2.4 Freezing of E. coli 

For long term storage of E. coli cells, a 500 µl overnight culture was mixed with 500 µl of glycerol in a 1.5 ml 

reaction tube and stored at -80 °C. 

 

2.2.3 Molecular biological methods 

 

2.2.3.1 Polymerase chain reaction (PCR) 

Two different DNA polymerases were used for the amplification of a DNA template. For preparative PCRs, Phusion 

polymerase with a proofreading function was used. For diagnostic PCRs, FirePol polymerase was used. The 

oligonucleotides used are listed in 2.1.9. Typical PCR-reactions were prepared as follows: 

 

Preparative PCR µl  Diagnostic PCR µl  

 
5x Phusion buffer 

 
10 

  
10x FIREPol buffer 

 
1 

 

dNTPs [2 mM] 5  dNTPs [2 mM] 1  
Primer fwd [50 µM] 0.5  Primer fwd [50 µM] 0.4  
Primer rev [50 µM] 0.5  Primer rev [50 µM] 0.4  
Phusion® High-Fidelity DNA 
Polymerase (2 U/µl) 

0.5  FirePol® DNA 
Polymerase (5 U/µl) 

0.1  

Template [100 ng/µl] 1  Template/colony 0.2  
dH2O 32.5  dH2O 5.9  
   MgCl2 [25 mM] 1  

 

Phase Temperature Time 

Denaturation 95 °C 4 min 

25-30 cycles 
Denaturation 
Primer annealing 
Elongation 

95 °C 
48-70 °C 
64-72 °C 

30 s 
30 s 

X min 

Storage (optional) 4 °C ∞ 

 

(X) depends on the expected size of the PCR-product and was usually 1 min per 1,000 base pairs (bp). 
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2.2.3.2 PCR-product purification 

To purify PCR-products and digested vector DNA for subsequent ligation, the NucleoSpin Gel and PCR Clean-up kit 

were used, according to the manufacturer’s protocol. PCR products and vector DNA were eluted with a 15-30 µl 

AE elution buffer.  

 

2.2.3.3 DNA restriction digest 

Preparative digests of PCR products and vectors were performed using different DNA restriction enzymes to create 

sticky ends for the cloning of plasmids. Analytical digests were performed of mini and midi DNA preparations to 

exclude recombination and to confirm the correct insertion of PCR products into the plasmid. The incubation time 

for preparative digests was 2-3 h, and for analytical digests it was 30-60 min, each at 37 °C. Analytical digests were 

performed using at least five different enzymes, resulting in a distinct vector-specific band pattern of fragmented 

DNA within the agarose gel. Typical digest-reactions were prepared as follows: 

 

Preparative digest µl  Analytical digest µl  

 
10x Cut Smart Buffer 

 
2 

  
10x Cut Smart Buffer 

 
2 

 

Restriction enzyme A [20 U/µl] 0.2  Restriction enzyme A [20 U/µl] 0.2  
Restriction enzyme B [20 U/µl] 0.2  Restriction enzyme B [20 U/µl] 0.2  
Vector/insert [100 ng/µl] 4  Restriction enzyme C [20 U/µl] 0.2  
dH2O 13.6  Restriction enzyme D [20 U/µl] 0.2  
   Restriction enzyme E [20 U/µl] 0.2  
   Vector [100 ng/µl] 4  
   dH2O 13  
      

 

After a preparative digest of a vector, 0.5 µl of CIP phosphatase was added to the reaction and incubated for 

30 min at 37 °C in order to dephosphorylate the 5’ ends of digested vector DNA.  

 

2.2.3.4 DNA fragment ligation 

Digested PCR products and vectors were ligated using the T4 ligase. The ligation mix was incubated for 30-60 min 

at room temperature (RT) and heat-inactivated by incubation at 65 °C for 20 min. Afterwards the ligation-reaction 

was used for the transformation of chemo-competent E. coli cells. Needed volumes of the cut vector and the insert 

were calculated depending on their length. Generally, a vector/insert ratio of 1:3 was used. Given a vector length 

of 10,000 bp and an insert size of 1,000 bp, a ligation-reaction was prepared as follows: 

 

Ligation µl  

 
10x T4 ligase buffer 

 
1 

 

Vector [100 ng/µl] 0.5  
Insert [100 ng/µl] 0.15  
T4 ligase (400 U/µl) 0.5  
dH2O 7.85  

 

 



MATERIAL & METHODS 

42 

2.2.3.5 Agarose gel electrophoresis 

For agarose gel electrophoresis, usually 1 % agarose gels were used in this study. The agarose was mixed with a 

1x TAE buffer and dissolved by boiling using the microwave. Ethidium bromide was added to a final concentration 

of 1 μg/ml. The solution was transferred into a gel tray and combs were placed to create pockets to allow for the 

loading of DNA samples. After the solidification of the gel the tray was transferred to the electrophoresis chamber, 

which was filled with 1x TAE. The DNA samples were prepared by adding of a 6x DNA loading buffer in a 1:6 ratio 

and loaded into the pockets. Electrophoresis was performed at a voltage of 150 V for 15-25 min. The size of the 

DNA fragments was analyzed under UV light by comparison to a DNA ladder using the ChemiDoc XRS+ imaging 

system. Vectors subjected to preparative digests (see 2.2.3.3) were separated using a 0.5 % gel. 

 

2.2.3.6 Colony PCR-screen 

After the overnight incubation of agar plates containing transformed E. coli colonies, single colonies were analyzed 

to determine if they contained the desired vector and the new insert. For this, diagnostic PCR (see 2.2.3.1) was 

performed. Sterile pipette tips were used to transfer single colonies into the PCR reaction volume. Primers that 

bind within the new insert and the vector were selected. The resulting PCR products were analyzed using agarose 

gel electrophoresis. 

 

2.2.3.7 Plasmid preparation 

Plasmids were either purified with the Nucleo Spin Plasmid Kit for small-scale purification (1.8 ml of overnight 

culture, Mini) or with the QIAGEN© Plasmid Midi Kit for the isolation of plasmids (Midi) used for P. falciparum 

transfection (see 2.2.6.6), according to the manufacturers’ protocols. Plasmids from Minis were eluted with a 

20-30 µl TE buffer. Plasmids isolated with the Midi Kit were usually eluted with a 200 µl TE buffer. 

 

2.2.3.8 Determination of DNA concentration 

DNA concentration was determined using the Thermo Fisher Scientific NanoDrop 2000c spectrophotometer to 

measure the absorbance at 260 nm. The purity of the DNA is determined by the quotient of the absorption of DNA 

at 260 nm and of proteins at 280 nm (260/280 nm). The optimum 260/280 value for pure DNA is considered about 

1.8. A value < 1.8 indicates contamination with proteins, while a value > 1.8 indicates contamination with RNA.  

 

2.2.3.9 Sequencing of plasmid DNA 

After the analytical digest, the insert was sequenced to confirm that it does not contain mutations introduced 

during the preparative PCR (see 2.2.3.1) amplification process. For the sequencing-reaction in a 1.5 ml reaction 

tube, a final vector concentration of 80 ng/µl in a volume of 15 µl was desired. The final sequencing primer 

concentration was adjusted to 10 µM. The sequencing was performed by Seqlab, Göttingen. A typical sequencing 

reaction was prepared as follows: 
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Sequencing µl  

 
Vector [100 ng/µl] 

 
12 

 

Primer fwd/rev [50 µM] 3  
 

2.2.4.0 Plasmid DNA precipitation for transfection 

For DNA precipitation, 50 μg of purified plasmid DNA (Midi-isolated, see 2.2.3.7) was mixed with a 0.1 volume of 

sodium acetate and three volumes of 100 % ethanol in a 1.5 reaction tube and left at RT for 20 min. During gentle 

mixing, a cloudy DNA precipitate becomes visible. The solution was centrifuged at 16,000 x g for 15 min. After 

removing the supernatant, the DNA pellet was washed with 500 µl of 70 % ethanol. Following a subsequent 

centrifugation step, the supernatant was removed, and the pellet was air-dried under sterile culture conditions. 

The opaque DNA pellet was resuspended in 10 µl of sterile TE buffer and subjected to transfection (see 2.2.6.6). 

 

2.2.4.1 Isolation of genomic DNA from P. falciparum 

After saponin lysis of parasites (see 2.2.6.7), gDNA was isolated using the QIAamp© DNA Mini Kit according to 

manufacturer’s protocol. DNA was eluted in a 50-100 µl TE buffer. 

 

2.2.5 Biochemical methods 

 

2.2.5.1 Discontinuous SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

To separate proteins by size, the SDS-PAGE was performed with 10-12 % SDS gels. A 6x SDS sample buffer was 

added to the parasite suspension (see 2.2.6.7) in a 1:6 ratio and the sample was heat-denatured at 85-95°C for 

5 min with vigorous shaking. Afterwards the samples and protein ladder were loaded into the gel pockets. 

Depending on the size of the gel pocket, 10-20 µl of sample was loaded. The separation was carried out at 

150-200 V for 60-90 min. 

 

2.2.5.2 Coomassie Brilliant Blue staining 

To detect proteins in a polyacrylamide gel, the gel was stained after separation with a Coomassie solution for 

30 min with gentle shaking. Afterwards the gel was de-stained with warm Coomassie de-staining solution until the 

background staining was low and the blue protein bands were visible. 

 

2.2.5.3 Western blotting 

Proteins separated by SDS-PAGE were blotted from SDS gel on a nitrocellulose membrane using the wet transfer 

method. The polyacrylamide gel and the nitrocellulose membrane were first soaked for 10 min in a 1x Western 

blot transfer buffer. The gel was layered on the nitrocellulose membrane. One sponge and three Whatman filter 

papers, soaked in a 1x Western blot transfer buffer, were put below the nitrocellulose membrane and on top of 

the polyacrylamide gel. The sandwich was then placed into a cassette. The cassette was placed into the Biorad 

tank blotting chamber so that the nitrocellulose membrane was oriented toward the anode (+). The chamber was 
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filled with a 1x transfer buffer and the transfer was carried out by applying a voltage of 100 V for 60-90 min at 

4 °C. Alternatively, the transfer was performed overnight by applying 15 V at 4 °C. 

 

2.2.5.4 Immunodetection of proteins 

After the transfer of proteins onto a nitrocellulose membrane, proteins can be visualized by immunodetection. 

First, the nitrocellulose membrane was blocked in a blocking solution for 1 hour at RT in order to block nonspecific 

antibody binding. Afterwards the membrane was incubated with the primary antibody (see 2.1.8), which was 

diluted in a 5 ml washing buffer for 1-2 hours at RT or overnight at 4 °C. After five washing steps (5 min each) with 

a 5 ml washing buffer, the secondary antibody, also diluted in a 5 ml washing buffer, was applied for 1 hour at RT. 

After five more washing steps (5 min each), the membrane was either prepared for detection using the ChemiDoc 

XRS+ or the Odyssey© Fc imaging system. 

 

Using the ChemiDoc XRS+ imaging system 

For HRP-coupled secondary antibodies, the ChemiDoc XRS+ imaging system was used. The washed nitrocellulose 

membrane was transferred to a 50 ml Falcon tube and 5 ml of enhanced chemiluminescence (ECL) substrate (ECL-

ClarityTM Detection Kit) was applied to the nitrocellulose membrane for 5 min under rolling conditions. Then the 

membrane was transferred between two transparent foils and subsequently used for imaging. The HRP catalyzes 

the conversion of the substrate (i.e. oxidation of luminol) to a chemiluminescence signal, which was detected by 

the ChemiDoc XRS+ imaging system. The time of detection was dependent on the signal intensity and varied 

between 1-45 min.  

 

Using the Odyssey© Fc imaging system 

For LI-COR secondary antibodies, the Odyssey© Fc imaging system was used. No ECL substrate is necessary, as the 

LI-COR secondary antibodies (see 2.1.8) used are coupled with a fluorophore. The nitrocellulose membrane was 

attached with tape at its edges to a tray and the signal was detected by the Odyssey© Fc imaging system. The time 

of detection was dependent on the signal intensity and varied between 1-45 min. 

 

2.2.5.5 Pulldown of biotinylated proteins and mass spec analysis (BioID) 

Parasites from a 100 ml culture were harvested (see 2.2.6.8) and washed twice with DPBS (centrifugation at 

10,000 x g for 5 min at 4 °C). Pellets were lysed in a 2 ml RIPA buffer on ice and three freeze-thaw cycles at -80 °C 

were performed for better lysis. The sample was centrifuged twice at 25,000 x g for 30 min at 4 °C and the 

supernatant was stored at -80 °C.  

To purify the biotinylated proteins, streptavidin-sepharose beads (equilibrated in 50 mM Tris-HCl, pH 7.5) were 

added to the parasite lysate and incubated overnight at 4 °C by overhead rotation. Beads were washed twice in a 

lysis buffer, once in dH2O, twice in Tris-HCl (pH 7.5), and three times in a 100 mM triethylammonium bicarbonate 

buffer (TEAB, pH 7.5). The washed beads were resuspended in a 200 µl of ammonium bicarbonate (AmBic, pH 8.3) 

and on-bead trypsin digestion was performed with 1 µg of trypsin for 16 h at 37 °C followed by a second trypsin 

digest with 0.5 µg for 2 h at 37 °C. To separate the beads from the supernatant (AmBic fraction), the sample was 

centrifuged at 2,000 x g for 5 min at RT and resuspended in 2x150 µl of AmBic (pH 8.3). The suspension was 
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transferred to a Pierce™ spin column placed in a low protein binding tube and AmBic fraction was collected. Left-

over biotinylated peptides, bound to beads via interaction with streptavidin, were eluted from the beads by 

2 x 150 µl of 80 % acetonitrile (ACN) and 20 % trifluoroacetic acid (TFA) solution. The suspension was collected in 

a separate low protein binding tube to collect the supernatant (ACN/TFA fraction). A SpeedVac centrifuge was 

used to dry the AmBic and ACN/TFA fractions. Dried peptides were sent to the Proteomics Core Facility at the 

EMBL Heidelberg. TMT labelling, desalting, mass spectrometry, and data analysis were performed by Dominik 

Helm, Frank Stein, and Mandy Rettel (Proteomics Core Facility, EMBL, Heidelberg). The purification of biotinylated 

proteins using streptavidin-sepharose beads and the preparation of AmBic and ACN/TFA fractions was performed 

by Samuel Pazicky (EMBL, Hamburg). 

 

2.2.5.6 Co-Immunoprecipitation (Co-IP) 

All steps were performed on ice if not stated otherwise. Parasites from a 50 ml culture were harvested (see 

2.2.6.7). The purified parasites were washed twice with DPBS (centrifugation at 10,000 x g for 5 min at 4 °C) and 

lysed by resuspension in a 250 µl RIPA buffer. For better protein extraction, the lysate was frozen and resuspended 

three times at -80 °C. Afterwards the lysate was centrifuged twice at 16,000 x g at 4 °C for 10 min. The supernatant 

was diluted with a 750 µl dilution buffer and 100 µl of diluted supernatant (input fraction) was prepared for 

Western blot analysis (see 2.2.5.1). 20 µl of GFP-TRAP or RFP-TRAP agarose beads (equilibrated in a 500 µl dilution 

buffer) were transferred to the diluted supernatant/input fraction and incubated overnight at 4 °C with gentle 

overhead rotation. After centrifugation at 2,500 x g for 20 min at 4 °C, 100 µl of supernatant (post-input fraction) 

was prepared for Western blot analysis. The beads were washed three times with a dilution buffer (centrifugation 

steps at 2,500 x g for 20 min at 4 °C). From each washing, a supernatant volume of 100 µl (washing 1-3 fraction) 

was prepared for Western blot analysis. The agarose bead pellet was resuspended in a 100 µl 2x SDS sample buffer 

and prepared for subsequent Western blot analysis (eluate fraction).  

 

2.2.6 P. falciparum cell biological methods 

 

2.2.6.1 P. falciparum in vitro culture 

The parasites were cultivated in petri dishes at a haematocrit of 2-5 % in an RPMI complete medium at 37 °C. The 

dishes were kept in a gas-tight chamber in which the atmosphere was adjusted to high carbon dioxide and low 

oxygen levels: 5 % CO2, 1 % O2, 94 % N2. Depending on the experiments, the parasitemia was adjusted to 0.1-5 % 

by dilution and the medium was generally changed every second day. In parasite cultures with higher parasitemia, 

the medium was changed every day. Transfectants were selected using WR99210 in a 4 nM concentration. 

Integration of the pSLI construct (see 2.2.0) was selected with G418 at a final concentration of 6 nM, initially added 

to a 10 % parasitemia culture [Birnbaum & Flemming et al., 2017]. Parasites expressing PfARO-mCherry or NLS-

FRB-mCherry were selected using BSD in a 4 µg/ml concentration. Parasites expressing mCherry-FRB-BirA* were 

selected with BSD in a 2 µg/ml concentration. 

 

 

 

https://www.nature.com/articles/nmeth.4223
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2.2.6.2 P. falciparum cryo-stabilates 

For the long-term storage of P. falciparum, ring stage parasite cultures were pelleted by centrifugation at 1.800 x g 

for 3 min. The medium was aspirated, and the pellet was resuspended in 1 ml MFS and transferred into a cryotube. 

Storage was carried out at -80 °C or in liquid nitrogen at -196 °C. To thaw the cryo-stabilates, the cryotube was put 

in a 37 °C water bath for 1-2 min. The suspension was transferred to a 1.5 ml reaction tube and centrifuged at 

1,800 x g for 3 min. After removing the supernatant, the pellet was resuspended in 1 ml MTS. After another 

centrifugation step, the pellet was washed in a 1 ml RPMI complete medium and transferred to a petri dish 

containing a fresh RPMI complete medium and a hematocrit of 5 % for continuous cell culture. The selection drug 

was added 24 h later.  

 

2.2.6.3 Giemsa staining of blood smears 

Parasitemia was monitored by Giemsa staining of thin blood smears. For this, 0.2-1.0 µl of parasite culture was 

transferred to a glass slide and smeared using a second glass slide, resulting in a thin smear of blood. The smear 

was fixated to the slide by incubation in methanol for 30 seconds and was subsequently stained with a Giemsa 

staining solution for 5-10 min. After incubation, the staining solution was rinsed off with water and the smear was 

analyzed by an optical light microscope (Axio Lab A1).  

 

2.2.6.4 Parasite sorbitol synchronization 

To obtain tightly synchronized parasites, ring stage parasites were treated twice 6 hours apart with 5 % D-sorbitol. 

D-sorbitol is taken up by metabolically active parasites (trophozoites and schizonts), but not ring stages. A high 

intracellular D-sorbitol concentration allows for the hypotonic lysis of cells after the removal of sorbitol and 

resuspension in an RPMI complete medium. To synchronize a parasite culture, the culture was transferred into a 

15 ml Falcon tube and spun down at 1,800 x g for 3 min. The supernatant was discarded, and the pellet was 

resuspended in a pre-warmed (37 °C) 5 % D-sorbitol solution. After incubation for 10 min at 37 °C, the Falcon tube 

was centrifuged at 1,800 x g for 3 min. The pellet was washed with a pre-warmed RPMI complete medium and 

transferred to a petri dish containing a fresh RPMI complete medium and a hematocrit of 2-5 % for continuous 

cell culture. 

 

2.2.6.5 Purification of P. falciparum schizonts 

To isolate schizonts stage parasite for transfection, parasites were harvested by overlaying 4 ml of 60 % Percoll 

solution with 8 ml of parasite suspension in a 15 ml Falcon tube. If the culture volume was higher, the volume was 

reduced by repeated centrifugation at 1,800 x g for 3 min. The 15 ml Falcon was centrifuged for 6 min without 

using a brake at 2,500 x g. The resulting schizont layer was transferred to a new 15 ml Falcon tube and washed 

two times with a pre-warmed RPMI complete medium. The schizont pellet was transferred to a 1.5 ml reaction 

tube. 
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2.2.6.6 Transfection of P. falciparum schizonts using the Amaxa system 

50 µg of plasmid DNA was precipitated (see 2.2.4.0). The DNA pellet dissolved in a 10 µl TE-buffer was 

supplemented with 90 µl of Amaxa transfection buffer. The 100 µl DNA-transfection solution was used to 

resuspend the schizont pellet (see 2.2.6.5). The suspension was transferred to an electroporation cuvette and 

electroporation was performed using the Nucleofector II AAD-1001N (program U-033). Immediately after 

electroporation, the parasites were transferred to a 1.5 ml reaction tube containing 500 µl of packed RBCs and an 

equal amount of RPMI complete medium. The tube was incubated at 37 °C with vigorous shaking for 30-60 min. 

Afterwards the parasites were transferred to a petri dish containing 5 ml of an RPMI complete medium. After 

12-16 hours the medium was changed, and the selection drug was added. During the following 5 days, the medium 

was changed every 24 hours. 

 

2.2.6.7 Isolation of parasites by (restricted) saponin lysis 

Parasites can be isolated from RBC by lysing in low concentrations of saponin. Saponin lyses the RBC and the PVM, 

but not the PPM. 5-10 ml of parasite culture was harvested (centrifugation at 1,800 x g for 3 min) and the 

supernatant was discarded. The pellet was resuspended in a 10 x pellet volume of ice-cold saponin lysis buffer and 

incubated on ice for 5-20 min on ice. The mixture was transferred into a 2 ml reaction tube and centrifuged for 

5 min at 2,000 x g at 4 °C. The pellet was washed three times with DPBS (supplemented with 1 mM PMSF and 

2x PIC) on ice until no hemoglobin was visible in the supernatant anymore. The supernatant was aspirated until 

100 µl were left in the tube, which was used to resuspend the lysed pellet. The resuspended pellet was either 

stored at -20 °C until further use or SDS-PAGE (see 2.2.5.1) was performed. 

 

2.2.6.8 Isolation of parasites by magnetic-activated cell sorting (MACS) 

In order to obtain schizonts for the extraction of biotinylated proteins (see 2.2.5.5), 100 ml of parasite culture was 

pelleted by centrifugation for 5 min at 2,000 x g). The pellet was resuspended in approximately 20 ml of RPMI 

complete medium. A MACS cell separation column containing ferromagnetic fibers was placed into the VarioMACS 

magnetic stand and equilibrated with a 50 ml RPMI complete medium. Afterwards the parasite suspension was 

added to the column and allowed to flow slowly through it. Due to the high amount of hemozoin, trophozoites 

and schizonts are captured by the ferromagnetic fibers. The column was washed with a 50 ml RPMI complete 

medium to remove all unbound cells. Then, the column was removed from the magnetic stand and bound 

parasites were eluted with a 25 ml RPMI complete medium. The parasite suspension, now enriched in schizonts 

(due to D-sorbitol synchronization), was centrifuged for 5 min at 2,000 x g. Afterwards the parasites were 

subjected to saponin lysis to remove RMC material (see 2.2.6.7). The resulting pellet was used for the pull-down 

of biotinylated proteins (see 2.2.5.5). 

 

2.2.6.9 Biotin labelling of parasite proteins for BioID 

The culture of transgenic AIPbioID parasites expressing the PfAIP-2xFKBP-GFP and mCherry-FRB-BirA* construct was 

expanded to 210 ml and synchronized multiple times with D-sorbitol in the course of expansion to maintain a 

tightly synchronized culture. When parasitemia reached 20-30 %, the medium was changed twice a day. At 38 hpi, 

biotin was added to a final concentration of 50 µM and the 210 ml culture was subsequently divided into two 
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identical 100 ml cultures. A rapalog working solution was added to one culture for a final concentration of 250 nM. 

To increase the level of biotinylated proteins proximal to biotin ligase BirA* [Roux et al., 2012], cultures were left 

at RT. When parasites reached the late schizont stage, the apical location of mCherry coupled BirA* ligase was 

confirmed by wide-field fluorescence microscopy (see 2.2.8.1). Parasites were then isolated by MACS (see 2.2.6.8) 

to enrich for schizonts. 

 

2.2.7.0 Assessment of parasite growth and stage quantification by flow cytometry (FC) 

 

Using the LSRII flow cytometer 

Tightly sorbitol-synchronized parasites were adjusted to 1 % parasitemia at 30 hpi before the culture was split 

evenly into two dishes. To one dish, rapalog working solution was added in a final concentration of 250 nM, 

whereas the other served as an untreated control. Parasitemia was measured after 24 h via FC using a previously 

established protocol [Malleret et al., 2011] with minor modifications: PBS was substituted by an RPMI complete 

medium. For staining, a volume of 80 μl of RPMI complete medium was added to a 1.5 ml reaction tube, followed 

by the addition of 1 μl of Ho33342 working solution and 1 μl of DHE working solution. The parasite culture to be 

analyzed was thoroughly resuspended and 20 µl of the culture was transferred into a flow cytometry tube. 82 μl 

of the RPMI dye mix were added to the flow cytometry tube and the suspension was mixed by shaking the tube. 

The mix was incubated for 20 min in the dark. Afterwards 400 μl of flow cytometry stop solution was added. Then 

the parasitemia was measured using the LSRII flow cytometer, using the gating as described [Malleret et al., 2011]. 

 

Using the NovoCyte® flow cytometer 

The procedure was as described above, except parasitemia was adjusted to 0.2 %. 20 µl of resuspended parasite 

culture was transferred to a 1.5 ml reaction tube. 80 µl of RPMI containing SYBR® Green and DHE was then added 

to obtain the final concentrations of 0.25x and 5 mg/ml, respectively. Samples were incubated for 20 min in the 

dark. Parasitemia was determined using a NovoCyte® cytometer. For every sample, 100,000 events were 

recorded.  

 

2.2.7.1 Assessment of parasite growth and stage quantification by Giemsa smear analysis 

For parasite stage quantification, tightly sorbitol-synchronized parasites were split at 30 hpi evenly into two dishes, 

with one dish left untreated and the other treated with rapalog at a final concentration of 250 nM. The number 

of trophozoites, schizonts and rings was assessed at 30 hpi and after re-invasion at 6 hpi by methanol-fixed, 

Giemsa-stained, thin blood smears (see 2.2.6.3) either in the presence or the absence of rapalog. For each time 

point, a series of 30 images were taken, and the number of RBCs, schizonts, and rings was determined manually 

for each image. Approximately 6,000 cells were analyzed for each culture. Then the percentage of schizonts and 

rings within each biological replicate was determined. 

 

 

 

https://rupress.org/jcb/article/196/6/801/36934/A-promiscuous-biotin-ligase-fusion-protein
https://www.nature.com/articles/srep00118
https://www.nature.com/articles/srep00118
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2.2.8 Microscopy 

Giemsa-stained smears were analyzed by an optical light microscope. 

 

2.2.8.1 Wide-field fluorescence microscopy 

Wide-field fluorescence microscopy images were taken with a Zeiss Axio Imager M1 equipped with a Hamamatsu 

Orca C4742-95 camera and the Zeiss Axiovision software (version 4.7). A 100×/1.4–numerical aperture oil 

objective was used. Nuclei were stained with DAPI. The images were processed in ImageJ. For sample preparation, 

a volume of 500 μl of a parasite culture was transferred into a 1.5 ml reaction tube and incubated with DAPI (final 

concentration: 1 μg/ml) for 10 min. The tube was centrifuged at 1,800 x g for 1 min and the supernatant was 

exchanged by a 1 x pellet volume of fresh RPMI complete medium. The pellet and supernatant were resuspended 

and 4-5 μl were transferred to a glass slide, covered with a cover slip, and imaged immediately. 

 

2.2.8.2 Immunofluorescence assay (IFA) 

A thin blood smear was incubated in ice-cold 100 % methanol for 30 min and dried on air afterwards. 

Subsequently, a region of interest (appr. 0.5 x 0.5 cm2) was marked with a DAKO pen and rehydrated with 1x PBS 

(containing 5 % BSA) for 5 min. The PBS was removed, and all further steps were performed in a humid chamber. 

The marked area was incubated with the primary anti-RALP1 antibody (see 2.1.8) diluted in 1x PBS/3 % BSA for 

2 h at RT. After incubation, the primary antibody solution was washed three times with 1x PBS/3 % BSA (5 min 

incubation per wash step), and subsequently incubated with the secondary antibody anti-rabbit Alexa Fluor®594 

(see 2.1.8) in 1x PBS/3 % BSA in the dark for 1 hour. Afterwards, the secondary antibody solution was washed off 

three times with 1x PBS/3 % BSA (5 min incubation per wash step). The third wash step was performed with 1x PBS 

supplemented with DAPI (1:1,000) and a fourth wash step using 1x PBS was performed. One drop of DAKO 

mounting medium was added and the slide was covered with a cover slip and sealed with nail polish. The IFA was 

imaged by fluorescence microscopy a few hours later after the mounting medium had dried. 

 

2.3 Software, bioinformatic tools and databases 

 

2.3.1 Computer software 

 

Software Manufacturer/Source (last access: 15.10.2020) 

APBS V1.5 plugin for PyMol https://sourceforge.net/projects/apbs/files/apbs/apbs-1.5/ 

Axio Vision 40 V4.7.0.0 Zeiss 

Citavi V6 Swiss Academic Software 

FACS Diva V6.1.3  BD Bioscience 

ImageJ https://imagej.net/Welcome 

JACoP plugin for ImageJ https://imagejdocu.tudor.lu/doku.php?id=plugin:analysis: 
jacop_2.0:just_another_colocalization_plugin:start#download 

Windows 10 Home Microsoft Corporation 

Microsoft Office 365 Microsoft Corporation 

NanoDrop 2000 V1.6 Thermo Fisher Scientific 

NovoExpress Agilent 

Prism V6 GraphPad Software 

PyMol V2.1.1 Schrödinger 
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Serial Cloner V2.6.1 SerialBasics 

 

2.3.2 Bioinformatic tools and databases 

 

Bioinformatical tool Source (last access: 15.10.2020) 

BLAST, blastp suite https://blast.ncbi.nlm.nih.gov/Blast.cgi 

CD-Search https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi 

COACH https://zhanglab.ccmb.med.umich.edu/COACH/ 

CSS-Palm http://csspalm.biocuckoo.org/online.php 

DEPTH http://cospi.iiserpune.ac.in/depth 

EMBOSS Needle https://www.ebi.ac.uk/Tools/psa/emboss_needle/ 

Exon-Intron Graphic Maker http://wormweb.org/exonintron 

HHpred https://toolkit.tuebingen.mpg.de/tools/hhpred 

iPBA https://www.dsimb.inserm.fr/dsimb_tools/ipba/ 

InterPro https://www.ebi.ac.uk/interpro/ 

I-TASSER https://zhanglab.ccmb.med.umich.edu/I-TASSER/ 

LALIGN https://www.ebi.ac.uk/Tools/psa/lalign/ 

MobiDB https://mobidb.bio.unipd.it/ 

MotifScan https://myhits.sib.swiss/cgi-bin/motif_scan 

Myristoylator https://web.expasy.org/myristoylator/ 

NEBioCalculator http://nebiocalculator.neb.com/#!/dsdnaamt 

PDB https://www.rcsb.org/ 

PepCalc https://pepcalc.com/ 

PfamScan https://www.ebi.ac.uk/Tools/pfa/pfamscan/ 

Phyre2 V2.0 http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index 

PlasmoDB https://plasmodb.org/plasmo/app 

PubMed https://pubmed.ncbi.nlm.nih.gov/ 

PRALINE https://www.ibi.vu.nl/programs/pralinewww/ 

PredGPI http://gpcr.biocomp.unibo.it/predgpi/pred.htm 

QUARK https://zhanglab.ccmb.med.umich.edu/QUARK/ 

RADAR https://www.ebi.ac.uk/Tools/pfa/radar/ 

Reverse complement http://reverse-complement.com/ 

Robetta https://robetta.bakerlab.org/ 

TargetP-2.0 Server http://www.cbs.dtu.dk/services/TargetP/ 

TMHMM Server V2.0 http://www.cbs.dtu.dk/services/TMHMM-2.0/ 

TMpred https://embnet.vital-it.ch/software/TMPRED_form.html 

ToxoDB https://toxodb.org/toxo/app 

Translate https://web.expasy.org/translate/ 

UniProt https://www.uniprot.org/blast/ 

 

2.4 Statistical analysis 

 

All statistical analysis was performed using GraphPad Prism 6 software. Flow cytometry and PfARO/PfAIP 

co-localization data were tested for normal distribution with the D'Agostino Pearson test. Statistical significances 

were determined with unpaired, two-tailed t-test.  
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CHAPTER 3 RESULTS 

 

3.1 Identification of TgARO interacting protein homologue in P. falciparum 

It was shown that TgARO (Gene ID: TGME49_261440) interacts at the rhoptry with TgAIP 

(Gene ID: TGME49_309190), which could be localized to a distinct rhoptry neck sub-compartment separating the 

rhoptry bulb from the rhoptry neck [Mueller et al., 2013, 2016] (see 1.2.2.5). This part describes the identification 

of a TgAIP homologue in P. falciparum and its functional characterization.  

 

3.1.1 Putative PfAIP is significantly smaller than TgAIP and exhibits a positively charged conserved core region 

For the identification of AIP homologues in other species, in particular P. falciparum, a BLASTp [Altschul et al., 

1990] search analysis with the protein sequence of TgAIP as query sequence against the nr database [NCBI 

Resource Coordinators, 2018] was performed. Hits were retrieved exclusively for species of the Apicomplexa 

phylum and the chromerid Vitrella brassicaformis. Putative AIP homologues with the highest similarity in length 

and amino acid sequence to TgAIP were found in Hammondia. hammondi (Gene ID: HHA_309190, query cover: 

99 %, identity: 91.5 %. H. hammondi is a cat parasite), Neospora caninum (Gene ID: BN1204_053620 query cover: 

99 %, identity: 69.1 %. N. caninum is a dog parasite) and Besnoita besnoiti (Gene ID: BESB_070610 query cover: 

99 %, identity: 52.7 %. B. besnoiti is a cattle parasite). The protein length of putative AIP homologues from 

Plasmodium spp. with about 400 aa were about half the size of TgAIP (822 aa) (Fig. 3.1A). Homology to a gene 

(GeneID: Vbra_13064) of V. brassicaformis, a free-living, photosynthetic marine algae, was also identified. The 

sequence of the corresponding uncharacterized protein has a length of 1,704 aa which is considerably longer than 

the TgAIP sequence. The alignment (query cover: 19 %, identity: 31.3 %) occurred at the C-terminal region of 

Vbra_13064.  

 

A putative AIP homologue (hereafter named PfAIP) could be identified in the P. falciparum genome. The Pfaip 

gene (Gene ID: PF3D7_1136700) is located on chromosome 11 and comprises 2,017 bp subdivided into seven 

exons. Its transcription is upregulated in late blood stage parasites [Bozdech et al., 2003; Llinás et al., 2006]. The 

coding sequence of the Pfaip gene consists of 1,266 bp and the deducted amino acid sequence comprises 421 aa. 

The predicted molecular weight of PfAIP is 49 kDa, which is considerably less than TgAIP with a length of 822 aa 

and a predicted molecular weight of 89 kDa. 

 

Two splice variants of PfAIP are annotated at PlasmoDB: PF3D7_1136700.1 (7 exons) and PF3D7_1136700.2 

(6 exons), whereas splicing exon 3 (resulting peptide sequence: S101IDNFPFKSYGHVPSISDKIK121) results in the 

shortening of the exon 3 sequence to a single arginine in splice variant PF3D7_1136700.2 (Fig. 3.1B). 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://jcs.biologists.org/content/129/5/1031.abstract
https://www.sciencedirect.com/science/article/pii/S0022283605803602
https://www.sciencedirect.com/science/article/pii/S0022283605803602
https://academic.oup.com/nar/article/46/D1/D8/4621330
https://academic.oup.com/nar/article/46/D1/D8/4621330
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0000005
https://academic.oup.com/nar/article/34/4/1166/1337467
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Fig. 3.1 | TgARO interacting protein (TgAIP) sequence homology analysis identified putative AIP predominantly 
in Apicomplexa. (A) Using the amino acid sequence of TgAIP (Gene ID: TGME49_309190) as query, an NCBI 
BLASTp search analysis against the nr database was performed. Only hits with an alignment score of ≥ 80 are 
shown. Color key reflects alignment scores of TgAIP with retrieved putative AIP proteins from several alveolate 
species of the Apicomplexa phylum and the chromerid V. brassicaformis. Retrieved hits are named XA - XQ and 
refer to the alveolate species listed. The size of the retrieved proteins is denoted in amino acids (aa). Alignment 
suggests a putative conserved core region (magenta). (B) Schematic shows two isoforms of the AIP homologue 
in P. falciparum. Isoform PF3D7_1136700.1 contains exon 3, which is spliced out in isoform PF3D7_1136700.2. 
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Black scale bars indicate a length of 100 nucleotides (nt). The length of the deducted amino acid sequence is 
depicted on the right.  

 

To assess possible repetitive protein sequences in TgAIP and PfAIP, both proteins were examined for internal 

repeats using RADAR [Madeira et al., 2019]. RADAR analysis of the TgAIP protein did not suggest internal repeats 

as the reason for its considerably larger size compared to PfAIP (data not shown). Phosphoproteomic data 

displayed at PlasmoDB (www.PlasmoDB.org) showed that PfAIP is phosphorylated at residues S76, Y91, T92, S101, 

S115, S371 and T374 (data not shown). Apart from phosphorylation, no other PTM is reported or could be predicted 

using online prediction tools PredGPI (GPI-anchor), CSS-Palm (palmitoylation) and Myristoylator (myristoylation). 

No functional domains could be identified using available online prediction tools such as HHpred, InterPro, 

MotifScan, PfamScan, TMpred, TargetP and the TMHMM prediction server. 

 

The onset of Pfaro transcription appears to lag behind Pfaip transcription by about two hours (S2A, Appendix). 

Transcript levels of asexual and sexual life stages [López-Barragán et al., 2011] retrieved from PlasmoDB showed 

a higher transcription level for Pfaro in late trophozoite and schizont stages, whereas the transcript level of Pfaip 

is highest in ookinetes [López-Barragán et al., 2011] and oocysts [Zanghì et al., 2018] (S2B, Appendix). Pfaip and 

Pfaro genes are listed in the invadome subnetwork [Hu et al., 2010]. 

 

BLAST search analysis (see Fig. 3.1A) suggested that putative AIP proteins of different Apicomplexa parasites share 

a conserved core region (CCR). A PRALINE multiple sequence alignment [Simossis & Heringa, 2005] was performed 

for AIP homologues of different Apicomplexa species to isolate the CCR (S3A, Appendix). Using LALIGN [Madeira et 

al., 2019], a CCR was identified for PfAIP spanning residue K82 to E260 (length: 179 aa) and for TgAIP spanning 

residue K239 to E416 (length: 178 aa) (S3B, Appendix). EMBOSS Needle alignment [Madeira et al., 2019] of PfAIP and 

TgAIP CCRs revealed a 29.4 % identity and 54.5 % similarity, whereas the alignment of full length TgAIP and PfAIP 

showed only a 10.1 % identity and 21.2 % similarity (S3B, Appendix). The phosphorylation-sites (S76, Y91, T92, S101, 

S115, S371 and T374) are located at the beginning of the CCR and within the C-terminus of PfAIP. Interestingly, 

phospho-proteomic data displayed at ToxoDB [www.ToxoDB.org] shows excessive phosphorylation after the CCR 

of TgAIP within its C-terminus at residues S562, S564, S567, T568, T585, S645, S677, S679, S694, S716, T726, S731, S741, S742, Y747, 

T801, T805 and T810. 

 

Intrinsically disordered regions (IDR) lack a unique 3D structure because of an insufficient amount of hydrophobic 

amino acids to mediate folding. IDRs increase conformational heterogeneity, allowing the protein to exhibit 

various conformations. Also, IDRs contain linear peptide motifs that mediate protein-protein interaction (PPI) 

[Babu, 2016; Deiana et al., 2019]. MobiDB [Piovesan & Tabaro et al., 2018] was used to determine the IDRs of 

TgAIP and PfAIP. For PfAIP, no IDRs were determined. The disorder content of full length TgAIP was calculated to 

62.4 %, whereas for the CCR of TgAIP, no IDRs were predicted (data not shown).  

 

BLASTp analysis also retrieved a protein from V. brassicaformis (Gene ID: Vbra_13064) (see Fig. 3.1A). Sequence 

alignment occurred within a short region on Vbra_13064 at its C-terminus. CD-search analysis 
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[Marchler-Bauer & Bryant, 2004] was performed to identify conserved sequence motifs of Vbra_13064 and 

showed that part of its C-terminal region, where the BLASTp alignment occurred, is predicted as a putative PH 

domain (E-value: 5.52-03) spanning 52 aa between position T1605 and K1656 (data not shown). Using LALIGN, an inner 

core region (ICR) of TgAIP and PfAIP with highest similarity to VbAIP’s putative PH domain was determined (S3B, 

Appendix). The ICR of TgAIP spans residue G329 to K382 (length: 54 aa). The ICR of PfAIP spans residue K170 to S225 

(length: 56 aa). To assess the level of conservation between VbAIP’s putative PH domain to the ICRs of TgAIP and 

PfAIP, EMBOSS Needle alignment was performed. Aligning VbAIP’s putative PH domain to TgAIP’s ICR showed a 

31.5 % identity and 55.6 % similarity, whereas aligning VbAIP’s putative PH domain to PfAIP’s ICR showed a 30.4 % 

identity and 42.9 % similarity (S3C, Appendix). PH domains accommodate binding sites for phosphorylated inositol 

head groups, polyproline helices, and phosphotyrosine peptides and mediate membrane anchoring to 

phospholipids and versatile protein-protein interactions [Scheffzek & Welti, 2012].  

 

Assuming that the CCR (see S3A, Appendix) might be implicated in binding to other proteins by surface charge, 

the CCR net charge was determined using PepCalc [Lear & Cobb, 2016]. The net charge of PfAIP’s CCR (residue K82 

to E260) was determined to 13.2 at pH 7. The total number of negatively and positively charged residues was 

determined by ExPASY ProtParam [Gasteiger et al., 2005]. PfAIP’s CCR contains 18 negatively charged residues 

(Asp + Glu) and 31 positively charged residues (Arg + Lys). Arg and Lys contribute to 17.3 % of the amino acid 

composition. The net charge of TgAIP’s CCR (residue K239 to E416) was determined to -5 at pH 7. TgAIP’s CCR 

contains 31 negatively charged residues (Asp + Glu) and 26 positively charged residues (Arg + Lys). Asp and Glu 

contribute to 17.4 % to the amino acid composition. The net charges of full length PfAIP and TgAIP were 

determined to 11.3 and 1.7, respectively. The net charges of the VbAIP putative PH domain, the PfAIP ICR and the 

TgAIP ICR were determined to -2, -1 and 0, respectively (data not shown).  

 

3.1.2 Structure prediction of P. falciparum AIP 

A structure of the PfAIP protein is not reported. In order to obtain structural insights into the PfAIP structure, this 

project aimed to recombinantly express the PfAIP protein for structural analysis. For this, PfAIP was cloned in a 

pET-28a vector and transformed into BL21 cells. Different concentrations of IPTG for induction as well as 

incubation temperature and incubation time did not result in detectable His6x-PfAIP (predicted MW: 53.6 kDa) as 

judged by a missing band of appropriate size in Coomassie-stained gels (data not shown). As a control, an induction 

of His6x-PfARO [Geiger & Brown et al., 2020] expression was performed, which led to a detectable band in 

Coomassie-stained gel (data not shown). PfAIP expression from the pET-28a vector in BL21 cells was insufficient 

for further approaches.  

Hence, different web servers for protein structure prediction were applied to model PfAIP structure. First, the fast 

protein fold recognition server PHYRE2 [Kelley et al., 2015] was used to predict the PfAIP structure using the 

extensive mode for prediction. Out of 421 residues, 324 were modelled ab initio (data not shown). PfAIP residues 

K172 - E216 were aligned with a confidence score of 61.2 to the PH domain of human protein kinase C (PDB accession: 

2COA). Due to a low overall confidence in the model as well as obtaining different models for each run, the PHYRE2 

determined models were rejected. Additionally, COACH [Yang et al., 2013a, 2013b], Robetta [Raman, Vernon, 
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Thompson & Tyka et al., 2009; Song & DiMaio et al., 2013] and I-TASSER [Roy et al., 2012; Yang & Zhang, 2015; 

Zhang, 2009] were used to predict the structure of PfAIP. 

Prediction by COACH, a meta-server for structural and protein-ligand binding sites prediction, did not suggest a 

known structural motif for PfAIP, as indicated by low C-score of 0.03. The predicted structural model (Z-score: 

5.84) was declared a “hard target for structure modelling” by COACH and therefore rejected. The structure 

prediction service Robetta predicted a domain of PfAIP, spanning residues K153-V296, with a confidence score of 

0.45, which was aligned to different alignment clusters. The highest ranked alignment cluster was the kindlin-1 PH 

domain (PDB accession: 4BBK) from Mus musculus (data not shown).  

The top hit PfAIP model, predicted by I-TASSER, showed a C-score of -1.65, an estimated template modelling 

(TM)-score of 0.51 ± 0.15 and an estimated root-mean-square deviation (RMSD) of atomic positions of 10.8 ± 

4.6 Å. This model was matched by I-TASSER to all structures in the PDB library [Berman et al., 2000]. The top hit of 

identified structural analogues was the recently published structure of SspE (PDB accession: 6JIV) [Xiong et al., 

2020]. I-TASSER alignment of the PfAIP model with SspE resulted in a TM-score of 0.958 and a RMSD of 1.67. The 

sequence identity in the structurally aligned region was 0.074, whereas the alignment coverage was 0.993. 

Superposition of the 6JIV query structure and the predicted PfAIP model shows the level of structural similarity 

(S4, Appendix). The predicted PfAIP structure can be divided into two domains that are connected by a linker 

separating the N-terminal domain, containing most of the CCR (spanning residue K82 - E260), from the C-terminal 

domain. The electrostatic surface potential, calculated by APBS [Baker et al., 2001], showed patches of positive 

and negative charges within the N-terminal domain. Another model (data not shown) with a C-score of -1.65 (no 

information about TMD and RMSD) was predicted. Since I-TASSER did not align this model to putative structural 

analogues as it did for the first model, the iPBA web server [Gelly et al., 2011] was used to identify structural 

analogues within the SCOP (structural classification of proteins) databank [Andreeva et al., 2014, 2020]. With a 

low structural alignment score of 1.6 (SCOP sequence identity cut-off: 70 %), structural similarity to NADH-

dependent butanol dehydrogenase A (SCOP identifier: 1vlja) and interferon-inducible GTPase (SCOP identifier: 

1tq4a) was identified. In an attempt to model the structure of PfAIP’s CCR, the QUARK web server [Xu & Zhang, 

2012, 2013] was used. QUARK predicted five different structures which were analyzed by the iPBA web server 

(using the same cut-off value). A structural alignment score higher than 2.5 was calculated for none of the five 

predicted structures, hence all models were rejected.  

 

To allow for statements about the relative position of individual amino acids on the surface of the protein obtained 

from I-TASSER’s calculation, DEPTH, a web server for computing the depth of amino acids [Tan et al., 2011, 2013] 

for a given protein structure was used. DEPTH calculation suggested that PfAIP phosphorylation-sites (Y91, T92, S101, 

S115, S371 and T374) are located at or near the surface of the protein, whereupon residue S76 was declared as a buried 

amino acid since it is located at a depth of about 10, as calculated by DEPTH (S4, Appendix).  
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The data presented here suggests the presence of a TgAIP homologue in P. falciparum (PfAIP) with considerably 

smaller size that exhibits a positively charged conserved core region. The Pfaip gene is transcribed in two splice 

isoforms. Apart from phosphorylation, no other post-translational modifications are annotated or predicted for 

PfAIP. Its highest expression occurs in oocyst and ookinetes, which is different to PfARO expression. 

 

3.2 Endogenous tagging and localization of P. falciparum AIP 

Since PfAIP exhibits a significantly smaller size than TgAIP and shares a low overall identity and similarity (see 

3.1.1), another function or localization besides its T. gondii homologue seemed conceivable. To assess the spatio-

temporal localization of PfAIP and its function in asexual blood stage parasites, a transgenic knock-in line with a 

2xFKBP-GFP tagged PfAIP was created by using the selected linked integration (SLI) approach [Birnbaum & 

Flemming et al., 2017]. 

 

3.2.1 PfAIP tolerates tagging with 2xFKBP-GFP 

To achieve tagging of PfAIP with 2xFKBP-GFP, the last 634 nucleotides of the Pfaip gene were PCR amplified and 

used as targeting region to enable the insertion of SLI plasmid by homologous recombination to create line AIPendo 

(Fig. 3.2A). After appropriate drug selection (see 2.2.6.1), diagnostic PCR on isolated AIPendo gDNA indicated correct 

integration of the SLI plasmid (Fig. 3.2B). The expression of PfAIP-2xFKBP-GFP in late schizont stage parasites was 

confirmed by Western blot (WB) analysis using a GFP-specific antibody. A protein band was detected at appr. 

110 kDa (calculated MW of PfAIP-2xFKBP-GFP is 106 kDa) in AIPendo parasites but not in parental 3D7 parasites 

(Fig. 3.2C). Additionally, a faint band at appr. 70 kDa was also detected for AIPendo parasites, possibly indicating a 

N-terminal degraded/processed form of PfAIP-2xFKBP-GFP.  

 

3.2.2 PfAIP localizes to rhoptry neck of merozoites 

Localization of PfAIP-2xFKBP-GFP was examined by wide-field fluorescence microscopy of unfixed AIPendo parasites. 

In late schizonts as well as in free merozoites, PfAIP-2xFKBP-GFP is localized to the parasite apex (Fig. 3.2D). To 

allow for comparative analysis of PfAIP and PfARO localization, AIPendo parasites were transfected with a vector for 

ectopic over-expression of PfARO-mCherry controlled by the late schizont-specific Ama1 promoter. 

PfAIP-2xFKBP-GFP and PfARO-mCherry signals are distinct with a partial overlap putatively at the rhoptry neck 

(Fig. 3.2E). To further confirm the rhoptry neck localization of PfAIP-2xFKBP-GFP, an indirect immunofluorescence 

assay (IFA) using an antibody against the C-terminal region of the rhoptry neck marker RALP1 [Haase et al., 2008; 

Ito et al., 2013] was performed. The IFA labelling pattern showed a higher degree of PfAIP-2xFKBP-GFP and 

RALP1-C signal overlap (Fig. 3.2F).  
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Fig. 3.2 | Endogenous PfAIP can be fused with 2xFKBP-GFP and localizes to the rhoptry neck of merozoites. (A) 
Schematic representation of the most important building blocks of the pSLI-PfAIP-2xFKBP-GFP vector used for 
homologous integration in the genomic Pfaip locus of the parental 3D7 wild-type cell line. Homologous 
recombination is indicated by “X”. Integration results in tagging of the Pfaip gene with 2xfkbp-gfp, generating 
the cell line AIPendo. The resulting gene product after integration is PfAIP-2xFKBP-GFP with a calculated MW of 
106 kDa and neomycin phosphotransferase II. Gray, Pfaip gene and homologous region (HR); turquoise, 2xFKBP; 
green, GFP; magenta, T2A skip peptide; orange, gene coding for neomycin phosphotransferase II conferring 
resistance to the selection marker neomycin used for positive selection of integrants; light gray, gene coding 
for hDHFR conferring resistance to the selection marker WR99210 used for positive selection of the pSLI-PfAIP-
2xFKBP-GFP vector; black asterisk, 3’end of the endogenous Pfaip gene. Arrows indicate the positions of primers 
used for diagnostic PCR in (B). F1, forward primer 1 binding upstream HR; R1, reverse primer 1 binding at the 
3‘end of HR; R2, reverse primer 2 binding within the GFP coding region. (B) Diagnostic PCR analysis of the 
rendered PfAIP locus from the isolated genomic DNA (gDNA) of AIPendo parasites using primers F1, R1 and R2. 
Primer combinations show expected sizes of PCR products in base pairs (bp). PCR analysis was performed for 
AIPendo and 3D7 parasites as well as control without gDNA (no DNA). Std, molecular size standard; kbp, kilo base 
pairs. (C) Western blot (WB) analysis on the lysate of AIPendo and 3D7 late schizont stage parasites. WB analysis 
was performed using a GFP-specific antibody (αGFP) and detected a band of approximately 110 kDa only for 
AIPendo but not parental 3D7 parasites. White asterisk marks a faint band at appr. 70 kDa for AIPendo parasites 
that could be attributed to protein processing/degradation. An aldolase-specific antibody (αAldolase) was used 
as loading control. (D) Images of wide-field fluorescence microscopy of unfixed AIPendo parasites show 
localization of PfAIP-2xFKBP-GFP (green signal) at the apical pole (white arrowhead) in developing merozoites 
(M) within schizonts (S) and merozoites released from ruptured schizonts. Zoom is indicated by the white 
square. (E) Wide-field fluorescence microscopy images of unfixed AIPendo parasites, co-transfected with PfARO-
mCherry over-expression vector. Co-localization shows some marginal overlap (white arrowhead) of 
PfAIP-2xFKBP-GFP (green signal) and PfARO-mCherry (red signal) at the rhoptry neck. (F) IFA was performed 
with methanol-fixed AIPendo schizont stage parasites that were probed with the rhoptry neck marker antibody 
anti-RALP1-C (αRALP1-C). For the detection of PfAIP-2xFKBP-GFP, no antibody was used. The representative 
image of an IFA-subjected schizont shows strong co-localization of PfAIP-2xFKBP-GFP (green signal) and 
αRALP1-C (red signal) at the rhoptry neck. Zoom is indicated by the white square. (D-F): DAPI (blue signal) was 
used to stain nuclei. T, trophozoite; S, schizont; M, merozoites; DIC, differential interference contrast; black 
scale bars, 5 µm; white scale bars, 1 µm. 

 

Additionally, parental 3D7 parasites were transfected with a bicistronic vector for AMA1 promoter-controlled 

expression of PfARO-GFP and PfAIP-mCherry separated by a self-cleaving skip peptide [Kono et al., 2016; Straimer 

et al. 2012; Szymczak et al., 2004] (Skip vector cell line, see also 3.4.1) and examined by wide-field fluorescence 

microscopy. Again, similar to the first approach, PfARO-GFP and PfAIP-mCherry signals are distinct with a partial 

overlap putatively at the rhoptry neck (Fig. 3.3A). To verify the full-length bi-cistronic expression of 

PfARO-GFP(-T2A) skip peptide, predicted MW: 59.6 kDa), skip vector cell line schizont parasites were used for WB 

analysis using a GFP-specific antibody. WB analysis revealed two bands: one strong band matching the expected 

size at appr. 65 kDa and a weaker band at appr. 55 kDa (Fig. 3.3B). Milder denaturation conditions (< 85°C) did not 

have an influence on the occurrence or intensity of the second band (data not shown). WB on lysate from late 

schizont stage AIPendo parasites transfected with a vector coding for PfARO-mCherry (predicted MW: 57.9 kDa) 

using an mCherry-specific antibody detected, again, a strong band at appr. 65 kDa and a weaker band at appr. 

55 kDa, irrespective of denaturing conditions (data not shown). 

 

To quantify the level of co-localization of PfAIP and PfARO, a Pearson’s correlation analysis was performed. 

Parasites expressing PfARO-GFP and PfAIP-mCherry from the bicistronic vector and AIPendo parasites co-

transfected with the PfARO-mCherry over-expression vector showed the same Pearson’s correlation coefficient 
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(PCC) of 0.7, indicating a partial overlap of PfAIP and PfARO. The PCC of IFA-subjected AIPendo schizonts showed 

almost complete co-localization of PfAIP and RALP1-C as indicated by a PCC of 0.9 (Fig. 3.3C). 

 

 
Fig. 3.3 | PfARO and PfAIP show partial co-localization at the rhoptry neck. (A) Wide-field fluorescence 
microscopy images of unfixed skip vector cell line parasites expressing PfARO-GFP (green signal) and PfAIP-
mCherry (red signal) show partial co-localization of both signals. PfARO-GFP and PfAIP-mCherry were expressed 
under the control of the late schizont stage Ama1 promoter from a bicistronic vector. Zoom Z1 and zoom Z2 
are indicated by white squares. DAPI (blue signal) was used to stain nuclei. S, schizonts; M, merozoites; DIC, 
differential interference contrast; black scale bar, 5 µm; white scale bars, 1 µm. (B) Western blot (WB) on lysate 
from late schizont stage skip vector cell line parasites using a GFP-specific antibody (αGFP) detects a strong 
protein band at appr. 65 kDa and a weaker protein band (black arrowhead) at appr. 55 kDa, irrespective of 
denaturing conditions. (C) Partial co-localization of PfARO and PfAIP at the rhoptry neck is demonstrated by 
Pearson's correlation coefficient (PCC) values. Each symbol of the scatter plot represents the PCC value of an 
individual schizont. PCC values were determined from schizont images of: i) parasites expressing PfARO-GFP 
and PfAIP-mCherry from a bicistronic expression vector (PfARO-GFP vs PfAIP-mCherry), ii) AIPendo parasites 
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transfected with a vector coding for the rhoptry marker PfARO-mCherry (PfAIP-2xFKBP-GFP vs PfARO-mCherry) 
(see Fig. 3.2E) and iii) AIPendo parasites fixed with methanol and subjected to IFA using RALP1-C-specific antibody 
(PfAIP-2xFKBP-GFP vs RALP1-C) (see Fig. 3.2F). The number (n) of analyzed cells are as follows: i) n = 79; ii) 
n = 19; iii) n = 12. PCC values were tested positive for normal distribution by the D'Agostino & Pearson test. 
Values shown below the symbols are the mean PCC values ± standard deviation. A two-tailed unpaired t-test 
was performed to compare the PCC values of i), ii) and iii). Values that are significantly different are indicated 
by asterisks. ****, P < 0.0001; ns, not significant. Error bars show standard deviation. 

 

3.3 Functional analysis of PfAIP 

It has been shown that TgAIP is a prerequisite for the stabilization of TgACβ and its targeting to the rhoptry neck, 

but, apart from that, the exact function of TgAIP is unclear [Mueller et al., 2016]. The same study does not report 

a growth perturbation in TgAIP knockout parasites. Additionally, the aip gene was successfully knocked out in 

T. gondii [Sidik & Huet et al., 2016], indicating that TgAIP is not essential for T. gondii proliferation. In a saturation 

mutagenesis of P. falciparum NF54 wild-type parasites, 2,680 genes were identified as essential for in vitro asexual 

blood-stage growth [Zhang et al., 2018]. The mutagenesis index score (MIS) and the mutant fitness score (MFS) 

for those genes are displayed at PlasmoDB. The parental line used for this thesis was the 3D7 line that was derived 

from NF54 isolate by limiting dilution [Walliker et al., 1987]. Zhang et al. determined the MIS and MFS of Pfaip to 

0.19 and -3.3, respectively. PhenoPlasm [Sanderson & Rayner, 2017], a database of phenotypes for malaria 

parasite genes, displayed Pfaip as a gene that is refractory to disruption. The gene was therefore considered as 

essential and indispensable for parasite proliferation. Hence, a targeted gene disruption (TGD) of the Pfaip gene 

using e.g. the SLI-TGD approach [Birnbaum & Flemming et al., 2017] was not attempted and a conditional system 

was adapted to deplete PfAIP from the rhoptry. 

 

Since TgAIP and PfAIP differ significantly in size (89.3 kDa versus 49.1 kDa, respectively) (see section 3.1.1), it was 

assumed that they may differ in function as well. To provide functional data a conditional knock-sideways (KS) 

strategy [Geda et al., 2008; Haruki et al., 2008; Papanikou & Day, et al., 2015; Patury et al., 2009; Robinson et al., 

2010; Xu et al., 2010] that was recently adapted for functional characterization of proteins in P. falciparum 

[Birnbaum & Flemming et al., 2017] was applied.  

 

As described above, PfAIP is devoid of acylation or myristoylation motifs, a signal peptide and transmembrane 

domains and therefore is a suitable candidate for inducible mislocalization. A vector for strong constitutive HSP86 

promoter-controlled expression of a 3xNLS-FRB-mCherry (hereafter named mislocalizer) containing a nuclear 

localized FRB domain [Birnbaum & Flemming et al., 2017] was transfected to the AIPendo line. The nuclear 

localization of the mislocalizer is mediated by three stretches of a nuclear localization signal (NLS) [Kalderon et al., 

1984]. The resulting line was named AIPcondKS (referring to PfAIP conditional knock-sideways).  

 

3.3.1 Knock-sideways of PfAIP reduces number of newly formed rings per ruptured schizont 

The addition of rapalog allowed the depletion of PfAIP-2xFKBP-GFP from the rhoptry neck of AIPcondKS schizont 

parasites. The signal for PfAIP-2xFKBP-GFP could barely be detected within the nucleus, indicating that it is either 

degraded or its expression is too weak to enable its localization in the nucleus. In some cases, a residual signal for 

PfAIP-2xFKBP-GFP at the rhoptry neck could be observed (Fig. 3.4A). To quantify the expression of the mislocalizer 
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in the transgenic population, ≈ 300 AIPcondKS parasites of schizont stage were investigated via fluorescence 

microscopy, and all of them showed a strong nuclear FRB-mCherry signal (data not shown). Transcriptomic data 

(see S2A, Appendix) of erythrocytic expression time series [Bozdech et al., 2003; Llinás et al., 2006] displayed at 

PlasmoDB suggested that an appropriate timepoint to start the PfAIP KS is at 30 hpi, given that transcription is 

increasing. 
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Fig. 3.4 | Conditional depletion of PfAIP from the rhoptry neck leads to reduced parasitemia. (A) Wide-field 
fluorescence microscopy images of unfixed AIPcondKS parasites show rapalog-induced depletion of PfAIP-2xFKBP-
GFP (green signal) from the rhoptry neck of AIPcondKS parasites. Mislocalizer (red signal) co-localizes with DAPI 
(blue signal). Some rapalog treated merozoites show a residual green signal at the rhoptry neck (white 
arrowhead). 5x zoom is indicated by the white square. DAPI was used to stain nuclei. DIC, differential 
interference contrast; black scale bars, 5 µm; S, schizont; M, merozoites; rap, rapalog. (B) Phenotypic 
characterization of conditional PfAIP-2xFKBP-GFP depletion from the rhoptry neck. Depletion of PfAIP-2xFKBP-
GFP from the rhoptry neck was induced by adding rapalog at 30 hours post infection on day 0. Depletion of 
PfAIP-2xFKBP-GFP leads to a 2.2-fold reduction in parasitemia on day 1 post rapalog treatment. Each symbol of 
the scatter plot represents an independent experiment performed in duplicates. (C) Giemsa-stained thin blood 
smears were taken from parasite cultures (rapalog-treated and control) before FC analysis. (D) The number of 
merozoites per schizont was determined by Giemsa-stained thin blood smears taken prior to rupture. 
Representative images of rapalog negative (-rap) and rapalog positive (+rap) schizonts are shown on the right. 
Ten to twelve schizonts per condition (+/- rap) were analyzed in biological triplicates. Scale bars, 5 µm. (E) Egress 
(percentage of ruptured schizonts), (F) Invasion (rings per ruptured schizont) and (G) RBC-attached merozoites 
per ruptured schizont was determined from Giemsa-stained thin blood smears for each condition (+/- rap). 
Depletion of PfAIP-2xFKBP-GFP leads to a 2.2-fold reduction in rings per ruptured schizont on day 1 post rapalog 
treatment. (E-G) Each symbol of the scatter plot represents an independent experiment. Approximately 6,000 
cells were analyzed from Giemsa-stained thin blood smears for each experiment and condition (+/- rap). (B & 
D-G): Statistical significances were determined by a two-tailed unpaired t-test and are indicated by asterisks. *, 
P < 0.05; ***, P < 0.001; ns, not significant. Values shown below or above the symbols are the mean values ± 
standard deviation. Error bars show the standard deviation. 

 

Quantification of infected erythrocytes was performed using flow cytometry (FC) analysis at a starting parasitemia 

of 1 %. Rapalog induced mislocalization of PfAIP-2xFKBP-GFP from the rhoptry led to a 55.3 % (2.2-fold) reduction 

in parasitemia in the following cycle relative to untreated control (Fig. 3.4B). Giemsa-stained blood smears mirror 

this finding and show that in the following cycle ring stages were hardly detectable in rapalog treated parasites 

but were abundant in the control parasites (Fig. 3.4C). To test if the decrease in parasitemia was due to a reduced 

number of merozoites, the number of segmented merozoites inside mature AIPcondKS schizonts was counted from 

Giemsa-stained slides of rapalog treated and control parasites. No reduction or aberrant morphology was 

observed with an average of 26 merozoites per schizont (Fig. 3.4D), an expected number compared to 16-32 

merozoites reported in the literature [Cowman et al., 2016]. Also, the parasite egress (the percentage of ruptured 

schizonts) was not altered by rapalog induced PfAIP mislocalization (Fig. 3.4E). However, the number of newly 

formed rings per ruptured schizont was significantly reduced by 53.4 % (2.2-fold) (Fig. 3.4F), indicating that 

invasion is compromised. Experiments to analyze this invasion phenotype, such as counting the number of RBC-

attached merozoites per ruptured schizont (Fig. 3.4G) or the number of free, unattached merozoites, did not result 

in significant differences (data not shown). 

 

For further investigation, additional growth assays were performed with AIPcondKS parasites with a starting 

parasitemia of 0.1 % on day 0 to allow for FC analysis of their growth over two replication cycles. Fig. 3.5A 

exemplarily shows the setting of gates to determine parasitemia and the proportion of rings, trophozoites and 

schizonts. Again, rapalog-induced mislocalization of PfAIP-2xFKBP-GFP led to a 36.1 % (1.6-fold) reduction in 

parasitemia for AIPcondKS parasites after one cycle, whereas the parasitemia of 3D7 parasites was unaffected by 

rapalog (Fig. 3.5B). Parasite egress of AIPcondKS and 3D7 parasites was not affected (Fig. 3.5C), but the number of 

rings per ruptured schizont was significantly reduced by 36.7 % (1.6-fold) for AIPcondKS but not for parental 3D7 

parasites (Fig. 3.5D). Egress and the number of rings per ruptured schizont obtained from Giemsa smear (see 

https://www.sciencedirect.com/science/article/pii/S009286741631008X
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Fig. 3.4E + F) and FC analysis (see Fig. 3.5C + D) was compared. No significant difference was determined for egress 

(Fig. 3.5E) or for the number of rings per ruptured schizont (Fig. 3.5F). 
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Fig. 3.5 | Knock-sideways of PfAIP leads to a decrease in parasitemia due to impaired invasion. (A) A 
representative FC dot plot shows gate setting for the determination of parasitemia and the distribution of rings 
and later stages (trophozoites and schizonts) from singlets for 3D7 and AIPcondKS parasites. Signal intensities of 
the DNA staining chemicals SYBR green I (SYBR) and DHE are shown on the x- and y-axes, respectively. R, rings; 
T, trophozoites; S, schizonts. (B) Parasitemia was determined as in Fig. 3.4B, except parasitemia on day 0 was 
adjusted to 0.1 %. Rapalog induced mislocalization of PfAIP-2xFKBP-GFP leads to a 1.6-fold reduction in 
parasitemia for AIPcondKS parasites. (C) Egress (percentage of ruptured schizonts) and (D) Invasion (rings per 
ruptured schizont) was calculated from the stage distribution determined by FC analysis. Rapalog-induced 
depletion of PfAIP-2xFKBP-GFP from the rhoptry neck leads to a 1.6-fold reduction in rings per ruptured schizont 
after the reinvasion cycle on day 1 post rapalog treatment. (E) and (F) show a comparison of data obtained from 
Giemsa-stained thin blood smears (Gi) (see Fig. 3.4E-F) and FC analysis. (B-D) Each symbol of the scatter plot 
represents an independent experiment performed in duplicates. (B-F): Statistical significances were determined 
by a two-tailed, unpaired t-test and are indicated by asterisks. *, P < 0.05; ns, not significant. Values shown 
above the symbols are the mean values ± standard deviation. Error bars show the standard deviation. Rap, 
rapalog. 

 

The invasion rate was determined by dividing the number of merozoites (26 merozoites, see Fig. 3.4D) by the 

number of rings per ruptured schizont. The mean invasion rate, calculated from data obtained from Giemsa smear 

(see Fig. 3.4F) and FC analysis (see Fig. 3.5D) of control AIPcondKS parasites, is 39.4 ± 13.1 % and 46.3 ± 8.4 %, 

respectively. It was assumed that the number of 26 merozoites per schizont was the same for parental 3D7 

parasites, which resulted in a mean invasion rate of 53.0 ± 4.3 % for control and 54.9 ± 8.5 % for rapalog treated 

parasites, calculated from FC analysis (data not shown). The invasion rate of parental 3D7 and AIPcondKS parasites 

did not differ significantly (P = 0.284, data not shown). 

 

The data presented here indicates that PfAIP-2xFKBP-GFP localizes to the rhoptry neck sub-compartment and that 

the depletion of PfAIP-2xFKBP-GFP from this rhoptry sub-compartment by KS interferes with the invasion of RBCs 

by merozoites. 

 

3.4 Functional analysis of PfAIP/PfARO interaction 

Previous data revealed that each armadillo (ARM) repeat of TgARO is indispensable for rhoptry positioning at the 

parasite apex [Mueller et al., 2016], and it was suggested that TgARO likely interacts directly or indirectly with 

TgAIP [Mueller et al., 2013, 2016] (see 1.2.2.5). Small angle X-ray scattering (SAXS) and ab initio modelling 

indicated a monomeric structure of TgARO with a highly negatively charged groove [Mueller et al., 2016]. 

However, some differences between the TgARO model obtained by SAXS and the structural model of PfARO (PDB 

accession: 5EWP) obtained by X-ray diffraction [Geiger & Brown et al., 2020] are present. For this part of the thesis, 

different mutations that are likely to interfere with PfAIP interaction were designed based on the crystal structure 

of PfARO. Subsequently, these PfARO variants were cloned and expressed in the parasite to test whether putative 

PfARO/PfAIP interaction, indirect or direct, can be averted. 

 

3.4.1 Mutations of PfARO cause cytosolic distribution of PfAIP 

PfARO (Gene ID: PF3D7_0414900) protein contains two surface exposed loops (see Fig. 1.15A). It was 

hypothesized that the first loop (loop 1, residue 60-80), which is highly conserved between TgARO and PfARO (see 

S1, Appendix), is an obvious location for an interaction surface [Geiger & Brown et al., 2020]. If bound to a partner 

protein, loop 1 probably opens up to expose residues from within loop 1 as well as on the core surface of PfARO 

https://jcs.biologists.org/content/129/5/1031.abstract
https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://jcs.biologists.org/content/129/5/1031.abstract
https://jcs.biologists.org/content/129/5/1031.abstract
https://www.sciencedirect.com/science/article/pii/S0022283619307338?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022283619307338?via%3Dihub
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to contact its interaction partner. Loop 2, on the other hand, is not conserved between TgARO and PfARO (see S1, 

Appendix). Phospho-proteomic data displayed at PlasmoDB and ToxoDB show eight phosphorylation-sites for 

PfARO and just two phosphorylation-sites for TgARO, while S33 and S59 (≙ S61 in T. gondii) are phosphorylated in 

both proteins (see S1, Appendix). 

 

 

Fig. 3.6 | Mutations in putative PfARO interaction domain cause cytosolic distribution of PfAIP. (A) Schematic 
representation of the most important building blocks of the bicistronic construct for the episomal expression 
of PfARO-GFP and its putative interaction partner PfAIP-mCherry. Amino acid substitutions introduced in PfARO 
mutants 1-6 are shown on the left, and the resulting mutations are indicated by M1 (mutation 1) to M6 
(mutation 6). The unaltered wild-type PfARO protein coding sequence is indicated by WT. PfARO-GFP and 
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PfAIP-mCherry cassette are separated by a T2A skip peptide. Expression is under the control of late schizont 
stage AMA1 promoter. Light blue, PfARO coding region; green, GFP; magenta, T2A skip peptide; dark blue, PfAIP 
coding region; red, mCherry. The predicted MW of PfAIP-mCherry is shown below. (B) Representative wide-
field fluorescence images of late stage parasites expressing either wild-type or mutant PfARO-GFP (green signal) 
and PfAIP-mCherry (red signal). The expression of mutant PfARO-GFP converts the PfAIP-mCherry distribution 
from apical to cytosolic. The white arrowhead indicates residual PfAIP-mCherry signal at the rhoptry neck. 
Insets: 3x zoom, indicated by Z. The “X” in AROX-GFP denotes different PfARO versions. Zoom (Z) is indicated by 
the white square. DAPI was used to stain nuclei. DIC, differential interference contrast; black scale bars, 5 µm. 
(C) Cytosolic distribution of the PfAIP-mCherry signal was quantified using Manders split coefficient 1 (MSC1) 
and Manders split coefficient 2 (MSC2). MSC1 (red) reflects the fraction of PfAIP-mCherry signal overlapping 
with WT or the mutant PfARO-GFP signal. MSC2 (green) reflects the fraction of WT or the mutant PfARO-GFP 
signal overlapping with the PfAIP-mCherry signal. MSC1 and MSC2 were determined from 30 schizonts for each 
condition (PfARO wild-type and mutant 1-6). MSC values were tested positive for normal distribution by the 
D’Agostino & Pearson test. MSC values were compared by a two-tailed, unpaired t-test. Statistical significances 
are indicated by asterisks. ****, P < 0.0001. (D) Western blot (WB) analysis of late schizont stage parasite lysates 
from wild-type and mutant PfARO-GFP expressing parasites to test for possible PfAIP-mCherry (calculated MW: 
76 kDa) degradation. WB analysis was performed using mCherry-specific antibody (αmCherry). A protein band 
at appr. 95 kDa was detected for PfAIP-mCherry expressing parasites. As control, parental 3D7 parasite lysate 
and aldolase-specific antibody (αAldolase) were used. WT, wild-type PfARO; M1-M6, PfARO mutant 1-6. Std, 
molecular size standard. 

 

Different mutants of PfARO protein were created, fused to GFP and expressed using a bicistronic over-expression 

vector (= skip vector, see 3.2.2). The following mutations were introduced into the PfARO protein. PfARO mutation 

1 (AROM1): H72D/W74S; PfARO mutation 2 (AROM2): L84D/Q88E; PfARO mutation 3 (AROM3): P78G/T80A; PfARO 

mutation 4 (AROM4): D124N/R125Q; PfARO mutation 5 (AROM5): Δ64-79 (deletion of loop 1) and PfARO mutation 

6 (AROM6): F135D (Fig. 3.6A). Parasites expressing PfARO wild-type (PfAROWT) showed a similar rhoptry localization 

for PfAROWT-GFP and PfAIP-mCherry signal as described in Fig. 3.2E and Fig. 3.3A. All other PfARO variants caused 

a cytosolic distribution of PfAIP-mCherry signal (Fig. 3.6B). Some residual PfAIP-mCherry signal was often 

detectable at the rhoptry neck, which is most likely due to the interaction with endogenous PfARO protein. 

 

The cytosolic distribution of PfAIP-mCherry was quantified by the Manders split coefficient (MSC). MSC1 reflects 

the fraction of PfAIP-mCherry signal overlapping with the PfARO-GFP signal. For PfAROWT-GFP, almost all PfAIP-

mCherry signal overlapped with the PfAROWT-GFP signal, leading to a high MSC1. All PfARO mutants, however, 

showed a low MSC1 because most of the cytosolic PfAIP-mCherry signal did not overlap with the PfARO-GFP signal 

located at the rhoptry neck (Fig. 3.6C). MSC2 reflects the fraction of the PfARO-GFP signal overlapping with the 

PfAIP-mCherry signal. A low MSC2 was calculated for PfAROWT-GFP since only a small proportion of the 

PfAROWT-GFP signal overlapped with the PfAIP-mCherry signal at the rhoptry neck. For all ARO mutants, a high 

MSC2 was calculated because most PfARO-GFP was overlapped by the cytosolic PfAIP-mCherry signal (Fig. 3.6C). 

 

When TgAIP was depleted, TgACβ became undetectable, indicating that TgAIP is necessary for TgACβ stabilization 

[Mueller et al., 2016]. The PfAIP-2xFKBP-GFP signal was detectable only at background level when mislocalized 

(see Fig. 3.4A). To exclude the possibility of degradation or the processing of PfAIP-mCherry leading to cytosolic 

mCherry, WB analysis of parasite lysate using an mCherry-specific antibody was performed. A single band at appr. 

95 kDa was detected for all wild-type and mutant PfARO expressing parasites (Fig. 3.6D), indicating that no free 

mCherry moiety caused the observed cytosolic signal.  

https://jcs.biologists.org/content/129/5/1031.abstract
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3.4.2 PfARO-GFP/PfAIP-mCherry interaction could not be verified by co-IP  

It has been shown that TgAIP (together with TgACβ and TgMyoF) can be pulled-down by TgARO-GFPTy in 

co-immunoprecipitation (co-IP) experiments [Mueller et al., 2013]. To test whether this interaction can be verified 

for P. falciparum in the context of wild-type PfARO-GFP/PfAIP-mCherry expressing parasites and to verify the 

ablated interaction caused by PfARO mutations, a pull-down assay using GFP-Trap® was performed. It was 

expected that mutant versions of PfARO-GFP would be unable to pull down PfAIP-mCherry, given that these 

proteins are indeed interaction partners like their T. gondii homologues. However, co-IPs using GFP-Trap® and 

RFP-Trap® followed by WB analysis did not suggest an interaction of wild-type PfARO-GFP and PfAIP-mCherry (data 

not shown.) 

 

3.4.3 An ARO homologue in V. brassicaformis  

Since Vbra_13064 was retrieved by BLASTp analysis using TgAIP as the query (see 3.1.1), additional BLASTp analysis 

against the V. brassicaformis genome was performed using the TgARO protein sequence (Gene ID: 

TGME49_261440) as the query sequence. A single hit (Gene ID: VBRA_4126, length: 291 aa) was retrieved (BLASTp 

E-value: 5e-73), suggesting the presence of an ARO protein homologue (VbARO) in V. brassicaformis. CD-search 

analysis retrieved two Armadillo (ARM) repeats located at residues K109 to S141 and N147 to V185 of VbARO, which 

correspond well with the ARM2 and ARM3 repeats of PfARO (S5, Appendix). PRALINE multiple sequence and 

NEEDLE alignment determined a high level of conservation between VbARO, TgARO and PfARO (S5, Appendix). 

The N-terminal palmitoylation motif as well as the positively charged residues R9, K14 and K16, which are important 

for the rhoptry membrane attachment of PfARO [Cabrera et al., 2012], are highly conserved between VbARO, 

TgARO and PfARO (S5, Appendix). However, TgARO and PfARO exhibit R9, K14 and K16, whereas the VbARO protein 

exhibits K9, R14 and R16. The sequence that forms loop1 in PfARO is also highly conserved between VbARO, TgARO 

and PfARO, whereas PfARO loop2 is not. A calcium-dependent phosphorylation at TgARO residue S33 was detected, 

which suggests the response of TgARO to calcium signalling [Nebl et al., 2011]. Further, S33 is conserved between 

TgARO, PfARO and VbARO. Lysine acetylation of PfARO residues K26 and K168 has been determined [Cobbold et al., 

2016] and residue K26 of PfARO and VbARO is conserved (S5, Appendix).  

 

3.5 Identification of PfAIP interaction partners using 2C-BioID (DIQ-BioID) 

It has been shown via co-IP that TgAIP, TgMyoF and TgACβ are interaction partners of TgARO [Mueller et al., 2013]. 

As described in section 3.4.2, co-IP using PfARO-GFP and PfAIP-mCherry did not indicate a stable interaction of 

PfARO and PfAIP. In order to identify potential interaction partners of PfAIP in the malaria parasite, the two 

component BioID approach (2C-BioID) [Chojnowski et al., 2018] was used. This method was recently applied for 

P. falciparum and was termed DIQ-BioID [Birnbaum & Scharf et al., 2020]. It has been shown that this method 

leads to a minimized pool of false positive candidates. Birnbaum et al. fused a promiscuous biotin ligase BirA* 

[Roux et al., 2012] to mCherry and FRB to express this construct in a line where the protein of interest (POI), the 

Kelch-13 protein, was fused to 2xFKBP-GFP. Expression of the BirA* construct is controlled by the weak sf3a2 

promoter to reduce the background of unspecific biotinylated proteins. Biotinylated proteins can be affinity-

purified using a streptavidin matrix and subsequently identified by mass spectrometry (MS).  

 

https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0854.2012.01394.x
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1002222
https://www.nature.com/articles/srep19722
https://www.nature.com/articles/srep19722
https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://www.cell.com/iscience/fulltext/S2589-0042(18)30213-X?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS258900421830213X%3Fshowall%3Dtrue
https://science.sciencemag.org/content/367/6473/51
https://rupress.org/jcb/article/196/6/801/36934/A-promiscuous-biotin-ligase-fusion-protein
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3.5.1 Active biotin ligase can be localized inducibly to PfAIP-2xFKBP-GFP 

In order to establish the DIQ-BioID for PfAIP, the parasite line AIPbioID was established by transfecting the line AIPendo 

with a vector coding for the mCherry-2xFRB-BirA* construct. The addition of rapalog induces dimerization of the 

FKBP/FRB domain to localize BirA* ligase to PfAIP, where it biotinylates putative PfAIP interaction partners in close 

proximity (Fig. 3.7A). WB analysis was performed on late schizont stage parasite lysate from tightly synchronized 

cultures, which were split into two cultures to treat one with rapalog and leave the other untreated. The GFP-

specific antibody detected a band at appr. 110 kDa matching PfAIP-2xFKBP-GFP with a predicted MW of 106 kDa. 

Using the mCherry-specific antibody, a band at appr. 80 kDa was detected, corresponding to mCherry-2xFRB-BirA* 

construct with a predicted MW of 78 kDa (Fig. 3.7B). The signal intensities indicate that the constructs were 

expressed equally in rapalog-treated and control parasites. After adding rapalog to the AIPbioID line, the mCherry-

2xFRB-BirA* signal overlapped with the PfAIP-2xFKBP-GFP signal at the rhoptry neck, indicating the successful 

recruitment of mCherry-2xFRB-BirA* to PfAIP-2xFKBP-GFP (Fig. 3.7C). 

 

 

Fig. 3.7 | Rapalog-induced dimerization of FKBP-FRB localizes active biotin ligase to PfAIP. (A) Schematic 
representation of rapalog-induced re-localization of cytosolic mCherry-FRB-BirA* construct to PfAIP-2xFKBP-
GFP in AIPbioID parasites (AIPendo parasites transfected with mCherry-FRB-BirA* construct). BirA* ligase 
biotinylates proteins proximal to PfAIP-2xFKBP-GFP upon rapalog addition. Blue, PfAIP; purple: FKBP/FRB 
domains; green, GFP; red, mCherry; brown, BirA* ligase; orange, interaction partner (IP); yellow, rapalog (rap). 
(B) Western blot (WB) analysis of AIPbioID schizont stage parasites. Tightly synchronized parasites were grown to 
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38 hpi. The culture was split into two identical cultures and one was supplemented with rapalog (+rap) while 
the other served as control (-rap). At the late schizont stage, prior to rupture, parasites were harvested, and 
Western blot (WB) analysis was performed using GFP-specific (αGFP) and mCherry-specific (αmCherry) 
antibodies. WB using αGFP detects a protein band at approximately 110 kDa. The predicted size of PfAIP-
2xFKBP-GFP is 106 kDa. Using αmCherry, a protein band at approximately 80 kDa is detected. The predicted 
size of mCherry-FRB-BirA* is 78 kDa. An aldolase-specific antibody (αAldolase) was used as loading control. (C) 
Representative images from wide-field fluorescence microscopy of unfixed AIPbioID parasites. The white 
arrowhead indicates the co-localization of mCherry-FRB-BirA* (red signal) and PfAIP-2xFKBP-GFP (green signal). 
DAPI (blue signal) was used to stain nuclei. DIC, differential interference contrast; scale bars, 5 µm; S, schizont; 
rap, rapalog. (D) WB analysis of AIPbioID schizonts to test for the biotinylation of proteins proximal to PfAIP-
2xFKBP-GFP. Highly synchronized parasites were grown to 38 hpi. The culture was split into two identical 
cultures and one was supplemented with rapalog (+rap). Both cultures were supplemented with biotin and 
incubated at RT until the parasites reached the late schizont stage prior to rupture. Samples were probed with 
a biotin-specific antibody (αbiotin). Black arrows indicate the predicted MW of the following proteins: 1. PfAIP-
2xFKBP-GFP, 106 kDa; 2. mCherry-FRB-BirA*, 78 kDa; 3. PfARO, 31 kDa. Red asterisk marks a protein band at 
appr. 70 kDa for rapalog condition. 

 

PfAIP is expressed during late schizogony [Bozdech et al., 2003; Llinás et al., 2006] (see S2A, Appendix) and 

potential interaction partners should be accessible within this window. However, for optimal labelling, E. coli 

derived BirA* requires more than 18 hours [Branon et al., 2018; Rhee et al., 2013]. It was therefore reasoned that 

the window could be too short for the efficient biotinylation of proteins proximal to PfAIP within late schizonts 

prior to rupture. One possibility to increase the time window for efficient biotinylation is represented by the use 

of compounds that prevent schizont rupture. The protein kinase G (PKG) inhibitors compound 1 (C1) [Gurnett & 

Liberator et al., 2002] and compound 2 (C2) [Donald et al., 2006] or the nonspecific papain family protease 

inhibitor E64 [Greenbaum et al., 2002] are such tools. C2 and E64 were tested in the context of the AIPbioID line, 

and neither compound had an apparent effect on rapalog-induced recruitment of BirA* construct to PfAIP-2xFKBP-

GFP (data not shown). While nonetheless promising, these compounds were not used in the DIQ-BioID 

experiments given the possibility of drug-induced artifacts and the high cost of some of these compounds.  

Instead, after reaching 38 hpi, the culture was split into a rapalog-treated and a control culture and left at room 

temperature (RT) until the late schizont stage prior to rupture. It was expected that parasite development is 

slowed down sufficiently to allow for the biotin ligase biotinylation of proteins proximal to PfAIP-2xFKBP-GFP at 

RT. Subsequent WB analysis on lysate from saponin-isolated late schizonts using a biotin-specific antibody (see 

2.1.8) showed a strongly increased signal at appr. 110 kDa compared to control (Fig. 3.7D). This matches the 

molecular weight of PfAIP-2xFKBP-GFP (calculated MW: 106 kDa), confirming that the mCherry-FRB-BirA* 

construct was localized to PfAIP-2xFKBP-GFP. A band at appr. 80 kDa, corresponding to the size of mCherry-2xFRB-

BirA* (calculated MW: 78 kDa), was also found, suggesting that BirA* does biotinylate itself and/or the 

FRB-mCherry moiety independently of rapalog treatment. A band at 70 kDa was detected exclusively for 

rapalog-induced cells (Fig. 3.7D). This band could either indicate a potential interaction partner of PfAIP or a 

degraded/processed form of PfAIP-2xFKBP-GFP (see Fig. 3.2C). 

 

3.5.2 Potential interaction partners of PfAIP-2xFKBP-GFP identified by DIQ-BioID 

Even though increased bands are often not visible for rapalog-induced cultures, hits still occur in MS [Tobias 

Spielmann, personal communication, 2018]. The rapalog-induced culture and the control were harvested, and 

their biotinylated proteins were purified and subjected to MS. This first DIQ-BioID screen identified 72 proteins 

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0000005
https://academic.oup.com/nar/article/34/4/1166/1337467
https://www.nature.com/articles/nbt.4201
https://science.sciencemag.org/content/339/6125/1328
https://www.jbc.org/content/277/18/15913
https://www.jbc.org/content/277/18/15913
https://www.sciencedirect.com/science/article/pii/S0166685106001447?via%3Dihub
https://science.sciencemag.org/content/298/5600/2002
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whose biotinylated peptides were enriched in the rapalog-treated sample compared to control. Candidates and 

hits are compiled in Table 3.1, which lists the log2 fold changes (log2FC) of the rapalog-induced culture versus the 

control. Log2FC values above 1 were considered as candidates. Values equal to or above 1.3 were considered as 

hits. Fold changes of the two fractions are displayed. The ammonium bicarbonate (AmBic) fraction contained 

peptides that were cleft off from streptavidin-beads by trypsin digest and were subjected to MS. The 

acetonitrile/trifluoroacetic acid (ACN/TFA) fraction contained peptides that were still bound to streptavidin beads 

after trypsin digest and were eluted by ACN/TFA before being subjected to MS. All the listed proteins were 

reviewed for likely/unlikely PfAIP interaction judged on subcellular localization, DNA/RNA binding capacity, 

secretory pathway association and metabolic function. 

 

Table 3.1 | Hits identified by DIQ-BioID. The table shows the gene identifiers of proteins corresponding to 
peptides enriched by mass in the rapalog-induced culture compared to the control. A log2FC value > 1 
indicates candidates. A log2FC value ≥ 1.3 indicates hits. The column on the right indicates the mutagenesis 
index score [Zhang et al., 2018] color-coded from red (essential) to green (dispensable) for the corresponding 
genes. ACN, acetonitrile/trifluoroacetic acid fraction; Am, AmBic fraction; SP, signal peptide; TMD, trans-
membrane domain; M, mutagenesis index score; NA, not assessed. 

 

Gene ID log2 FC category Description SP TMD Size M 

  ACN Am         (kDa)   

PF3D7_0113000 2,7 1,5 hit hit Glutamic acid-rich protein (GARP) yes 1 79.8   

PF3D7_0201900 0,6 1,3 no 
hit 

hit Erythrocyte membrane protein 3 
(EMP3) 

yes 1 273.7 
  

PF3D7_0202000 2,2 1,6 hit hit Knob-associated histidine-rich protein 
(KAHRP) 

yes 0 71.3 

  

PF3D7_0307200 1,9 1,6 hit hit 60S ribosomal protein L7, putative no 0 30.5   

PF3D7_0320900 3,4 3,7 hit hit Histone H2A.Z no 1 16.5   

PF3D7_0401800 1,8 2,2 hit hit Plasmodium exported protein (PHISTb), 
unknown function 

no 1 60.3 

  

PF3D7_0402000 2,3 1,3 hit hit Plasmodium exported protein (PHISTa), 
unknown function 

no 1 49.7 

  

PF3D7_0500800 2,1 2,5 hit hit Mature parasite-infected erythrocyte 
surface antigen (MESA) 

no 0 168.3 

  

PF3D7_0508500 1,4 1,2 hit cand Guanidine nucleotide exchange factor 
(RCC1) 

no 0 304.1 

  

PF3D7_0517400 2,3 2,7 hit hit FACT complex subunit SPT16, putative no 0 132.7   

PF3D7_0519400 1,1 1,2 cand cand 40S ribosomal protein S24 no 0 15.4   

PF3D7_0532400 2,0 1,6 hit hit Lysine-rich membrane-associated 
PHISTb protein 

no 1 61.1 

  

PF3D7_0610400 3,8 3,4 hit hit Histone H3 no 0 15.5   

PF3D7_0612200 1,3 1,1 cand cand Leucine-rich repeat protein (LRR6) no 0 220.3   

PF3D7_0617800 3,5 3,9 hit hit Histone H2A no 0 14.1   

PF3D7_0617900 3,3 3,4 hit hit Histone H3 variant no 0 15.4   

PF3D7_0707300 NA 1,8 NA hit Rhoptry-associated membrane antigen 
(RAMA) 

yes 0 103.6 

  

PF3D7_0708400 2,5 3,0 hit hit Heat shock protein 90 no 0 86.2   

PF3D7_0710600 1,7 1,5 hit hit 60S ribosomal protein L34 no 0 17.4   

PF3D7_0714000 3,5 3,7 hit hit Histone H2B variant no 0 13.8   

PF3D7_0731600 1,2 2,1 cand hit Acyl-CoA synthetase (ACS5) yes 0 93.3   

PF3D7_0802600 3,2 3,2 hit hit Adenylyl cyclase beta (ACβ) no 0 269.5   

PF3D7_0814000 1,3 1,5 cand hit 60S ribosomal protein L13-2, putative no 0 25.4   

https://science.sciencemag.org/content/360/6388/eaap7847/tab-article-info
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PF3D7_0821700 1,2 1,6 cand hit 60S ribosomal protein L22, putative no 0 16.4   

PF3D7_0918000 1,5 1,2 hit cand Glideosome-associated protein 50 
(GAP50) 

yes 1 44.6 

  

PF3D7_0923900 1,2 1,1 cand cand Polyadenylate (RNA)-binding protein 2, 
putative 

no 0 23.0 

  

PF3D7_0930300 1,9 2,0 hit hit Merozoite surface protein 1 (MSP1) yes 0 195.7   

PF3D7_1006200 0,8 1,1 no 
hit 

cand DNA/RNA-binding protein Alba 3 no 0 12.0 
  

PF3D7_1006800 2,0 2,0 hit hit Single-strand telomeric DNA-binding 
protein GBP2, putative 

no 0 29.5 

  

PF3D7_1008000 1,1 1,3 cand hit Histone deacetylase 2 no 0 282.2   

PF3D7_1017500 1,1 0,0 cand no 
hit 

Myosin essential light chain ELC no 0 15.7 
  

PF3D7_1027300 0,4 2,6 no 
hit 

hit Peroxiredoxin no 0 43.9 
  

PF3D7_1104400 1,8 2,2 hit hit Thioredoxin-like mero protein yes 1 49.3   

PF3D7_1105000 3,5 3,4 hit hit Histone H4 no 0 11.5   

PF3D7_1105100 3,5 4,1 hit hit Histone H2B no 0 13.1 NA 

PF3D7_1105400 1,6 1,5 hit hit 40S ribosomal protein S4, putative no 0 29.7   

PF3D7_1109900 1,8 1,9 hit hit 60S ribosomal protein L36 no 0 12.8   

PF3D7_1121600 2,2 2,1 hit hit Exported protein 1 yes 1 17.3   

PF3D7_1124900 1,4 1,0 hit cand 60S ribosomal protein L35, putative no 0 14.8   

PF3D7_1136700 NA 3,1 NA hit Conserved Plasmodium protein, 
unknown function (AIP) 

no 0 49.1 

  

PF3D7_1220900 2,5 2,8 hit hit Heterochromatin protein 1 no 0 31.0   

PF3D7_1228600 1,6 1,3 hit hit Merozoite surface protein 9 yes 0 86.6   

PF3D7_1232100 2,1 2,5 hit hit 60 kDa chaperonin yes 1 81.5   

PF3D7_1245800 2,1 2,1 hit hit Epsin-like protein, putative no 0 49.7   

PF3D7_1246400 0,5 1,0 no 
hit 

cand Myosin A tail domain interacting 
protein (MTIP) 

no 0 23.5 

  

PF3D7_1247400 2,5 2,3 hit hit FK506-binding protein (FKBP)-type 
peptidyl-prolyl isomerase (FKBP35)  

no 0 34.8 

  

PF3D7_1323400 1,5 1,3 hit hit 60S ribosomal protein L23 no 0 22.1   

PF3D7_1324800 2,6 3,2 hit hit Dihydrofolate 
synthase/folylpolyglutamate synthase 
(DHFS-FPGS) 

no 0 60.1 

  

PF3D7_1330800 2,1 1,6 hit hit RNA-binding protein, putative no 0 68.0   

PF3D7_1333700 2,6 2,8 hit hit Histone H3-like centromeric protein 
CSE4 

no 0 19.6 
  

PF3D7_1335100 1,9 1,9 hit hit Merozoite surface protein 7 yes 0 41.3   

PF3D7_1338200 1,2 2,6 cand hit 60S ribosomal protein L6, putative no 0 25.5   

PF3D7_1342000 1,8 1,6 hit hit 40S ribosomal protein S6 no 0 35.4   

PF3D7_1346300 1,7 1,3 hit hit DNA/RNA-binding protein Alba 2 no 0 25.0   

PF3D7_1347500 1,3 1,2 cand cand DNA/RNA-binding protein Alba 4 no 0 42.1   

PF3D7_1352500 1,4 2,1 hit hit Thioredoxin-related protein, putative yes 2 24.0   

PF3D7_1358800 1,6 1,7 hit hit 40S ribosomal protein S15 no 0 17.3   

PF3D7_1408600 1,6 1,7 hit hit 40S ribosomal protein S8e, putative no 0 25.1   

PF3D7_1421200 1,4 0,9 hit no 
hit 

40S ribosomal protein S25 no 0 11.7 
  

PF3D7_1424400 2,0 2,4 hit hit 60S ribosomal protein L7-3, putative no 0 32.7   

PF3D7_1431700 1,8 1,6 hit hit 60S ribosomal protein L14, putative no 0 19.3   

PF3D7_1434300 1,4 1,4 hit hit Hsp70/Hsp90 organizing protein no 0 66.1   

PF3D7_1434800 1,3 2,0 cand hit Mitochondrial acidic protein MAM33, 
putative 

no 0 28.9 
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PF3D7_1441200 1,6 1,6 hit hit 60S ribosomal protein L1, putative no 0 24.8   

PF3D7_1441400 2,5 2,9 hit hit FACT complex subunit SSRP1, putative no 0 58.8   

PF3D7_1450700 0,8 1,1 no 
hit 

cand Conserved Plasmodium protein, 
unknown function 

no 0 72.8 

  

PF3D7_1456000 1,1 0,7 cand no 
hit 

AP2 domain transcription factor, 
putative 

no 0 161.5 
  

PF3D7_1460700 1,0 1,1 no 
hit 

cand 60S ribosomal protein L27 no 0 16.8 
  

PF3D7_1463900 1,5 1,3 hit hit EF-hand calcium-binding domain-
containing protein, putative 

yes 7 127.1 

  

PF3D7_1471100 1,1 0,8 cand no 
hit 

Exported protein 2 yes 0 33.4 
  

PF3D7_1473200 3,0 2,8 hit hit DnaJ protein, putative no 0 52.5   

PF3D7_1477500 1,0 1,4 no 
hit 

hit Plasmodium exported protein (PHISTb), 
unknown function 

no 1 60.5 

  

          

Contaminants/false positives (DNA/RNA binding, metabolic function, different compartment/localization) 

Exported/Secretory pathway/Signal peptide (SP) 

PfAIP/putative PfAIP interaction partner 

 

Although retrieved only from the AmBic fraction, the PfAIP protein (Gene ID: PF3D7_1136700), as expected, was 

one of the top candidates. Adenylyl cyclase β (PfACβ, gene ID: PF3D7_0802600), epsin-like protein (Gene ID: 

PF3D7_1245800), dihydrofolate synthase/folylpolyglutamate synthase (DHFS-FPGS, PF3D7_1324800), FK506-

binding protein (FKBP)-type peptidyl-prolyl isomerase (FKBP35, gene ID: PF3D7_1247400), and heat shock 

protein 90 (HSP90, gene ID: PF3D7_0708400) were also retrieved (Table 3.1). However, PfARO (Gene ID: 

PF3D7_0414900) and PfMyoF (Gene ID: PF3D7_1329100) could not be retrieved by this approach, suggesting 

some functional differences to the TgAIP homologue.  

 

The experiment was confirmed by Jan Stephan Wichers (Gilberger laboratory, BNITM), using slightly different 

conditions [Geiger & Brown et al., 2020]: instead of incubation at RT, the cultures, which had been incubated 

under standard conditions, were supplied with C2 to arrest schizonts before egress. Enriched proteins included, 

again, PfAIP and PfACβ, DHFS-FPGS, FKBP35, HSP90 but not PfARO and PfMyoF. Additionally, the vacuolar protein-

sorting 9 (VPS9, gene ID: PF3D7_0815800) protein was identified.  

 

In conclusion, DIQ-BioID as well as co-IP did not suggest an interaction of PfAIP with PfARO, whereas PfACβ was 

retrieved as a potential interaction partner of PfAIP. The indicated functional relationship of PfAIP and PfACβ is 

reflected by a similar expression profile that is shared by PfDHHC7 (data not shown). 

 

https://www.sciencedirect.com/science/article/pii/S0022283619307338?via%3Dihub
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CHAPTER 4 DISCUSSION 
 

4.1 Importance of this study 

Despite extensive research, rhoptry morphogenesis, the molecular mechanisms affecting rhoptry docking to the 

apex, and the signalling pathways controlling rhoptry discharge are still not well understood. Although Toxoplasma 

and Plasmodium spp. show similarities in molecular mechanisms, regarding e.g. the invasion motor, there are 

fundamental differences. For instance, for the glideosome trimeric complex formed by PfELC (essential light 

chain), MLC1 and MyoA, it has been shown that, despite the topological similarity between these complexes in 

T. gondii and P. falciparum, the last five helices of PfELC deviate from those of TgELCs. This results in a different 

orientation of the C-terminal lobe of PfELC1 leading to MyoA [Pazicky et al., 2019]. 

 

Previous work on T. gondii suggested the essential function of the armadillo repeats only (TgARO) protein for 

rhoptry positioning at the apical pole of the parasite [Beck et al., 2013; Mueller et al., 2013, 2016]. TgARO was 

also shown to interact with ARO interacting protein (TgAIP), which itself recruits adenylate cyclase β (TgACβ) 

[Mueller et al., 2013, 2016]. Dissecting the differences in the molecular invasion machinery of P. falciparum will 

broaden the understanding of host cell invasion in both parasites and will identify the similarities and molecular 

differences that might reflect their ecological niche and physiological requirements. 

 

The work presented in this thesis aimed to deliver a detailed functional analysis of AIP in P. falciparum. The 

conditional depletion of PfAIP from its site of action led to an invasion deficit, demonstrating its importance in 

P. falciparum. Additionally, it was shown that PfAIP localization to the rhoptry sub-compartment is disturbed by 

mutations in the PfARO protein. Moreover, in an attempt to identify PfAIP interaction partners, PfACβ was 

identified as a putative interaction partner, linking it to signal transduction pathways, whereas stable interaction 

for PfAIP and PfARO could not be shown. 

 

4.2 Discussion of major findings 

 

4.2.1 AIP homology 

An AIP homologue of TgAIP was identified in P. falciparum and other Apicomplexa species by BLASTp search, 

suggesting that AIP is largely restricted to the phylum Apicomplexa. One hit identified by BLASTp search was 

Vbra_13067, a gene from Vitrella brassicaformis [Oborník et al., 2012], of which only a short amino acid sequence 

within the C-terminus (which is predicted as PH domain) showed homology to TgAIP. V. brassicaformis is a 

member of the non-parasitic, photosynthetically active chromerid phylum that is closely related to Apicomplexa, 

as indicated by phylogenetic analyses [Janouškovec et al., 2015]. Sequencing of the nuclear genomes from 

V. brassicaformis and Chromera velia [Moore et al., 2008; Oborník et al., 2012; Woo et al., 2015], the only two 

known species of the chromerid phylum thus far, revealed that the genes associated with a free-living lifestyle, 

such as endomembrane trafficking proteins and metabolic pathway enzymes, have been lost or repurposed during 

adaptation to the parasitic lifestyle of Apicomplexa in adaptation to different host tropisms [Woo et al., 2015]. 

https://www.biorxiv.org/content/10.1101/867499v1
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1003162
https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://jcs.biologists.org/content/129/5/1031.abstract
https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://jcs.biologists.org/content/129/5/1031.abstract
https://www.sciencedirect.com/science/article/abs/pii/S1434461011000939
https://www.pnas.org/content/112/33/10200.abstract
https://www.nature.com/articles/nature06635
https://www.sciencedirect.com/science/article/abs/pii/S1434461011000939
https://elifesciences.org/articles/06974
https://elifesciences.org/articles/06974
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Recently, a coral-infecting apicomplexan lineage, namely corallicola, that shows ultrastructural features (such as 

micronemes) known from apicomplexan parasites as well as similar plastid genome content, was discovered 

[Kwong et al., 2018]. The authors reported large structures (up to 1.6 µm) that could be homologous to rhoptries, 

and they suggested that corallicola may be an evolutionary intermediate, as it shows characteristics of both its 

free-living (Chromerida) and parasitic (Apicomplexa) relatives. A sequenced genome of corallicola has not been 

published yet, hence it could not be assessed whether an AIP homologue is present in this lineage or whether it 

shows a higher level of similarity to PfAIP than the Vbra_13067 putative PH domain shows to TgAIP/PfAIP. 

 

BLASTp search and PRALINE alignment suggested the presence of a TgARO homologue (VbARO) in 

V. brassicaformis. An additional BLASTp search was performed against the C. velia genome but did not retrieve 

homologous sequences for TgAIP or TgARO (data not shown). This may either indicate the loss of the 

corresponding genes in C. velia, after splitting from the proto-apicomplexan ancestor (the ancestor of Apicomplexa 

and Chromerida), or that these genes have been acquired later in V. brassicaformis and the apicomplexan 

ancestor. Since homology to PfARO was found in the dinoflagellate Perkinsus marinus, the cilliate Paramecium and 

even yeast [Cabrera et al., 2012], the first theory seems more likely. The repurposing of evolutionarily conserved 

genes for different functions may have occurred for TgAIP and PfAIP, which vary significantly in size (89 kDa vs 

49 kDa, respectively), which could indicate adaptation to different host tropisms by T. gondii and P. falciparum. 

 

4.2.2 Functional characterization of PfAIP 

PfAIP was shown to co-localize with the rhoptry neck marker PfRALP1 and partially co-localize with PfARO, which 

is in accordance with previous data that demonstrated rhoptry neck localization for TgAIP [Mueller et al., 2013, 

2016]. (See 4.3.4 for further discussion on this point.) 

The depletion of PfAIP from the rhoptry neck by KS resulted in a significant decrease in parasitemia, indicating that 

PfAIP is important for efficient parasite proliferation. This is in accordance with a recently published genome-wide 

saturation mutagenesis screen performed in P. falciparum [Zhang et al., 2018], suggesting that PfAIP is refractory 

to disruption and therefore considered essential. In contrast, TgAIP is considered non-essential as no growth 

perturbation is reported for the TgAIP knockout line [Mueller et al., 2016] and a dispensable function of TgAIP is 

suggested by a CRISPR/Cas9 screen of the reference RH strain [Sidik & Huet et al., 2016].  

This might point towards functional differences of these two homologues. Alternatively, other proteins encoded 

in the genome of T. gondii, although no additional homologue could be identified (data not shown), might 

functionally compensate for TgAIP, or PfAIP might have additional functions in malaria parasites. Interestingly, a 

high transcription of PfAIP, but not PfARO, in ookinetes [López-Barragán et al., 2011] and oocysts [Zanghì et al., 

2018] indicates an additional role of PfAIP in these stages, that yet has to be explored. 

 

The invasion phenotype generated by the KS of PfAIP is characterized by a normal development into mature 

schizonts and egress from the infected erythrocyte, but a decreased number of re-invaded erythrocytes (counted 

by rings per schizont). KS resulted in an efficient depletion of PfAIP-2xFKBP-GFP from the rhoptry neck, although 

the expected re-distribution to the nucleus could not be visualized, most likely due to the low signal intensity (see 

3.3.1). The PfAIP-2xFKBP-GFP signal was clearly visible as small foci at the rhoptry neck of control parasites. 

https://www.biorxiv.org/content/10.1101/391565v1
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0854.2012.01394.x
https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://jcs.biologists.org/content/129/5/1031.abstract
https://science.sciencemag.org/content/360/6388/eaap7847/tab-article-info
https://jcs.biologists.org/content/129/5/1031.abstract
https://www.cell.com/cell/fulltext/S0092-8674(16)31070-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867416310704%3Fshowall%3Dtrue
https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-12-587
https://www.cell.com/cell-reports/fulltext/S2211-1247(18)30270-5?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124718302705%3Fshowall%3Dtrue
https://www.cell.com/cell-reports/fulltext/S2211-1247(18)30270-5?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124718302705%3Fshowall%3Dtrue
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Mislocalization of PfAIP-2xFKBP-GFP to the nucleus would distribute the signal to the whole nuclear area, which is 

considerable larger than the rhoptry neck sub-compartment [Rudlaff et al., 2020], thereby extensively diluting the 

signal intensity, which is probably the reason for the visually undetectable PfAIP-2xFKBP-GFP signal in the nucleus.  

 

Three possibilities for the invasion phenotype are conceivable: i) attachment, ii) invasion or iii) formation of the 

PV is hampered. Possibility i) appears unlikely, as the number of free merozoites did not differ from the control 

(data not shown). Possibility iii) might be an explanation but was not assessed. For possibility ii) one might have 

expected to find more attached merozoites per ruptured schizont for rapalog-induced parasites, but their number 

did not differ significantly from the control.  

For PfACβ, it was observed that the attachment of merozoites and the deformation of RBC membrane is not 

affected by the ablation of PfACβ, as shown by time-lapse video microscopy [Patel & Perrin et al., 2019]. Giemsa 

smear analysis to determine the number of attached merozoites per ruptured schizont was probably unsuitable 

for this approach. To determine the exact phenotype of the PfAIP depletion, other experiments such as FC analysis 

or time-lapse microscopy could be performed. (See 4.4.3 for further discussion on this point.) 

 

4.2.3 PfAIP interacting proteins 

DIQ-BioID-based proximity labelling, using an inducible dimerization of a BirA* construct to PfAIP, did not identify 

PfARO, but did identify other proteins, such as PfACβ, as putative interaction partners of PfAIP. This finding agrees 

with previously published data, which demonstrated the co-localization and interaction of TgAIP and TgACβ in 

T. gondii [Mueller et al., 2013, 2016]. It is further supported by a recent study that localized PfACβ to the rhoptry 

neck. In this study, the DiCre-mediated loss of PfACβ produced merozoites defective in invasion (and a slight delay 

in egress), resulting in the absence of new ring stage parasites in the subsequent cycle [Patel & Perrin et al., 2019]. 

In respect to the congruent invasion deficient phenotype, a functional relationship of PfAIP and PfACβ seems 

likely.  

 

The adenylyl cyclase beta (PfACβ), but not adenylyl cyclase alpha (PfACα), a homologue of the mammalian soluble 

adenylyl cyclase, is expressed in asexual blood stage malaria parasites and is responsible for the synthesis of cAMP 

to activate PfPKA in response to external stimuli [Baker et al., 2017; Salazar et al., 2012]. A knockout of PfACβ led 

to the hypo-phosphorylation of PfAIP phosphorylation-sites S76, S101, S115, S371 and T374, whereas a knockout of 

PfPKA did not induce hypo-phosphorylation [Patel & Perrin et al., 2019], which indicates that PfAIP 

phosphorylation depends (indirectly) on PfACβ activity. Likewise, for PfARO protein, the phosphorylation-sites S25, 

S33, T35 and S36 were hypo-phosphorylated upon PfACβ depletion, and S33 was also hypo-phosphorylated when the 

Pfpka gene was excised [Patel & Perrin et al., 2019]. Additionally, PfARO and PfAIP have been shown to be putative 

substrates of PfCDPK5, as the phosphorylation of PfARO S33 as well as PfAIP S76 and S115 is dependent on PfCDPK5 

[Blomqvist et al., 2020]. A calcium-dependent phosphorylation of S33 has also been shown for TgARO [Nebl et al., 

2011], although a specific CDPK using TgARO as a substrate has not been identified so far. PfCDPK1 has been found 

to be a direct substrate of PfPKA, suggesting that cAMP-dependent PfPKA, and hence PfACβ, may affect calcium 

signalling through the stimulation of calcium release and the phosphorylation of CDPKs [Alam et al., 2015]. The 

exact signalling cascade interplay that leads to the (de)activation of PfAIP and PfARO through (de)phosphorylation 

https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1008587
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3000264
https://www.sciencedirect.com/science/article/pii/S1931312813000474
https://jcs.biologists.org/content/129/5/1031.abstract
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3000264
https://royalsocietypublishing.org/doi/10.1098/rsob.170213
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0039769
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3000264
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3000264
https://msphere.asm.org/content/5/1/e00921-19
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1002222
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1002222
https://www.nature.com/articles/ncomms8285
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and eventually to proper rhoptry function has not been identified yet. To what extent S33 contributes to the 

described phenotype is unknown, but the conservation of S33 in TgARO, PfARO and VbARO suggests that this 

phosphorylation-site is likely important, as it is phosphorylated in TgARO as well as PfARO. S33 is also conserved in 

the ARO homologues of N. caninum, B. besnoiti, and E. tenella (data not shown). An analysis of PfARO 

phosphorylation-sites mutations and their effect on parasite development is not reported and should be assessed 

in future studies. (See 4.3.4 for further discussion on this point.) 

Epsin-like protein (Gene ID: PF3D7_1245800) was also retrieved by DIQ-BioID as a putative interaction partner of 

PfAIP. Epsins regulate clathrin coat formation by inducing curvature of the lipid bilayers and are important for 

endocytosis and signalling [Sen et al., 2012]. The only homologue found for PF3D7_1245800 in T. gondii is TgEpsL 

(Gene ID: TGME49_214180), which localizes to the trans-Golgi network (TGN) [Venugopal et al., 2017]. Again, the 

localization of PF3D7_1245800 in P. falciparum is not yet reported and its putative rhoptry localization would be 

interesting to explore.  

The essential dihydrofolate synthase/folylpolyglutamate synthase (DHFS-FPGS, gene ID: PF3D7_1324800), an 

unusual bifunctional enzyme [Wang et al., 2010], is involved in folate biosynthesis [Salcedo et al., 2001], but a 

localization in P. falciparum is not reported. In the absence of a predicted signal peptide or transmembrane 

domain, future studies should probe the putative PfDHFS-FPGS association with the rhoptry neck membrane in 

late stage schizonts. 

Vacuolar protein sorting (VPS) proteins are key factors in secretory organelle biogenesis [Bowers & Stevens, 2005]. 

TgVPS9 depletion leads to the mislocalization of secretory organelle proteins and is required for the targeted 

transport of rhoptry proteins [Morlon-Guyot et al., 2015]. The identification of PfVPS9 by DIQ-BioID [Geiger & 

Brown et al., 2020], using PfAIP as bait, suggests that VPS9 may be a putative interaction partner of PfAIP.  

 

Although the DIQ-BioID approach offers a way to minimize false positive hits, other putative interaction partners 

with well-documented different cellular localizations were also identified, as judged by their log2FC. Non-specific 

background can be produced by free BirA* ligase generated through the cleavage or degradation of the fusion 

protein. Also, proteins that bind biotin directly are known. Furthermore, the high affinity of streptavidin to biotin 

aggravates elution from the matrix. This can lead to more efficient elution of proteins that are less biotinylated, 

which affects quantification [Trinkle-Mulcahy, 2019]. 

The rapamycin-sensitive immunophilin FK506-binding protein (FKBP)-type peptidyl-prolyl isomerase (PfFKBP35) 

(Gene ID: PF3D7_1247400) as well as PfHSP90 (Gene ID: PF3D7_0708400) are likely and somewhat expected false 

positive hits, since FKBP35 exhibits a stage-dependent nucleoplasmic shuttling and is associated with PfHSP90 

[Kumar et al., 2005]. The addition of rapalog likely induced the dimerization of the mCherry-2xFRB-BirA* construct 

to PfFKBP35, causing the biotinylation of PfFKBP35 and PfHSP90.  

The protein of unknown function (Gene ID: PF3D7_1450700) is expected to be a false hit as well. PF3D7_1450700 

showed a 27 % sequence identity to TGME49_082140, a splicing factor protein, as suggested by BLASTp analysis 

(data not shown) and is therefore not considered to be an interaction partner of PfAIP. 

 

https://www.degruyter.com/view/journals/bmc/3/2/article-p117.xml
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1006331
https://www.sciencedirect.com/science/article/pii/S0166685110000630?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0166685100003704?via%3Dihub
https://europepmc.org/article/med/15913810
https://onlinelibrary.wiley.com/doi/full/10.1111/cmi.12426
https://www.sciencedirect.com/science/article/pii/S0022283619307338?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022283619307338?via%3Dihub
https://f1000research.com/articles/8-135
https://www.sciencedirect.com/science/article/pii/S0166685105000794?via%3Dihub


DISCUSSION 

77 

Notably, PfARO, PfAIP, PfACβ and PF3D7_1245800 (epsin-like protein) are listed as invadome subnetwork 

members [Hu et al., 2010], whereas the likely false positive hits HSP90, FKBP35, PF3D7_1450700 but also DHFS-

FPGS and PfMyoF are not among the 418 genes listed in the invadome subnetwork.  

 

4.2.4 DIQ-BioID-based proximity labelling to identify PfAIP interacting proteins 

Mueller et al. applied co-IPs to probe TgARO-interacting proteins [Mueller et al., 2013]. In the experiments 

summarized by this thesis, it was not PfARO but PfAIP that was used as bait for the identification of interacting 

proteins by applying a different technique: proximity-based biotinylation. With this approach, PfACβ was identified 

as a putative interaction partner of PfAIP. Somewhat surprisingly, neither PfARO nor PfMyoF were retrieved 

[Geiger & Brown et al., 2020]. Although it appears important to reflect on the differences in the methodologies 

and the baits (IP with TgARO, DIQ-BioID with PfAIP), this could also indicate differences in the ARO/AIP 

interactomes of these two parasites.  

One explanation for why PfARO was not retrieved by DIQ-BioID (and also not by co-IP) could be a transient 

interaction of PfAIP/PfARO, which was too short to allow for the efficient biotinylation of PfARO (and IP without 

cross-linking). Hence, the DIQ-BioID approach using PfAIP should be repeated with a faster biotin ligase. Two 

promiscuous biotin ligase mutants, TurboID and miniTurboID have been created, which show a much greater 

efficiency than BioID (BirA*) [Branon et al., 2018]. TurboID made it possible to map a GSK3 kinase signalling 

network in A. thaliana [Kim et al., 2019], affirming the capability of TurboID to detect short transient interactions 

such as those during phosphorylation. By using TurboID or APEX2 (explained below), combined with tightly 

synchronized parasites (see 4.4.2), it may be possible to determine transient interactions down to minutes. 

A recently published study demonstrates the use of split-TurboID (sTurboID) [Cho et al., 2020], which could be 

used to dissect complex composition during transient PfARO-PfAIP-interaction by fusing PfARO and PfAIP to C- and 

N-terminal split TurboID, respectively. However, TurboID also shows signs of protein instability and persistent 

biotinylation in the absence of exogenous biotin as well as an increase in the labelling radius [May et al., 2020]. Its 

practical use in P. falciparum still has to be ascertained. 

 

Additionally, DIQ-BioID based interactome identification could be also extended to PfARO. During the course of 

this work, the cloning of a pSLI based PfARO-2xFKBP-GFP vector was arduous. Transfectants (selected with 

WR99210) were achieved, but the integration of the SLI vector was not attempted. However, the endogenous 

tagging of the Pfaro gene with apex2-gfp was successful (data not shown), demonstrating that the PfARO protein 

is accessible for endogenous tagging with a construct of comparable size to 2xFKBP-GFP. The DIQ-BioID approach 

should be repeated using PfARO as the bait to complement reciprocally the findings obtained by using PfAIP as 

the bait. 

 

Other methods that are suitable to identify transient PfARO/PfAIP interaction partners include for instance: 1. the 

recently described fluorescence complementation mass spectrometry (FCMS) [Zeng et al., 2017], 2. cross-linking 

based proteomics and 3. a different method of proximity-based biotinylation based on a peroxidase. The principles 

of the three methods and their potential applications in P. falciparum are explained below.  
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1. The FCMS method is based on bimolecular fluorescence complementation (BiFC, see below). Instead of the 

detection of a fluorescence signal, FCMS specifically isolates interaction partner pairs for mass spectrometric 

analyses to identify multiple interaction partners capable of interacting with a single protein within one 

experiment. The first step of FCMS is the establishment of a cDNA (substrate) library. The cDNA library is sub-

cloned into a vector that produces the cDNA library gene products fused to an N-terminal fragment of a split-GFP. 

A second vector expresses the protein of interest (POI) fused to the C-terminal fragment of the split-GFP. Transient 

interactions of the POI and its substrate are stabilized by the irreversible association of the split-GFP fragments. 

Immunoprecipitation using a nanobody, which binds only to the reconstituted GFP, is followed by MS to identify 

protein-protein interactions of the POI and its substrates [Zeng et al., 2017]. This method could be applied to 

identify (transient) interaction partners of PfARO and PfAIP, which are not identified by the promiscuous biotin 

ligase approach.  

It has been reported that a limitation of the FCMS approach is the use of an over-expression system, which may 

induce false positives [Zeng et al., 2017]. But false positives could be reduced by tagging PfAIP or PfARO 

endogenously with splitGFP using the SLI system [Birnbaum & Flemming et al., 2017]. Another limitation might be 

that not all cDNA library gene products tolerate the N-terminal tagging with split-GFP and are therefore not 

detectable by the FCMS approach. 

 

2. Cross-linking in combination with protein identification by MS is another powerful method to probe PPI. In 

contrast to classical co-IP, it has a superior capability to detect transient or weak interactions. The cross-linking 

reaction in cross-linking mass spectrometry (CLMS) uses soluble cross-linkers with a defined length (e.g. 11.4 Å) 

to add covalent bonds between proximal residues. After trypsin treatment, the digested peptides are still 

connected via the cross-linker. Subsequent MS analysis identifies which peptides are crosslinked and hence must 

be proximal residues, defining a binding interface, if derived from two different proteins. CLMS is able to identify 

different crosslink patterns, which can indicate conformational changes [O'Reilly & Rappsilber, 2018; Tabb, 2012]. 

Determining crosslink patterns by CLMS would enable statements about the PPI surfaces of PfARO, PfAIP, and 

PfACβ even without crystallographic data. 

 

3. Proximity-based biotinylation using APEX: The ascorbate peroxidase APEX2 (a variant of soybean ascorbate 

peroxidase) was developed to allow for high-resolution imaging of mitochondrial structures by EM [Martell et al., 

2012]. Later, the ability of APEX to oxidize and activate biotin-phenol to short lived biotin-phenoxyl radicals in the 

presence of H2O2 was used to biotinylate proximal proteins, which were subsequently identified in MS [Rhee et 

al., 2013]. Because the biotin-phenoxyl radicals react with water molecules and other radicals, they rapidly decay 

while diffusing away from the active site of APEX2, creating a ‘snapshot’ of the local environment around the POI 

fused to APEX2. APEX2 generates high cytosolic background, but it is estimated that the cloud of activated biotin-

phenol is restricted to the range of appr. 20 nm in living cells [Hung et al., 2014; Kalocsay, 2019; Rhee et al., 2013] 

and could be therefore superior to biotin ligase since interaction partners of PfAIP that are more distant would be 

in range. The biotinylation of proteins proximal to the APEX2 tag depends on the dwelling time within the cloud 

of activated biotin-phenol radicals and its proximity to the APEX2 tag [Lobingier et al., 2017]. The activity of BioID 
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is significantly reduced at temperatures below 37°C, but APEX2 has been shown to be active within a temperature 

range of RT to 37°C [Chen & Perrimon, 2017].  

Recently, a split APEX2 (sAPEX2) was developed that makes use of an inactive N-terminal AP and C-terminal EX 

fragment, which can be fused to two proteins, respectively. Interaction of the two proteins reconstitutes active 

sAPEX2 [Han et al., 2019]. The sAPEX2 approach could be combined with FRET or BRET (see 4.2.5), fusing PfARO 

and PfAIP to donor and acceptor chromophores as well as to AP and EX. H2O2 would be added as soon as 

interaction is detected by a fluorescence signal. The fast proximity labelling kinetics of APEX2 (< 1 min) should 

enable high spatio-temporal resolution of a putative PfARO/PfAIP/PfACβ/PfMyoF interaction complex. 

A selection marker-free parasite line could be established where AP is fused to FRB (FRB-AP) and inserted in the 

p230p locus via CRISPR/Cas9 [Marin-Mogollon et al., 2016]. Using the SLI approach, POIs could be tagged quickly 

with FKBP-EX within the established FRB-AP line. The sAPEX2 would be reconstituted by the addition of rapalog. 

The regulation of biotinylation would be controlled by the addition of rapalog and H2O2. Subsequent MS would 

identify interaction partners analogously to the DIQ-BioID approach. The labelling radius could be increased by 

using linkers with extended lengths separating FRB/FKBP and AP/EX. 

 

Protein interaction can be verified by co-IP, but many PPIs are not detected, as only high affinity interactions are 

measured and most transient interactions are lost, which is partially attributed to inappropriate buffer conditions 

[Dwane & Kiely, 2011]. Co-IP on the lysate of parasites expressing the bicistronic vector did not suggest an 

interaction of PfARO-GFP and PfAIP-mCherry, despite the mild buffer conditions (0.1 % Triton X-100) used for lysis. 

Co-IP was performed with supernatant (input) fraction after lysis. Therefore, only soluble PfARO-GFP was pulled 

down, whereas the rhoptry membrane attached PfARO-GFP might not be eluted quantitatively by low Triton X-100 

concentration. Additionally, it is conceivable that the tagging of both proteins with GFP and mCherry could have 

weakened the interaction. Applying bimolecular or trimolecular fluorescence complementation (BiFC, TriFC) could 

be suitable to determine PfARO/PfAIP interaction, as BiFC and TriFC are able to capture weak or transient PPIs. 

 

The bimolecular fluorescence complementation (BiFC) makes use of two fragments of a split fluorophore such as 

GFP1-10 and GFP11, which are fused to two (interacting) proteins of interest, respectively. The fragments only 

assemble together non-covalently when the two proteins are in close proximity, establishing fluorophore 

maturation [Cabantous et al., 2005; Hu et al., 2002]. The irreversible reconstitution of the fluorophore enables the 

detection of weak or transient interactions but limits the approach to monitor dynamic PPI which can be assessed 

by BRET (see 4.2.5). Since false positive signals can be detected, proper controls are needed. A binding partner 

with a mutation in the binding interface could be such a control. [Avilov & Aleksandrova, 2018; Kodama & Hu, 

2012; Miller et al., 2015]. Because of misfolding due to protein tagging with the GFP1-10 detector, or self-assembly 

background fluorescence, an improved split-GFP sensor was developed based on a tripartite association (TriFC) of 

short amino acids with the GFP detector [Cabantous et al., 2013]. The split-GFP approach is applicable in 

P. falciparum, as demonstrated by recent publications [Garten et al., 2018; Istvan et al., 2019; Külzer et al., 2013; 

Tarr & Osborne, 2015]. These publications show the use of split-GFP to determine the topology of membrane 

proteins and compartmentalization. No data could be found in the literature reporting the use of the split-GFP 

approach in P. falciparum to identify PPI. The BiFC/TriFC system, possibly combined with (s)TurboID or (s)APEX2, 
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could be used to dissect the interacting complexes of PfARO and PfAIP, as shown in Fig. 4.1. A possible advantage 

of this system is that the background in subsequent MS should be minimal. 

 

 

Fig. 4.1 | Use of fluorescence complementation to capture transient protein-protein interactions. (A) Schematic 
representation of bimolecular fluorescence complementation (BiFC) and trimolecular fluorescence 
complementation (TriFC). The GFP protein is split into fragments GFP1-10 and GFP11 for BiFC or split into 
fragments GFP1-9, GFP10 and GFP11 for TriFC. The interaction of POI and IP reconstitutes fluorescing GFP. 
TurboID and APEX2, fused to the GFP1-9 fragment, allow for the biotinylation of proximal proteins after the 
reconstitution of split GFP. (B) Same principle as in (A) but the interaction additionally reconstitutes split-
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TurboID/split-APEX2 (sTurbo/sAPEX2) fragments. C) FKBP/FRB domain cause the reconstitution of 
sTurboID/sAPEX2 fragments upon rapalog addition to allow the biotinylation of proximal proteins. (A-C) 
Optional reporters/linkers are shown in grey. POI, protein of interest (e.g. PfARO); IP, interaction partner (e.g. 
PfAIP); N-sTurboID, N-terminal split-TurboID fragment; N-sAPEX2, N-terminal split-APEX2 fragment; 
C-sTurboID, C-terminal split-TurboID fragment; C-sAPEX2, C-terminal split-APEX2 fragment; Rap/R, rapalog. 

 

4.2.5 PfARO’s mutations and its functional implication 

The detailed analysis of the crystal structure of PfARO led to the identification of residues within the conserved 

regions of the protein, which appeared likely to be involved in PPI, or, more precisely, were predicted to be 

involved in PfARO-PfAIP-interaction. To validate these predictions, mutant PfARO variants were over-expressed, 

and it was shown that mutations lead to a cytosolic distribution of over-expressed PfAIP-mCherry. The results 

suggest either a direct or an indirect interaction of PfARO and PfAIP, which is in accordance with previously 

published data that showed the interaction of TgARO with TgAIP [Mueller et al., 2013, 2016]. However, in the 

course of this work, co-IP experiments failed to detect PfARO-PfAIP-interaction [Geiger & Brown et al., 2020], nor 

did DIQ-BioID detect PfARO as a protein proximal to PfAIP-2xFKBP-GFP, despite the partial co-localization 

(PCC = 0.7) of both proteins. A transient interaction during rhoptry development would be one explanation as to 

why PfARO mutations lead to the mislocalization of PfAIP, although the interaction cannot be shown by co-IP or 

DIQ-BioID approaches, using late stage schizont material. 

 

Using the bicistronic vector approach, it was not possible to assess the phenotypic effect of PfARO mutations, as 

the vector was transfected to the parental 3D7 line with intact Pfaro and Pfaip loci. For future studies, a 

complementation approach, as previously reported [Prinz et al., 2016; Treeck et al., 2009], in combination with 

the loxPint strategy [Jones et al., 2016] could be applied. A parasite line could be created, which allows for the 

conditional DiCre-mediated knockout (see 4.4.1) of the endogenous Pfaro gene (resulting in parasite line cΔAROe). 

The parasite line cΔAROe could be transfected with vectors coding for different (recodonized) versions of 

PfARO-GFP mutants (resulting parasite line: cΔAROe/vAROmutant). This would allow to assess if DiCre-mediated loss 

of endogenous PfARO (or PfAIP) can be rescued by the complementation vectors. 

 

To show if different versions of PfARO interact with PfAIP, wide-field fluorescence microscopy was used. Whether 

interaction occurred or not was determined from the distribution of cytosolic PfAIP signal. However, different 

approaches, such as ones which result in fluorescence signals only upon interaction, would be beneficial.  

 

Förster resonance energy transfer (FRET) is one of the most commonly used methods to study bimolecular PPI in 

living cells. FRET is based on energy transfer between a (genetically encoded) donor chromophore (DC) and an 

acceptor chromophore (AC). The energy transfer results in DC quenching and excitation of the AC - if it is in close 

range to the DC. Live-cell FRET imaging provides a high spatio-temporal resolution, as quenching occurs within a 

1-10 nm range [Bajar et al., 2016]. FRET was used in combination with automated fluorescence lifetime imaging 

microscopy (FLIM) to identify binding partners [Margineanu et al., 2016] and could also be applied to detect a 

transient interaction of PfARO/PfAIP and additional interaction partners with high statistical power.  
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Alternatively, the bioluminescent resonance energy transfer (BRET) system can be used to detect 

dynamic/transient PPI. This method mostly uses the bioluminescent energy donor Renilla luciferase (RLuc, MW: 

36 kDa). RLuc, fused to the POI, catalyzes the oxidation of coelenterazine (CLZN) to emit blue light at 482 nm. The 

blue light excites yellow fluorescent protein (YFP), which is fused to the putative interaction partner. Upon 

excitation, the YFP emits light at 530 nm. Unlike FRET, BRET does not require external excitation but the addition 

of cell permeant CLZN, which is used as a substrate by the RLuc. The addition of CLZN grants temporal control over 

the microplate reader assay to prevent inadvertent acceptor activation [Pfleger & Eidne, 2006; El Khamlichi et al., 

2019].  

The small luciferase NanoLuc (NLuc, MW: 19.1 kDa) with a > 150-fold increased luminescence has been developed 

[Hall et al., 2012] and recently expressed in P. falciparum [Azevedo et al., 2014] as well as in P. berghei [De Niz et 

al., 2016]. NLuc systems are used for a broad range of applications, such as NanoBRET, to study protein interaction 

dynamics [Machleidt et al., 2015], and recent reviews highlight the applications of BRET and NanoBRET assays 

[Dale et al., 2019; El Khamlichi et al., 2019; England et al., 2016]. 

FRET has been i.a. used in an in situ immunofluorescence approach to examine the interaction of the PfRAMA 

protein and other rhoptry proteins [Topolska et al., 2004], and a recently published work demonstrates the use of 

FRET live-cell imaging to explore PPI between CLAG3 and RhopH2 [Ahmad et al., 2020].  

 

Combining NanoBRET with automated detection in a microplate reader format should allow for the identification 

of transient interactions with high temporal resolution and statistical power. For this, PfARO and PfAIP could be 

tagged endogenously with NLuc and YFP, creating the parasite line PfARO-NLuc/PfAIP-YFP. Highly synchronized 

parasites (see 4.4.2) would be distributed on 96-Well microwell plates. Automated detection would be performed 

after adding the CLZN analogue furimazine, which is the substrate converted by NLuc. If PfAIP and PfARO interact 

transiently, the interaction is expected to result in the excitation of YFP during the time of interaction, creating a 

fluorescence signal that can be detected by the microwell plate reader. NanoBRET data could be compared with 

stage-dependent expression data and the protein abundance to determine at which time point (hpi) PfARO and 

PfAIP interact. Using the NanoBRET approach, it could also be assessed if and when a putative PfARO/PfAIP/PfACβ 

complex interacts. 

 

4.3 Discussion of additional findings 

 

4.3.1 Conserved core region and PfAIP structure prediction 

Protein pairs with a sequence identity of 35 % and higher are considered to be structurally similar, whereas the 

structural similarity of protein pairs with a sequence identity of 20-35 % is considered as a “twilight-zone” where 

less than 10 % of proteins exhibit similar structures [Kinjo & Nishikawa, 2004; Rost, 2004]. Protein structure is, to 

a certain extent, tolerant of residue substitutions that preserve the hydropathic sequence profile [Krissinel, 2007]. 

As judged by the identity and similarity values of the CCRs and ICRs of TgAIP, PfAIP and the Vbra_13064 putative 

PH domain, the structural similarity of those regions seems likely.  

I-TASSER was used for PfAIP structure prediction, and the model with the highest C-score was superimposed on 

SspE (PDB accession: 6JIV) from Streptomyces yokosukanensis. This hydrolase is implicated in anti-phage activity 
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by phosphorothioation-sensing and introduces DNA nicks that impede viral DNA replication [Xiong et al., 2020]. 

PfAIP exerting such a function in the context of rhoptry development and invasion seems highly unlikely. However, 

proteins can show a global structural similarity and yet perform different functions. Also, proteins with the same 

fold and even members of a single homologous family can vary in the biochemical functions they perform [Keskin 

& Nussinov, 2005; Thornton et al., 2000]. Whether this applies to PfAIP and SspE needs to be ascertained. 

 

The structure of PfAIP or any other AIP protein is not known. This work tried to predict PfAIP’s structure using 

I-TASSER, which resulted in a low confidence model. It is not known whether PfAIP has enzymatic functions or 

whether it is just an adaptor protein to recruit PfACβ to the rhoptry surface. Resolving PfAIP structure, in particular 

when co-crystallized with PfARO, could possibly reveal the molecular interfaces that mediate catalytic activities.  

 

4.3.2 Charge of the conserved core region 

Charged residues are important for electrostatic PPI. The specificity of some interactions is increased by charged 

residues. For instance, the binding of proteins to cell membranes or to nucleic acids that exhibit a surface charge 

is expected to be strongly affected by electrostatic interactions, and residues important for interaction are often 

conserved between homologous proteins [Zhou & Pang, 2018]. The homologues PfARO and TgARO exhibit patches 

of strong positive and negative surface charges, which are likely important for PPI [Geiger & Brown et al., 2020; 

Mueller et al., 2016]. Additionally, PfARO was found to be acetylated at residues K26 and K168 [Cobbold et al., 2016]. 

The acetylation of lysine side chains has diverse consequences. In histones, the acetylation of lysine compensates 

its positive charge and abolishes the formation of salt bridges with negatively charged DNA, and for some proteins 

it has been shown that lysine acetylation modulates PPI [Drazic et al., 2016]. PfAIP’s CCR has an overall positive 

charge due to the content of the positively charged amino acids arginine and lysine, resulting in a calculated net 

charge of 13.2, whereas for TgAIP a net charge of -5 was calculated. This circumstance might implicate different 

functions for their CCRs. The positively charged PfAIP CCR may be important for interaction with a negatively 

charged interaction surface, such as that exposed by the PfARO protein [Geiger & Brown et al., 2020]. 

Phosphorylations can introduce a negative charge on positively charged regions or further increase the negative 

charge of negatively charged regions, which affects PPI [Nishi et al., 2014]. Phosphorylation, which acts as a fast 

process of PPI modulation, could affect PfARO-PfAIP binding affinity, leading to its putative transient interaction. 

 

4.3.3 PfAIP isoforms 

The Pfaip gene is alternatively spliced into two isoforms of PfAIP that differ in length by 20 aa because of exon 

skipping without frameshift [Sorber et al., 2011] within the first quarter of the CCR. Alternative splicing (AS) events 

are implicated in the stage differentiation of malaria parasites [Yeoh et al., 2019a], and although many AS events 

in apicomplexans do not generate isoform proteins but noncoding transcripts, AS is an essential process in 

P. falciparum and other apicomplexan parasites [Yeoh et al., 2019b]. Recent work on a proteomic scale identified 

different PPI profiles for alternatively spliced isoforms of human genes and suggested that many isoforms are 

functionally divergent [Yang et al., 2016]. The shorter isoform of PfAIP does not contain the phosphorylation-sites 

S101 and S115. Considering the divergent functions of alternatively spliced isoforms and the contributions of PTM 

on PPI, it seems plausible that the two PfAIP isoforms may have different functions, which might also be linked to 
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different parasite stages. However, no data currently available supports conclusions that a particular PfAIP isoform 

is predominantly expressed in EEFs or ookinetes/oocysts. It is interesting to reflect on the fact that Pfaip, unlike 

Pfaro, is highly expressed in ookinetes [López-Barragán et al., 2011] and also expressed in oocysts [Zanghì et al., 

2018]. 

 

To test if the two PfAIP isoforms differ in function depending on the stage, one should first assess which isoform 

is expressed at what stage of development (asexual vs sexual stage). To determine the functions of both isoforms, 

a parasite line could be established that allows for the conditional depletion of PfAIP by DiCre-mediated excision 

(see 4.4.1) of the endogenous Pfaip gene (resulting parasite line: cΔAIPe). Vectors would be transfected to the 

cΔAIPe line to assess which vector-coded PfAIP isoforms (or PfAIP phosphorylation-mutants) are able to 

compensate for the DiCre-mediated loss of Pfaip. Using the cΔAIPe line, one could also examine if the CCR or ICR 

of TgAIP is able to functionally compensate for PfAIP’s CCR and ICR. To achieve this, a vector could be created that 

expresses a version of PfAIP in which its CCR/ICR is replaced by CCR/ICR from TgAIP or the putative PH domain of 

Vbra_13067. 

 

4.3.4 Rhoptry protein sub-compartmentalization  

If the PfARO protein were the only determinant for PfAIP rhoptry membrane attachment, PfAIP should also be 

distributed on the whole rhoptry surface. However, PfAIP showed only a partial co-localization with PfARO, 

restricting it to the rhoptry neck, which implies some kind of sorting mechanism. A sub-compartmentalization of 

rhoptry proteins is well-established for other proteins such as RONs, RALP1 and CERLI1 (Haase et al., 2008; Ito et 

al., 2013; Liffner et al., 2019; Tokunaga & Nozaki et al., 2019), but how this is achieved is not known.  

A differential localization is also reported for TgAIP and TgACβ, which have been suggested as the first markers 

[Mueller et al., 2016] of a morphologically defined intermediate rhoptry sub-compartment in T. gondii localized 

between the rhoptry bulb and neck [Lemgruber et al., 2011]. This intermediate region is not described in 

P. falciparum yet, which could be due to the considerably smaller size of P. falciparum rhoptries compared to 

T. gondii rhoptries. Regarding the diffraction limit of widefield microscopy, which is about 200-250 nm in the XY 

dimension and 500-1,000 nm in the Z dimension [Galbraith & Galbraith, 2011; Heintzmann & Ficz, 2013], a more 

detailed rhoptry localization study would benefit from higher resolution techniques such as super-resolution or 

electron microscopy (see 4.4.5). Nevertheless, the rhoptry neck of P. falciparum has a length of about 250-280 nm 

[Hans et al., 2013; Hanssen et al., 2013; Rudlaff et al., 2020], which allows the discrimination of a signal at the 

apical tip of the rhoptry neck and the bulbous region adjacent to the neck region (see Fig. 3.2E and Fig. 3.3A and 

[Geiger & Brown et al., 2020]) by wide-field fluorescence microscopy. Correlative light EM or correlative super-

resolution cryo EM would allow for the localization of PfAIP and PfARO in more detail. 

The sub-compartmentalization of membrane proteins is a well-known phenomenon of the plasma membrane 

(PM), but the extent to which lateral protein segregation contributes to specific biological functions at the PM is 

not clear. Recent work suggests that lateral compartmentalization provides a regulatory link between the function 

and turnover of PM proteins [Busto et al., 2018]. It has been shown that compartmentalization leads to a reduced 

diffusional mobility of proteins and lipids, which in turn results i.a. in a reduced rate of protein dimerization within 

the membrane [Koldsø et al., 2016]. 
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Rhoptries show an organized structure, separated into the rhoptry neck and the rhoptry bulb (see Fig. 1.11B). It is 

currently not known what factors are responsible for the establishment of the rhoptry structure, but its sub-

compartmentalization is a prerequisite for the ordered secretion of rhoptry protein content during invasion 

[Zuccala et al., 2012].  

 

As suggested in this thesis, PfARO shows a pronounced rhoptry bulb localization and partial co-localization with 

PfAIP. Using super-resolution microscopy, it was shown that PfAIP localizes in close proximity to PfARO with a 

minimal overlap [Geiger & Brown et al., 2020].  

The recruitment of PfARO to the rhoptry membrane depends solely on the first 20 aa (construct: 20ARO-GFP) that 

are recognised by a rhoptry specific PAT, which is most likely PfDHHC7, the homologue of TgDHHC7 that 

palmitoylates TgARO [Beck et al., 2013; Cabrera et al., 2012; Frénal et al., 2013]. Membrane-attached proteins 

diffuse laterally depending on their concentration [Ramadurai et al., 2009], which should be valid for acylated 

PfARO and 20ARO-GFP. Within an intermediate rhoptry sub-compartment, a sorting mechanism might shift a 

certain population of PfARO out of this intermediate region and prevent its lateral diffusion. Alternatively, PfARO 

might be pushed out from the intermediate region by specialized rhoptry neck proteins such as PfAIP or PfACβ, 

probably assisted by accessory proteins.  

As the knockout of TgAIP and TgACβ had no reported effect on parasite proliferation [Mueller et al., 2016], both 

proteins are unlikely to be accessory proteins mediating apical rhoptry positioning by TgARO. However, in 

P. falciparum, both homologues are essential [Geiger & Brown et al., 2020; Patel & Perrin et al., 2019; Zhang et 

al., 2018], while the effect of PfAIP and PfACβ depletion on rhoptry positioning was not shown on an ultrastructural 

level and should be assessed in future studies. (See 4.4.5 for further discussion on this point.) 

 

It is tempting to speculate that a sorting depends on specific PfARO phosphorylation status. Phosphorylation, a 

universal regulative mechanism to regulate protein activity and subcellular localization, enables fast acting 

dynamics. The addition or removal of a phosphate group can change protein stability, structural properties and 

dynamics. Also, phosphorylation modulates PPI [Nishi et al., 2014], and protein phosphorylation is described for 

many apicomplexan proteins [Doerig et al., 2015]. Phospho-proteomics showed that PfARO has eight 

phosphorylation sites: S25, T27, S33, T35, S36, S59, T61 and T253 (see S1, Appendix). As mentioned in section 4.2.3, PfARO 

phosphorylation depends on PfACβ, PfPKA and PfCDPK5 activity. Hence, PfARO’s function and rhoptry sub-

compartment localization beeing controlled by its phosphorylation status seems plausible.  

A slower migration through SDS gel is a well-known phenomenon of phosphorylated proteins. Differently 

phosphorylated populations of PfARO-GFP/PfARO-mCherry protein are suggested by two bands repeatedly 

detected at appr. 65 kDa and 55 kDa, although the possibility that the second and weaker band at 55 kDa was due 

to degradation cannot be completely excluded, given that other research did not identify two bands for PfARO 

using PfARO-specific antibodies [Cabrera et al., 2012; Mitra et al., 2016]. 

 

Recruitment to the rhoptry surface alone is not sufficient for proper rhoptry positioning, as indicated by a chimeric 

TgDHHC7-TgARO construct, which localized independent of acylation to the rhoptry membrane and failed to 

rescue TgARO knockdown, resulting in the dispersion of rhoptries throughout the cytosol [Beck et al., 2013]. The 
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authors assumed that more than simple localization of TgARO to the rhoptry surface is required for proper rhoptry 

function. The phosphorylation of ARO protein might be an important additional step for its function at the rhoptry. 

Interestingly, both TgARO and PfARO are phosphorylated at the conserved residues S33 and S59 (≙ S61 in TgARO) 

suggesting that those phosphorylation-sites are important for ARO function. Apart from phosphorylation, other 

modifications such as the lysine acetylation-sites (K26 and K168) could be also important regulators with other 

effector proteins. Lysine acetylation is implicated in various cellular processes, including PPI [Drazic et al., 2016].  

 

To examine which PfARO phosphorylation-mutants interact with PfAIP protein, bimolecular complementation 

affinity purification (BiCAP) [Croucher et al., 2016] could be applied. For this method, PfARO phosphorylation-

mutants and PfAIP would be fused to GFP1-10 and GFP11, respectively. BiCAP of assembled GFP β-barrel 

conformation would be performed using the GFP-Trap© system. Alternatively, PfARO-GFP1-10 phosphorylation-

mutants and PfAIP-GFP11 could be tagged additionally with HA and FLAG tags to pull down the PfARO/PfAIP/GFP 

complex. Subsequent WB analysis would reveal which PfARO phosphorylation-mutants interact with PfAIP. MS 

analysis could be performed to confirm PfARO phosphorylation status. To test which PfARO/PfAIP 

phosphorylation-sites are important for rhoptry sub-compartment localization, different phosphorylation-

mutants could be fused to GFP and co-localized to rhoptry bulb and rhoptry neck markers to determine a 

phosphorylation-dependent sub-compartment localization. 

 

4.4 Limitations of the study 

Some of the methods applied in this study were probably not ideal to assess all the issues. For instance, KS of PfAIP 

did not result in a reduction in parasitemia of more than 56 %. Also, the bicistronic vector approach used showed 

some technical limitations, as the vector for the over-expression of PfARO-GFP and PfAIP-mCherry was integrated 

at the Pfaip locus (data not shown). In the following paragraphs, some of the methods used for this work are 

critically discussed and optimizations or alternative approaches are suggested. 

 

4.4.1 Genetic manipulation and knock-sideways 

After obtaining a stable transgenic AIPendo line, drug selection with neomycin and WR99210 was ceased. After 

continuous cell culture of AIPcondKS parasites over several weeks without drug pressure, it was observed that the 

invasion phenotype became alleviated as KS caused a reduction in parasitemia of less than 30 % (data not shown). 

In fact, approximately one third of the parasites showed weak or no GFP signal, suggesting the presence of 

parasites (revertants) that reverted the integration of the SLI vector, outgrowing parasites with altered locus over 

time (data not shown). It was therefore necessary to keep cultures on continuous drug pressure with neomycin.  

When drug pressure is abolished, homologous integration of the vector can be reversed during continuous cell 

culture. It has been shown that a heterogenous population of revertant parasites can be produced from a clonal 

parent population after genomic rearrangements [Uzureau et al., 2004]. To avoid the occurrence of revertants, 

transgenic parasite culture should be periodically tested by diagnostic PCR and kept on positive drug selection.  

 

The mislocalization of PfAIP-2xFKBP-GFP was not fully effective, as shown by some rapalog-treated schizonts that 

exhibited a residual GFP signal at the rhoptry neck. Furthermore, invasion was not completely inhibited in the 
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replication/invasion assay. This indicates that merozoites invaded with remaining rhoptry neck localized PfAIP-

2xFKBP-GFP (probably below the detection limit of fluorescence microscopy). It is unlikely that revertants were 

responsible for inefficient KS, since the parasite culture was selected with neomycin and was controlled for 

parasites with unaltered Pfaip locus. Hence, it is most likely that KS was leaky and not efficient. Another 

explanation could be that the KS induction by rapalog addition at 30 hpi was too late for some parasites that were 

ahead in development due to insufficient sorbitol synchronization (see 4.4.2). In those parasites, PfAIP-2xFKBP-

GFP could have been already associated within a putative interaction complex at the nascent rhoptry neck. 

 

DiCre-mediated gene excision is a common method applied for different functional studies on P. falciparum genes 

[Collins et al., 2013a; Jones et al., 2016; Knuepfer et al., 2017; Singh et al., 2019; Tibúrcio et al., 2019]. Recent 

work has used DiCre to excise Pfacβ gene from the genome to show its essentiality for invasion [Patel & Perrin et 

al., 2019]. As the Pfaip gene exhibits six intron sequences, the loxPint strategy [Jones et al., 2016] could be applied 

to enable the DiCre-mediated excision of Pfaip. The obtained phenotype is expected to show a higher reduction 

of parasitemia in the replication assay than the KS approach. 

Another method to deplete parasites of PfAIP is the use of the glmS ribozyme, which has been reported for 

P. falciparum [Prommana et al., 2013]. Combining KS with the glmS system could improve the efficacy of PfAIP 

depletion. 

 

In the absence of a parasite line with endogenous-tagged PfARO, co-localization studies were performed using 

vectors with Ama1 promoter-controlled over-expression of PfARO-GFP or PfARO-mCherry. Therefore, it was not 

possible to assess the localization and protein abundance of endogenous PfARO. However, this data point is 

interesting, as it is not known whether PfARO protein is abundant before PfAIP, which would be expected from 

the model suggested by Mueller and peers (see Fig. 1.16) [Mueller et al., 2013]. Tagging both proteins within the 

same cell line would allow for the determination of protein abundance in an endogenous context. 

One possible way to tag both proteins within the same cell line would be use of CRISPR/Cas9 technology, which 

was first applied in 2014 to alter the P. falciparum genome [Ghorbal et al., 2014] and is now a commonly used 

genetic tool to study P. falciparum biology, as reported by more than 30 studies so far (www.pubmed.gov). 

CRISPR/Cas9 could be used to insert the desired genetic modification (e.g. fusion of 2xFKBP-GFP, mCherry) into 

the P. falciparum genome. Sequential genetic CRISPR/Cas9 editing, making use of negative selection of the donor 

plasmid [Marin-Mogollon et al., 2016; Zhang & Gao et al., 2017], would allow the tagging of PfAIP and PfARO within 

the same parasite line.  

 

4.4.2 Synchronization 

For Giemsa smear and FC analysis as well as DIQ-BioID, parasites were synchronized twice a day with D-sorbitol. 

However, a tighter synchronization window may have led to a higher statistical effect in KS experiments, if 

schizonts with higher synchronicity release merozoites at about the same time. Given that PfARO and PfAIP 

interact transiently, a higher synchronicity could allow for a ‘snapshot’ of the transient complex over time using 

TurboID (see 4.2.4). Furthermore, to test for the protein abundance of both proteins over time, a high 

synchronicity would also be beneficial. Upon examining cytograms from FC analysis, it became apparent that 
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rapalog may cause a lag in the development from ring to later stages, although this finding could not statistically 

be verified, presumably due to the insufficient synchronisation of parasites (data not shown). A higher level of 

synchronicity might enable the quantification of a putative rapalog-induced effect.  

 

The sorbitol synchronization method [Lambros & Vanderberg, 1979] has a low degree of achieved synchronization, 

as the synchronization window (following one single sorbitol synchronization) is appr. 20 h [Kobayashi & Kato, 

2016]. However, for some approaches (e.g. mRNA isolation from late schizont stage parasites) a much tighter 

synchronization window is desired, hence other synchronization methods combining sorbitol, Percoll® cushion 

centrifugation and magnetic-activated cell sorting (MACS) treatments [Childs et al., 2013; Mata-Cantero et al., 

2014] could be applied. The Percoll®-sorbitol and MACS methods acquire parasite cultures with a relatively short 

synchronization window (appr. 8 h) but are time-consuming and expensive, which is why another, heparin-based, 

method was developed [Kobayashi & Kato, 2016]. A different method using concanavalin A (ConA) allows 

synchronization windows of 30 minutes and possibly even lower [Ranford-Cartwright et al., 2010]. Generating 

such tight synchronization windows would enable studies of the asexual cell cycle with high temporal resolution. 

An easy, inexpensive, and labor-saving synchronization method has been described, which makes use of 

refrigerating asynchronous P. falciparum cultures to yield synchronous ring stage parasites [Yuan, Hao, Wu & Zhao 

et al., 2014]. This method could be of particular use in cases where large quantities of synchronous parasites are 

needed. 

 

4.4.3 Replication/invasion assay 

The Giemsa smear analysis is a time-consuming procedure, and it yielded a lower statistical significance compared 

to the FC analysis in the KS experiments. Furthermore, Giemsa smear analysis should have been performed 

blinded, as observer bias and expectations can influence the study’s outcome [Holman & Head et al., 2015].  

It was assumed that parasites depleted of PfAIP are able to attach but unable to invade the RBC. Unexpectedly, 

the number of RBC-attached merozoites per ruptured schizont did not differ significantly, although a trend 

towards a higher number of RBC-attached merozoites for rapalog-induced parasites might be assumed. 

Performing the Giemsa smear analysis with a higher parasitemia and better synchronization could improve 

statistical validation. A further drawback of the Giemsa smear analysis is that only fixed time points are covered, 

and it is not possible to distinguish between attached or invaded merozoites. Hence, 2D time-lapse video 

microscopy of invading P. falciparum merozoites [Collins et al., 2013b; Grüring et al., 2011; Patel & Perrin et al., 

2019; Perrin et al., 2018] could be performed to observe the behavior of merozoites depleted of PfAIP.  

 

The determination of egress and newly formed rings per ruptured schizont was possible with FC analysis. Hence it 

is superior to Giemsa smear analysis, as it is less biased and allows fast high-throughput analysis, although FC 

analysis is not reliable during the first timepoints as long as parasitemia is below 0.2 % [Bei et al., 2010]. However, 

as the parasite culture was treated identically before splitting and adding rapalog, this can be neglected.  

 

In case merozoites depleted of PfAIP are unable to attach or detach after initial attachment, the determination of 

free merozoites by high-throughput FC analysis would be beneficial. To detect free merozoites, the forward scatter 
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(FSC) voltage has to be adjusted [Lehmann et al., 2018]. By doing so, the populations of free merozoites of rapalog-

treated and control parasites could be assessed for different time points after egress.  

Indeed, the number of merozoites within schizonts has to be counted to exclude that the addition of rapalog or 

the depletion of the protein affects merozoite formation or schizont morphology. Counting intracellular 

merozoites by classical 2D microscopy is erroneous, since merozoites are not represented sufficiently in one 

optical plane of a schizont. An automated method for counting intracellular merozoites based on 3D microscopy 

has been developed [Garg et al., 2015], which could be applied in future studies. To further define invasion events 

for PfAIP depleted parasites, viable merozoites could be isolated [Boyle et al., 2010] from rapalog-treated and 

control parasites to analyze the kinetics of invasion in more detail. 

 

4.4.4 Controls  

From previous work using KS [Birnbaum & Flemming et al., 2017], it was expected that the addition of rapalog 

does not induce detrimental effects. However, the KS system lacks a proper control, because the effect of rapalog 

cannot be determined in the context of the FKBP-GFP tagged gene, as the rapalog addition causes the 

mislocalization of the POI, inducing the phenotype. Such a control could be realized by transfecting AIPendo 

parasites with a mislocalizer construct bearing a non-functional FRB domain that is unable to dimerize with PfAIP-

2xFKBP-GFP. To ensure that both mislocalizer versions are expressed equally, the coding gene and preceding 

promoter could be integrated into the genome at a locus such as p230p, which is unimportant for blood stage 

development [Marin-Mogollon et al., 2018], creating an integrated mislocalizer cell line that could be used for 

subsequent KS approaches of a POI tagged with FKBP. Alternatively, the AIPendo line could be transfected 

individually with two mislocalizer versions (wild-type and mutant FRB). Selection with blasticidin should result in 

the same copy numbers of episomes, and equal protein abundance could be assessed using WB analysis.  

Different FRB mutants are known to selectively interact with the FKBP domain depending on the compound used 

[Putyrski & Schultz, 2012]. As a control, an FRB mutant could be chosen that is unable to dimerize with FKBP upon 

rapalog addition. Using an FRB mutant should be considered for the DIQ-BioID approach as well to subtract false 

positive hits. 

 

4.4.5 Microscopy 

The depletion of functional TgDHHC7 and TgARO led to the dispersion of rhoptries throughout the cytosol [Beck 

et al., 2013; Frénal et al., 2013; Mueller et al., 2013, 2016]. Since it was suspected that the small size of 

P. falciparum merozoites compared to T. gondii tachyzoites limits the cytosolic dispersion of rhoptries, whether 

KS of PfAIP-2xFKBP-GFP also leads to a rhoptry dispersion was not tested. The phenotype would most likely not be 

obvious using light microscopy. The ultrastructural effect of PfARO and PfAIP depletion from rhoptries on rhoptry 

morphology should rather be assessed using electron microscopy (EM). To test whether PfAIP is indeed localized 

to an intermediate rhoptry sub-compartment (see 4.3.4), immuno-EM could be performed. However, a well-

known problem with immuno-EM is that the antibody needs to get through fixed samples and the fixation process 

of cells destroys a lot of antigenic reactivity. 

In T. gondii rhoptries, the intermediate rhoptry sub-compartment has a length of less than 200 nm [Lemgruber et 

al., 2011] whereas, if existing, this compartment would expectedly be significantly smaller (< 50 nm) in 
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P. falciparum rhoptries. It is questionable whether immuno-EM would be able to adequately pinpoint PfAIP’s or 

PfARO’s sub-compartment localization. Instead, PfAIP/PfARO could be tagged with a mini Singlet Oxygen 

Generator (miniSOG) to allow correlated fluorescence electron microscopy (CLEM) as well as electron tomography 

(ET) for 3D protein localization. The miniSOG is a small fluorescent protein that generates reactive oxygen species 

(ROS) when exposed to 488 nm. Local ROS catalyze the reaction of diaminobenzidine (DAB) to an osmiophilic 

polymer that can be resolved by ET or EM [Shu et al., 2011]. Applying this technique on tightly synchronized 

parasites, a high spatio-temporal resolution of PfAIP-miniSOG and PfARO-miniSOG localization could be achieved. 

In a recent publication, a miniSOG-FLAG tag was used to label CLAG3 in P. falciparum, but EM studies are not 

reported yet [Gupta et al., 2018]. Split-miniSOG allows visualization of intracellular PPI by CLEM [Boassa et al., 

2019] and could be used to identify PfAIP/PfARO interaction on an ultrastructural level. 

 

Due to the diffraction limit, conventional wide-field fluorescence microscopy is limited to a spatial resolution of 

appr. 200-250 nm. Super-resolution imaging methods such as stimulated emission depletion (STED) can reach 

resolutions below the diffraction limit and are likely to become the method of choice to study subcellular 

structures at the nanoscale [Vicidomini et al., 2018]. A recently published study describes the use of STED 

nanoscopy in P. falciparum, which allowed imaging of individual microtubules and nuclear pores [Mehnert & 

Guizetti et al., 2019]. STED nanoscopy could be applied to examine PfARO and PfAIP rhoptry localization in more 

detail. 

 

4.5 Conclusion 

In summary, the rhoptry neck protein PfAIP was identified and functionally characterized. The presented study 

shows that PfAIP is essential for efficient erythrocyte invasion that might be - at least in part - mediated by its 

interaction partner PfACβ. We also delivered, for the first time, a crystal structure of PfARO and used this structural 

information to probe its putative interaction with PfAIP. The cytosolic distribution of PfAIP, provoked by mutations 

within PfARO protein, suggests that interaction with PfARO is essential for rhoptry distribution. However, this 

interaction appears to be transient or indirect as PfACβ but not PfARO was identified using proximity-based 

biotinylation. 

 

4.6 Outlook 

An PfACβ-PfAIP-interaction at the rhoptry links PfAIP function to cyclic nucleotide signalling in order to activate 

downstream processes at the rhoptry surface that finally trigger rhoptry secretion. How this is achieved is currently 

unknown, but PfAIP appears to be an important cornerstone. The elucidation of the PfAIP structure will be an 

important step to understand this conserved apicomplexan-specific protein, which does not reveal any domain 

with known function. 

Another important aspect is the molecular interplay between PfAIP and PfARO at the rhoptry neck. They show 

only a partial overlap, but nevertheless, PfAIP is not recruited to the rhoptry upon depletion of PfARO. It is likewise 

astonishing that PfARO and PfAIP are located in different rhoptry sub-compartments despite their apparent 

interaction. Further experiments are needed to pinpoint the exact localization of both proteins during rhoptry 

biogenesis and elucidate when PfARO-PfAIP interaction occurs.  
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S1 | Sequence homology of TgARO and PfARO. PRALINE sequence alignment of TgARO (TGME49_261440) and 
PfARO (PF3D7_0414900). Phosphorylation-sites (displayed at ToxoDB and PlasmoDB) of TgARO and PfARO are 
indicated by magenta and black arrowheads, respectively. PfARO phosphorylations are: S25, T27, S33, T35, S36, S59, 
T61 and T253. PfARO loop1 (S60 to T80) and loop2 (E203 to L214) are indicated by white and black box, respectively. 
Mutations inserted in PfARO (see Fig. 3.6A) are indicated by coloured letters beneath the alignment. Mutation 
1 (H72D/W74S, brown); mutation 2 (L84D/Q88E, red); mutation 3 (P78G/T80A, green); mutation 4 
(D124N/R125Q, blue); mutation 5 (deletion of loop1 by removal of residues I64-K79); mutation 6 
(F135D, magenta). The positively charged residues R9, K14 and K16 which are important for rhoptry membrane 
attachment of PfARO [Cabrera et al., 2012] are indicated by red asterisks. Calcium-dependent phosphorylation 
of TgARO at S33 [Nebl et al., 2011] is indicated by blue asterisk. Acetylation of K26 and K168 [Cobbold et al., 2016] 
is indicated by green asterisks. 

 

 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0854.2012.01394.x
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1002222
https://www.nature.com/articles/srep19722
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S2 | PfAIP and PfARO RNA expression profiles. (A) Microarray expression data of P. falciparum 3D7 wild-type 
strain was used to overlay and compare PfAIP and PfARO expression profiles during the erythrocytic stage. Hpi, 
hours post infection; Δ, difference in onset of transcription. (B) Transcriptional data of Pfaip and Pfaro genes 
from 3D7 wild-type sexual and asexual life stages. FPKM, transcript levels of fragments per kilobase of exon 
model per million reads mapped. (A-B) Transcriptional data was retrieved from PlasmoDB. 
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S3 | Sequence alignment of apicomplexan AIP homologues identified a conserved core region. (A) Protein 
sequences of various putative AIP homologues (see Fig. 3.1A) were aligned using PRALINE multiple sequence 
alignment. Amino acid consensus between TgAIP and homologues is shown. A conserved core region (CCR) was 
identified (magenta box). Exon 3 that is spliced out in splice variant PF3D7_1136700.2 is indicated by a red box. 
Red asterisks indicate phosphorylation of PfAIP residues S76, Y91, T92, S101, S115, S371 and T374 (www.PlasmoDB.org) 
(B) TgAIP and PfAIP CCRs were aligned using PRALINE. Black box indicates inner core region (ICR) explained in 
(C). Needle alignment was performed to calculate identity and similarity of CCRs and full-length protein 
sequences. (C) Vbra_13064 was retrieved by BLASTp search (see Fig. 3.1A). CD-search was performed for 
Vbra_13064 and identified a predicted PH domain spanning residues T1605 to K1656. EMBOSS Needle alignment 
of TgAIP and PfAIP CCRs was performed to identify an inner core region (ICR, black box) that is similar to 
predicted Vbra_13064 PH domain (residue T1605 to K1656). Needle alignment was performed to calculate identity 
and similarity of ICRs to Vbra_13064 PH domain. PfAIP phosphorylations at residues Y91, T92, S101 and S115 of 
PfAIP CCR are indicated by black arrowheads. (A-C) PRALINE multiple sequence alignment was performed using 
BLOSUM62 matrix and default settings. Level of conservation is indicated by colour code and scaled from blue 
to red indicating low to full conservation, respectively. Black asterisks indicate identical residues. (B-C) EMBOSS 
Needle alignment was performed using BLOSUM62 matrix and default settings.  
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S4 | Structure prediction of the PfAIP protein. Three-dimensional structural model of PfAIP predicted by 
I-TASSER server. The PfAIP protein sequence was submitted to I-TASSER using default settings. The model with 
the highest C-score is shown from three different angles (top, side and rear view). Views in 90° increments are 
indicated by rotation arrows. C-score of the model: -2.15; estimated TM-score: 0.46 ± 0.15; Estimated RMSD: 
12.1 ± 4.4 Å. The PfAIP model dimensions are indicated by x, y and z. Peptides in chain are colored in a spectrum 
from blue to red (residues from the N-terminus to the C-terminus). Closest structural similarity to the predicted 
PfAIP model was determined by I-TASSER for the crystal structure of an SspE monomer (PDB accession number: 
6JIV) with a TM-score of 0.958. The crystal structure of SspE is shown in dark grey and is superimposed on the 
predicted PfAIP model. PfAIP phosphorylation-sites (S76, Y91, T92, S101, S115, S371 and T374) are marked in red and 
green. According to DEPTH analysis, residue S76 is buried appr. 10 Å inside the structure, whereas all other 
phosphorylation-sites are predicted to be surface exposed. Residue E260 marks the end of the determined 
conserved core region (CCR). The electrostatic surface potential of the corresponding PfAIP model is shown on 
the right. The scale is from -5 kT/e (red) to +5 kT/e (blue). Light grey indicates neutral electrostatic potential. 
Model visualization and dimension measurements were performed using Pymol. Electrostatic surface potential 
was calculated by Pymol APBS plugin.  
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S5 | A homologue of ARO is present in V. brassicaformis. BLASTp search analysis using TgARO (Gene ID: 
TGME49_261440) protein sequence as query against nr database retrieved VbARO (Gene ID: Vbra_4126) as 
TgARO homologue in Vitrella brassicaformis (Vb). PRALINE multiple sequence alignment was performed for 
VbARO, TgARO and PfARO (Gene ID: PF3D7_0414900). The level of conservation is indicated by colour code 
and scaled from blue to red indicating low to full conservation, respectively. Black asterisks indicate identical 
residues. CD-search analysis predicted two Armadillo (ARM) repeats for VbARO spanning residue K109 to S141 
(orange box) and N147 to V185 (green box). PfARO ARM repeats 1 to 5 [Geiger & Brown et al., 2020] are shown 
as color-coded lines beneath the sequence alignment. ARM1, purple; ARM2, orange; ARM3, green; ARM4, 
brown; ARM5, blue. PfARO loop1 and loop2 are indicated by white and black box, respectively. The positively 
charged residues R9, K14 and K16 which are important for rhoptry membrane attachment of PfARO [Cabrera et 
al., 2012], are indicated by red asterisks. Calcium-dependent phosphorylation of TgARO at S33 [Nebl et al., 2011] 
is indicated by blue asterisk. Acetylation of PfARO K26 and K168 [Cobbold et al., 2016] is indicated by green 
asterisks. Identity and similarity of VbARO, TgARO and PfARO was determined using EMBOSS Needle alignment. 
EMBOSS Needle and PRALINE multiple sequence alignments were performed using BLOSUM62 matrix and 
default settings. 

 

https://www.sciencedirect.com/science/article/pii/S0022283619307338?via%3Dihub
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0854.2012.01394.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0854.2012.01394.x
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1002222
https://www.nature.com/articles/srep19722
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