UH
iﬁ
23 Universitat Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG Bernhard-Nocht-Institut fir Tropenmedizin

Functional Investigation of Unknown
Malaria Proteins in the Human Malaria

Parasite Plasmodium falciparum

Dissertation with the aim of achieving a doctoral degree at the
Faculty of Mathematics, Informatics and Natural Sciences
Department of Biology

University Hamburg

submitted by
Marius Florian Schmitt

Hamburg, 2020



Dissertationsgutachter:  Dr. Tobias Spielmann
Prof. Dr. Tim Gilberger
Datum der Disputation: 24.04.2020



Eidesstattliche Versicherung

Eidesstattliche Versicherung

Hiermit erklare ich an Eides statt, dass ich die vorliegende Dissertationsschrift selbst verfasst

und keine anderen als die angegebenen Quellen und Hilfsmittel benutzt habe.

Hamburg, den Marius Florian Schmitt



Language certificate

Language certificate

| am a native speaker, have read the present PhD thesis and hereby confirm that it complies

with the rules of the English language.

Paul Hughes, Darmstadt, February 26", 2020



Summary

Summary

The most severe form of malaria in humans is caused by the Plasmodium falciparum parasite
that is transmitted during a blood meal of female Anopheles mosquitoes. The clinical
symptoms of malaria are caused exclusively by the asexual replication cycle of the parasite
inside erythrocytes. Within the erythrocyte, P. falciparum parasites ingest cytosol from the
host cell as a source of amino acids and to provide space for growth. This very specialized
form of endocytosis is called host cell cytosol uptake (HCCU). P. falciparum blood stages
multiply their genome by closed mitosis before cell division leads to the generation of up to
32 daughter cells in a process termed schizogony.

The P. falciparum genome comprises approximately 5700 genes, with more than 2600 being
annotated as ‘genes with unknown function’. Most of the unknown genes are highly adapted
to the specialized life cycle of P. falciparum parasites and show little or no homology outside
the Apicomplexa. To gain a deeper understanding of the parasite’s biology, the evaluation of
parasite-specific essential genes and a subsequent functional analysis is of high interest. The
processes these genes are involved in also hold a potential for therapeutic intervention, as they
are specific for parasite biology, and their inhibition is not likely to harm the human host.

So far, the functional analysis of essential genes has been hampered by the lack of robust
genetic modification systems. The recently published selection linked integration (SLI)
method overcomes this problem. SLI allows a rapid selection of parasites with a particular
genomic integration. It also enables the evaluation of gene essentiality and the subsequent
functional analysis of the expressed proteins, using a conditional inactivation system known
as knock sideways.

As a proof of principle for the knock sideways system intended for the candidates in this
thesis, the P. falciparum GTPase Rab5b was selected for an in depth functional analysis. In
other organisms, such as humans or yeast, Rab5b plays a function in early endocytosis
together with the protein VPS45. The present study shows that conditional inactivation of
PfRab5b leads to an endocytosis phenotype similar to the phenotype after conditional
inactivation of PfVPS45, which was the first protein identified to be involved in host cell
cytosol uptake in malaria parasites. This study presents experimental evidence that PfRab5b is
directly involved in host cell cytosol uptake and suggests that endolysosomal transport in the

parasites shows similarities to those of model systems in eukaryotes.
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The present thesis also conducted a medium throughput screen of unknown P. falciparum
genes using the SLI-method. To reduce the number of genes to a manageable size, this study
focussed on the genes on chromosome 3. In order to identify the most promising candidates
for functional analysis, genes were subjected to various selection steps to focus on candidates
that were parasite-specific, expressed in blood stage parasites and amenable to the conditional
inactivation technique intended to be used. This resulted in a list of 33 candidates that were
endogenously tagged. The corresponding gene products were localized and a subset
functionally analysed.

The present thesis provides the localization of 15 novel proteins, comprising proteins
localized in the nucleus (1), in foci in the cytoplasm (5), in the parasite cytosol (3), foci in
close proximity to the nuclei (3), one that might be located at the inner membrane complex
and two that had an unclear localisation due too low GFP signals. Additionally, an evaluation
of gene and protein essentiality at genomic and protein level was performed for 21 genes and

8 proteins.

A detailed functional analysis was conducted for the unknown protein candidate M7. The
GFP tagged M7 was located in one or two foci close to the outer part of the nucleus, and the
foci multiplied with the number of nuclei. Subsequent conditional inactivation of M7 by
knock sideways showed a growth defect and impairment of the nuclear division process. To
understand how M7 is positioned in relation to the parasite nucleus, confocal time lapse
imaging was performed, indicating a role of M7 in the nuclear division process.

M7 showed remote homology to Ska2, a protein of the so-called Ska complex which is
essential during mitosis in eukaryotes. During mitosis in Plasmodium parasites, the GFP
tagged M7 showed a similar localisation pattern to the mitotic markers Centrin3 and o-
tubulin. A co-localization of GFP tagged M7 with these markers detected o-tubulin in foci at
the outer part of the nucleus, partially overlapping with foci of the GFP tagged M7 (facing the
parasite plasma membrane) and the foci of mCherry tagged Centrin3.

To determine potential interaction partners of M7, the newly-established dimerization induced
quantitative biotin identification (DIQ-BiolD) was used. DIQ-BiolD showed interaction
partners which, based on homology to proteins in other organisms, might be involved in
mitosis. These interaction partners included a protein with remote homology to Ska3,
suggesting that this was the so far not annotated PfSka3. Taken together, these results indicate

that M7 might be the P. falciparum orthologue of Ska2 and that the M7 protein plays an
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essential role during the nuclear division in the parasite similar to the human Ska complex and

the functional Ska complex equivalent (Dam/DASH complex) in yeast.

Overall, the results of this thesis provide new insights for a better understanding of the
parasite’s DNA replication and endocytosis and reveals targets for further investigation that

might turn out to be helpful for drug development.

Zusammenfassung

Die schwerste Form der Malaria beim Menschen wird durch den Parasiten Plasmodium
falciparum verursacht, der bei einer Blutmahlzeit der weiblichen Anopheles-Micke
Ubertragen wird. Die Klinischen Symptome der Malaria werden ausschlief3lich durch den
ungeschlechtlichen Replikationszyklus des Parasiten in den Erythrozyten verursacht.
Innerhalb der Erythrozyten nehmen die P. falciparum-Parasiten Zytosol aus der Wirtszelle
auf, um Aminosauren zu gewinnen und Platz fur ihr Wachstum zu schaffen. Diese sehr
spezielle Form der Endozytose wird als Wirtszellen-Zytosolaufnahme (HCCU) bezeichnet.
Die Blutstadien von P. falciparum vervielfaltigen ihr Genom durch geschlossene Mitose,
bevor die Zellteilung zur Bildung von bis zu 32 Tochterzellen in einem als Schizogonie
bezeichneten Prozess fihrt.

Das Genom von P. falciparum umfasst etwa 5700 Gene, von denen mehr als 2600 als "Gene
mit unbekannter Funktion” annotiert sind. Die meisten der unbekannten Gene sind stark an
den spezialisierten Lebenszyklus von P. falciparum-Parasiten angepasst und zeigen wenig
oder keine Homologie aufl3erhalb der Apicomplexa. Um ein tieferes Verstédndnis der Biologie
des Parasiten zu erhalten, sind die Auswertung parasitenspezifischer essentieller Gene und
eine anschlieBende Funktionsanalyse von hohem Interesse. Die Prozesse, an denen diese Gene
beteiligt sind, bergen das Potenzial fur therapeutische Eingriffe, da sie spezifisch auf die
Biologie des Parasiten ausgerichtet sind und ihre Hemmung den menschlichen Wirt
wahrscheinlich nicht schédigt.

Bisher wurde die Funktionsanalyse wesentlicher Gene durch das Fehlen robuster genetischer
Modifikationssysteme erschwert. Die kirzlich verdffentlichte Methode der selection linked
integration (SLI) berwindet dieses Problem. SLI ermdglicht eine schnelle Selektion von
Parasiten mit einer bestimmten genomischen Integration. Sie erlaubt auch die Bewertung der
Gen-Essentialitdt und die anschlieende funktionelle Analyse der exprimierten Proteine mit

Hilfe eines konditionalen Inaktivierungssystems, das als Knock-Sideways bekannt ist.
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Als “Proof of Principle fiir das Knock-Sideways-System, das flr die Kandidaten in dieser
Arbeit vorgesehen ist, wurde die P. falciparum GTPase Rab5b fir eine eingehende
Funktionsanalyse ausgewahlt. In anderen Organismen, wie dem Menschen oder Hefen, spielt
Rab5b zusammen mit dem Protein VPS45 eine Funktion in der frihen Endozytose. Die
vorliegende Studie zeigt, dass die bedingte Inaktivierung von PfRab5b zu einem Endozytose-
Phénotyp fuhrt, der dem Phanotyp nach der bedingten Inaktivierung von PfVPS45 ahnlich ist.
Dieses Protein war das erste Protein, das bei Malariaparasiten an der Zytosolaufnahme der
Wirtszelle beteiligt ist. Die vorliegende Arbeit legt experimentelle Beweise daflr vor, dass
auch PfRab5b direkt an der Zytosolaufnahme der Wirtszelle beteiligt ist, und legt nahe, dass
der endolysosomale Transport in den Parasiten Ahnlichkeiten mit denen von Modellsystemen
in Eukaryoten aufweist.

In der vorliegenden Arbeit wurde zusatzlich ein Medium-Durchsatz-Screening unbekannter
P. falciparum-Gene mit der SLI-Methode durchgefuhrt. Dabei lag der Fokus auf den Genen
von Chromosom 3, um die Anzahl der Gene auf eine tiberschaubare GroRe zu reduzieren. Die
Gene wurden verschiedenen Selektionsschritten unterzogen, um sich auf die fir die
funktionelle Analyse vielversprechendsten Kandidaten zu konzentrieren. Dazu gehorten jene,
die parasitenspezifisch sind, in Parasiten im Blutstadium exprimiert werden und die fir die
vorgesehene Technik der konditionalen Inaktivierung geeignet sind. Dies fuhrte zu einer Liste
von 33 Kandidaten, die endogen markiert wurden. Die entsprechenden Genprodukte wurden
lokalisiert und eine Teilmenge funktionell analysiert.

Die vorliegende Arbeit liefert die Lokalisierung 15 neuartiger Proteine, bestehend aus
Proteinen, die im Zellkern (1), in Fokussen im Zytoplasma (5), im Zytosol des Parasiten (3)
und in Fokussen in unmittelbarer Nahe der Zellkerne (3) lokalisiert sind. Ein Protein wies eine
maogliche Lokalisierung am inneren Membrankomplex auf und zwei Proteine eine unklare
Lokalisierung aufgrund eines zu niedrigen GFP-Signals. Zusatzlich wurde fiir 21 Gene und 8
Proteine eine Bewertung der Gen- und Proteinessentialitdt auf Genom- und Proteinebene

durchgefiihrt.

Fur den unbekannten Proteinkandidaten M7 wurde eine detaillierte Funktionsanalyse
durchgefiihrt. Das GFP-gekennzeichnete M7 befand sich in einem oder zwei Fokussen nahe
dem &uReren Teil des Zellkerns. Diese Fokusse multiplizierten sich mit der Anzahl der Kerne.
Die anschlieBende konditionale Inaktivierung von M7 durch Knock Sideways zeigte einen

Wachstumsdefekt und eine Beeintrachtigung des Kernteilungsprozesses. Um zu verstehen,



wie M7 im Verhéltnis zum Zellkern des Parasiten positioniert ist, wurde eine konfokale
Zeitrafferaufnahme durchgefiihrt, die auf eine Rolle von M7 im Kernteilungsprozess hinweist.
Dariiber hinaus zeigte M7 eine entfernte Homologie zu Ska2, einem Protein des sogenannten
Ska-Komplexes, das wéhrend der Mitose in Eukaryonten essentiell ist. Wahrend der Mitose in
Plasmodium-Parasiten zeigte das mit M7 markierte GFP ein éhnliches Lokalisierungsmuster
wie die mitotischen Marker Centrin3 und o-Tubulin. Eine Co-Lokalisierung von GFP-
gekennzeichnetem M7 mit diesen Markern zeigte a-Tubulin in Fokussen am &uferen Teil des
Zellkerns, die sich teilweise mit den Fokussen des GFP-gekennzeichneten M7 (Richtung
Plasmamembran des Parasiten) und den Fokussen des mCherry-gekennzeichneten Centrin3
Uberlappten. Zur Bestimmung potenzieller Interaktionspartner von M7 wurde die neu
etablierte  dimerisierungs-induzierte  quantitative  Biotin-ldentifikation  (DIQ-BiolD)
verwendet. Die DIQ-BiolD zeigte Interaktionspartner, die aufgrund ihrer Homologie zu
Proteinen in anderen Organismen an der Mitose beteiligt sein konnten. Zu diesen
Interaktionspartnern gehorte ein Protein mit entfernter Homologie zu Ska3, was darauf
hindeutet, dass es sich um das bisher nicht annotierte PfSka3 handelt.

Zusammenfassend deuten die Ergebnisse darauf hin, dass M7 das P. falciparum-Ortholog von
Ska2 darstellt und das M7 Protein eine wesentliche Rolle in der Kernteilung des Parasiten
spielt, &hnlich wie der menschliche Ska-Komplex und das funktionelle Ska-Komplex-
Aquivalent (Dam/DASH-Komplex) in Hefen.

Insgesamt liefern die Ergebnisse dieser Arbeit neue Erkenntnisse fur ein besseres Verstandnis
der DNA-Replikation und Endozytose des Parasiten und zeigen Ziele fir weitere
Untersuchungen auf, die sich als hilfreich fur die Entwicklung von Medikamenten erweisen

kdnnten.
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Introduction

1 Introduction

1.1 Malaria “King of Diseases”

The first records of malaria infections, referring to the typical symptoms and the tendency to
epidemic occurrence, were registered 2700 BC by the ancient Chinese Canon of Medicine.
Thenceforth the disease was also noted in many other civilizations like Arabic, Assyrian,
Babylonian, Chinese, Egyptian, Indian, Greek and Roman (Carter et al., 2002; Cox, 2002;
Neghina et al., 2010; Retief et al., 2006). During the Vedic period (1500-800 BC), people
suffered from the “king of diseases”, which was characterized by fever and enlargement of the
spleen (Sherman, 1998). The first valuable information linking the malaria disease to the bite
of an mosquito, appeared between 500 to 221 BC (Sallares, 2009). Also, the Greeks had
known Malaria since about 500 BC. The first physician, who described the malarial paroxysm
including most of the symptoms like chills, exacerbation, fever, and sweats, was also a Greek,
Hippocrates (460-377 BC). He was able to differentiate the different clinical types of malaria,
due to the periodicity of the fevers (Cunha et al., 2008; Sherman, 1998). In the 5" century
AD, the Romans also suffered from the great epidemic fever in Rome (Sallares, 2009). In the
year 1440 AD, the first attested mention of the word “mal’aria” was found, which means
“bad, evil, or corrupted air”. In the 16™ century, the disease was noted as far as northern
Europe (Britain, Denmark and Sweden) (Dobson, 1980; Dobson, 1994; Hulden et al., 2005).
After the importation of slaves from Africa in the 16" and 17" century, malaria became also
endemic in North America (Russell, 1968). Finland was reached in the 17" century, followed
by France and Germany during the 19" century (Davidson, 1899; Hulden et al., 2005;
Sérandour et al., 2007). Over the time, the disease had many different names, like Roman
fever, intermittent fever, periodical fever, autumnal fever, marsh fever, mal’aria etc. (Cunha et
al., 2008; Guillemin, 2001; Nicholls, 2012; Schlagenhauf, 2004). The final word malaria was
then mention in the book “Storia delle febbri intermittenti di Roma” by Francesco Puccinotti

in 1838 (Guillemin, 2001; Sallares, 2009; Snowden, 2006).

In the 19" century, Alphonse Laveran (1845-1922) discovered a single-cell parasite as the
causative agent for malaria (Laveran, 1881). Later on, it was demonstrated that the parasites
were transmitted by mosquitoes of the genus Anopheles (Ross, 2002). Today, more than 200

Plasmodium species are known which are transmitted by the female Anopheles mosquito.
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Plasmodium parasites are classified to the phylum Apicomplexa, and five Plasmodium
species are known to be pathogenic for humans: P. knowlesi, P. ovale, P. malariae, P. vivax
and the most virulent P. falciparum. In the past, but still today, malaria has influenced the
demographic and socioeconomic evolution and also shortened the life expectancy of many
people. Despite major research efforts, malaria is still one of the leading causes of infectious
disease related deaths worldwide (Figure 1) (World-Health-Organisation, 2017).

1.1.1 Epidemiology and distribution

Malaria transmission occurs in warm and humid climate zones, which are found mainly in the
tropical and subtropical regions (Figure 1). The ambient temperature in malaria occurring
areas has a strong impact on transmission. Ambient temperatures below 18°C increase the
time required for development in the vector, which results in a restriction of transmission

tropical and subtropical regions (Figure 1) (Sachs et al., 2002; Snow et al., 2005).

1.1.1.1 Malaria cases case report

In 2017, about 3.2 billion people were at the risk of being infected with malaria (Figure 1).
This resulted in an estimated 219 million cases and 435.000 deaths. Most of the cases were
reported in African regions (92 %), followed by South East Asia (5 %) and the Eastern
Mediterranean region (2 %) (Figure 1). Particularly at risk are children under the age of five.
Although in 2017 an estimated 20 million fewer malaria cases occurred than in 2010, data
from 2015-2017 show that there has been no further significant progress in reducing global

malaria cases during this time period (Figure 1) (World-Health-Organisation, 2017).
1.1.1.2 Human malaria

The most virulent form of malaria is caused by P. falciparum parasites. P. falciparum
parasites are responsible for the majority of deaths (99 %), although P. vivax parasites show a
wider geographical distribution (Mendis et al., 2001). Most of the P. falciparum malaria cases
appear in the African region, but it is also endemic in South East Asia and South America.
The predominant Plasmodium species in South East Asia is P. vivax, which is also endemic in
all tropical regions. Most of the African people show a mutation in the Duffy receptor (Duffy
negative) which potentially limits P. vivax parasite transmission to Duffy positive populations
(Miller et al., 1976; Miller et al., 1975). However, there is evidence that also P. vivax cases

occur across all parts of the African continent. The wide geographical distribution of this
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malaria species is due to the ability to develop at comparably low temperatures in the
Anopheles mosquito and the capacity to persist as dormant forms in the liver of patients which
permits to remain during climatic conditions preventing mosquito transmission. The ability to
form dormant liver stages (hypnozoites), P. vivax parasites share only with P. ovale parasites
and can cause a relapse after months or years (Greenwood et al., 2008; White, 2011; World-

Health-Organisation, 2017). In comparison to P. falciparum malaria, P. vivax malaria is less

deadly but also causes serious symptoms and, in some cases, severe disease (Hay et al., 2010;
Sinka et al., 2011; Sinka et al., 2010).

I One or more cases in 2017 Certified malaria free since 2000
Zero cases in 2007 [J Ne malaria
| Zoro cases (=3 years) in 2017 B Not cpplicable

Figure 1: Malaria endemic regions.
Map of malaria endemic regions showing countries with one or more cases in 2017 (red) and zero cases in 2017 (yellow).

Countries with zero cases for more than or within the three years before 2017 are shown in blue. Countries which have been
certified as malaria free since 2000 are shown in green. Countries with no malaria are shown in white; grey countries are not
applicable. Modified from (World-Health-Organisation, 2018c).

P. malariae parasites and P. falciparum parasites are usually endemic in the same regions. P.
ovale cases were reported in Asia and in the Western Pacific, but P. ovale infections are
mainly prevalent in sub-Saharan Africa (Collins et al., 2005). There were some reports in
South East Asia of human P. knowlesi infections (Cooper et al., 2019; Pongvongsa et al.,
2018; Zaw et al., 2019). P. knowlesi is the only known Plasmodium species postulated to be
zoonotic. The natural hosts of P. knowlesi parasites are macaques, but transmission from

macaques to humans is also possible (Knowles et al., 1932). To date it is not clear, whether
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there has been human to human transmission with P. knowlesi parasites or the cases have
been falsely identified (Kantele et al., 2011; Singh et al., 2013; Singh et al., 2004).

1.1.1.3 Malaria transmitting vectors

The Plasmodium parasite cannot sexually replicate without its transmitting vector, a female
Anopheles mosquito, which is a key factor for malaria distribution. Globally, 400 Anopheles
species are known, and 41 of these are capable of transmitting malaria. In African regions, the
dominant vector species are A. gambiae and A. arabiensis, but there are also some other
vectors from the Anopheles genus, which in some parts of Africa can even have a greater
impact on malaria transmission than A.gambiae and A. arabiensis (Coetzee et al., 2004;
Gillies et al., 1987; Gillies et al., 1968; Sinka et al., 2010). Compared to Africa, the Asia-
Pacific region is much more diverse in its diversity of transmitting vectors. Nineteen malaria
transmitting Anopheles species have been reported from that region (Hay et al., 2010; Sinka et
al., 2011; Sinka et al., 2010).

1.1.2 Clinical manifestation

The primary symptoms are versatile and appear as vomiting, diarrhoea, chills, headaches,
dizziness, abdominal pain and dry cough (Barcus et al., 2007; Trampuz et al., 2003). Those
symptoms are difficult to distinguish from other parasitic, bacteria or virus caused diseases
and can lead to an incorrect diagnosis (Bartoloni et al., 2012; Trampuz et al., 2003). The
incubation periods vary between the different Plasmodium species and range from nine to 40
days (Bartoloni et al., 2012), excluding dormant stages. In addition to the incubation period,
periodic fever is also specific to the species. P. vivax, P. ovale, P. malariae and P. knowlesi
cause periodic fever with mostly uncomplicated symptoms, whereas P. falciparum causes
irregular fevers, which usually occurs daily with severe disease progression. The clinical
symptoms and the specific intermitted fevers are mainly caused by schizont rupture and
destruction (or lysis) of the infected erythrocytes. The clinical symptoms of P. vivax and
P. ovale occur in a synchronous manner every 48 hours, resulting in fever attacks every third
day (tertian fever). P. knowlesi has a 24 hours erythrocytic cycle, which causes daily fever
and symptom patterns. In a P. malariae infection, the fever occurs every 72 hours (quartan
malaria) (Bartoloni et al., 2012; Singh et al., 2013; Sinton et al., 1932), coinciding with the
three-day development cycle of this parasite.
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The severity of P. falciparum malaria is mainly explained by the ‘sticking’ of all infected
RBCs to capillaries. Therefore, infected RBCs bind to endothelial receptors, like CD36,
ICAM-1, PECAM or CSA, a process known as cytoadherence (Craig et al., 2012).
Adherence and blockage of the microvasculature can cause vessel collapse (Cabrales et al.,
2010), pulmonary respiratory distress (Taylor et al., 2006), oedema and haemato-encephalic
barrier rupture, leading to a phenomenon termed cerebral malaria (Dorovini-Zis et al., 2011,
MacPherson et al., 1985). Furthermore, P. falciparum malaria can cause hyper-
parasitemia (parasitemia over 10%) prostration, anemia, renal impairment, impaired

consciousness and thrombocytopenia (Craig et al., 2012).

1.1.3 Control strategies and roll back malaria

In the 1950s, a major World health organization (WHO) malaria eradication campaign started
with the aim to reduce malaria transmission and the eradication of the disease. In many
national malaria control programs, the insecticide dichloro-diphenyl-trichloroethane (DDT)
was used for indoor residual spraying. Those programs, reduced the population at risk from
approximately 77 % to approximately 50 %, between 1900 to 1975 (Enayati et al., 2010). The
second tool in this campaign was the use of chloroquine for treatment and prevention. The
programs for malaria eradication in the US and Europe were successful, and thus these
countries became malaria free. The eradication campaign largely ignored sub-Saharan Africa;
however, control interventions, using DDT before 1960, reduced malaria transmission in
South Africa, Swaziland, Zimbabwe, Mauritius southern Cameroon, Liberia, the highland
savanna areas in Madagascar and Uganda (Enayati et al., 2010; Kouznetsov, 1977). For these
successes, the vector control with DDT was an essential component. After the end of the
eradication program, malaria infections increased again overall and chloroquine-resistant
parasites and DDT-resistant mosquitos were observed (Ballou et al., 1987; Hastings et al.,
2000; Lines et al., 1991). Furthermore, DDT is suspected of causing cancer and was banned
in Western countries in 1970 (Faroon et al., 2002; Harada et al., 2016; Harada et al., 2003). In
other countries, malaria control by mosquito reduction is still conducted as before with DDT.
Therefore pesticides such as Bti (Chung et al., 2001) or Pyrethroids are used for aerial
spraying (van den Berg, 2009). Additionally, the use of insecticide-treated bed nets (ITNs) is
one of the most powerful tools for malaria control (Binka et al., 2006). In Africa, more than
half of the population at risk sleeps under an ITN. Furthermore, ITNs have shown to lower the

child mortality rate significantly (Greenwood et al., 2008). In addition, malaria has been
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controlled by drug combination therapies (Bloland et al., 2000; Nosten et al., 2002) and
monitoring systems (Enayati et al., 2010; Nabarro, 1999).

1.1.4 Malaria treatment

Malaria is a preventable and treatable disease and does most likely not lead to death, if
diagnosed early enough and treated within 24 hours after the first symptoms appeared.
However, it requires the use of high-dose medications to get a rapid and full elimination of
Plasmodium parasites. The faster the elimination, the lower is the chance for a chronic
infection, a severe disease or death. Before treatment, it is very important to ensure that only
confirmed malaria cases are treated with antimalarials, to avoid the potential heavy side
effects of some of the treatments (World-Health-Organisation, 2018b). For malaria prevention
or treatment, a comparably large number of drugs are available. These drugs are: Quinine and
derivates, such as chloroquine, halofantrine, and tafenoquine; antifolates such as
pyrimethamine, chlorproguanil, and trimethoprim; artemisinin and artemisinin derivates, the
current first line treatment (in combination with either: piperaquine, mefloquine,
lumefantrine, amodiaquine or sulfadoxine-pyrimethamine) as well as Atovaquone, an
antimalarial of its own class. Several antibacterial drugs like clindamycin and tetracycline

also have antiplasmodial effects (Arrow, 2004).

1.1.4.1 Quinine

Aminoquinolines are alkaloids and were the first antimalarial drugs used. Quinine was
already discovered in 1820 as an extract from the cinchona bark and is active against asexual
blood stage parasites (see.1.2) (Faurant, 2011; Foley et al., 1998). Most of the 4-
aminoquinoline derivates like chloroquine target the detoxification of haemoglobin by the
inhibition of the polymerization of haematin in the food vacuole (FV) (see. 1.3.2.1) Haematin
is toxic for the parasite and can cause lysis and membrane damage (Foley et al., 1998; Miller
et al., 2013; Pulcini et al., 2015). Whereas the aminoquinoline related mefloquine was shown
to target the P. falciparum ribosomes to inhibit protein synthesis (Wong et al., 2017). The 8-
aminoquinolines (primaquine) were used as a drug against the dormant liver stages
(hypnozoites) of P. vivax and P. ovale (Campo et al., 2015).

The widespread use of chloroquine for malaria control (Gustafsson et al., 1987) led to a broad
spread of resistance in P. falciparum parasites and hampered the use of chloroquine (Payne,

1987). The resistance mechanism has been associated with to mutations in the chloroquine
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resistance reporter gene (crt) (Fidock et al., 2000). The crt encodes for a FV transporter which
pumps chloroquine out of the FV. A mutation leads to a faster efflux of the drug from the FV
in comparison to the un-mutated protein, which results in a decreased chloroquine sensitivity
(Bray et al., 1998; Durand et al., 2001; Fidock et al., 2000; Pulcini et al., 2015).

1.1.4.2 Antifolates

Antifolates such as pyrimethamine, proguanil, chlorproguanil and trimethoprim inhibit the
dihydrofolate reductase (DHFR), which deprives the parasite from essential folate cofactors,
that the parasite needs for its amino- and nucleic acid metabolism (Yuthavong, 2002). Also,
antifolates resistant Plasmodium parasites were observed in South America, Southeast Asia
(reviewed in: (Le Bras et al., 2003)) and Africa (reviewed in: (Venkatesan et al., 2013)).
Antifolate-resistant Plasmodium parasites contain a single point mutation in the DHFR gene,
causing the drugs to lose their affinity to their catalytic binding sites (Delves et al., 2012;
Muller et al., 2010).

1.1.4.3 Atovaquone

Atovaquone is usually given with proguanil to increase the efficiency of the therapy.
Atovaquone inhibits mitochondrial electron transport within the Plasmodium parasites
(Goodman et al., 2016; McKeage et al., 2003). Resistant parasite strains show a mutation in
their mitochondrial desoxyribonucleicacid (DNA)-encoded cytochromeB gene. This mutation
is postulated to prevent the parasite from generating sporozoites in the mosquito phase
(Goodman et al., 2016). This has the advantage that the resistance cannot spread and all

resistances observed must have arisen de novo in the host.

1.1.4.4 Artemisinin

Artemisinin was identified in the early 1970s and isolated from the sweet wormwood
(Artemisia annua). Further research led to the development of more stable derivatives
(Faurant, 2011). In 2015, Youyou Tu received the Nobel Price for making this drug available
(Nobel-Media, 2015) (Tu, 2011; Tu et al., 1981). The mode of action of arteminins (ARTS)
is still unclear, but it is assumed that ARTSs get activated before they become active as a drug.
The activator for ARTs seems to be the reduction of the Fe3™ from of heme to Fe2™ heme
(Becker et al., 2004; Meunier et al., 2010). This activation is thought to lead to carbon centred

radicals, by the iron catalysed reductive scission of the drug (Li et al., 2010; Meshnick et al.,
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1991). The formed radicals interact with nucleophiles, like enzyme active sites, unsaturated
membrane lipids, and also with heme (Bray et al., 2005; Straimer et al., 2012; Wang et al.,
2015). It was postulated that the radicals’ interaction damages the endoplasmic reticulum
(ER), the mitochondrion and the FV, but also multiple other functional pathways and that this
wide activity is the reason for the efficiency of the drug (Li et al., 2010; Meshnick et al.,
1989; Meshnick et al., 1993; O'Neill et al., 2004; Posner et al., 1992). Because the main
haemoglobin digestion in the parasite takes place in the trophozoite stage (see. 1.2.3) (Klonis
et al., 2013), ART is most effective in this stage. It is less active in stages were less or no
haemoglobin digestion occurs, like in mature gametocytes (see. 1.2.3.1) (Adjalley et al.,
2011) or the liver stage (Meister et al., 2011). A recent study from Birnbaum et al. (Birnbaum
et al., 2020) showed that haemoglobin digestion also takes place in early ring stage parasites
which explains the activity of ART also in very early ring stage parasites (Klonis et al., 2013;
Xie et al., 2016).

The WHO recommends artemisinin-based combination therapies (ACTSs) for the treatment of
uncomplicated malaria. ACTs combine artemisinin derivatives with at least one other
compound with a different mechanism of action. For severe malaria, the WHO recommends
an injectable artesunate treatment for at least 24 hours followed by a 3-day course of an ACT.
The combination therapies try to avoid the development of resistance to artemisinin
derivatives (World-Health-Organisation, 2018a). However, since 2008, first cases of parasites
with lowered susceptibility to ART have been reported (Dondorp et al., 2009). This is
increasingly leading to treatment failures in South East Asia and greatly threatens the

advances in malaria control achieved in recent years.

1.1.5 Vaccine development

The complex Plasmodium parasite’s biology and the diverse parasite genome have hampered
the development of effective vaccines in recent years (reviewed in: (Mahmoudi et al., 2018)).

So far, there are five different approaches for the development of malaria vaccines.

1.1.5.1 Sporozoite subunit vaccines

The most prominent and the first malaria vaccine that completed phase Il trials is
RTS,S/AS01 (Mosquirix®). The target of this vaccine is the circumsporozoite protein (CSP)
that is believed to be needed for sporozoite motility and hepatocyte invasion (see. 1.2.1)
(Coppi et al.,, 2005; Quattara et al., 2015; Sinnis et al., 2002; Tewari et al., 2002).
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RTS,S/AS01 consists of two components: 18 copies of the central repeat and a C-terminal
domain of CSP which is fused to the hepatitis B virus surface antigen. RTS,S/AS01 is also
combined with the liposomal adjuvant system ASO1 in an attempt to increase the vaccine's
protection (Draper et al., 2018). In phase Il trials, RTS,S/AS01 protection rates up to 36,3 %
for clinical malaria were observed, compared to the control (RTS, 2015). However, more
recent studies showed that efficacy fades over (Olotu et al., 2013) time, and even rebound
effects occur, which can lead to increasing clinical malaria cases compared to the control
(Olotu et al., 2016). Nevertheless, RTS,S/ASO01 is authorized for further usage in pilot areas
(World-Health-Organisation, 2020) .

1.1.5.2 Whole sporozoite vaccines

Whole sporozoite vaccines (WSV) are a promising vaccine approaches, because in preclinical
animal models and humans, high levels of protection against homologous human malaria
infection was achieved. The WSV work with radiation attenuated sprozoites (RAS)
(Nussenzweig et al., 1967; Nussenzweig et al., 1969), genetically attenuated parasites (GAP)
and sporozoites administered under drug cover (CPS) (Beaudoin et al., 1980; Cochrane et al.,
1980; Itsara et al., 2018; Voller et al., 1980). The first WSV which was studied in rodents
(Nussenzweig et al., 1967; Nussenzweig et al., 1969) and humans were radiation attenuated
sporozoites. They were arrested in the liver stage and showed a potent immunity in humans
(Beaudoin et al., 1980; Cochrane et al., 1980; Voller et al., 1980). However, parasite genetic
diversity is a major problem for protection against heterologous strains (Walk et al., 2017), so

that it is unclear if this approach will result in a feasible vaccine.

1.1.5.3 Blood-stage vaccines

Blood stage vaccines try to cause immunity in humans, by eliciting antigen specific antibody
concentrations in the human blood. Therefore, merozoite antigens, like the erythrocyte
binding antigen 175 (EBA175), the merozoite surface protein 1 (MSP1), or the apical
membrane antigen 1 (AMA1L), were induced to the human blood, which should lead to
antibody production to block erythrocyte invasion (reviewd in: (Fowkes et al., 2010). Despite
decades of efforts, none of these blood stage vaccine approaches showed protection in clinical
trials, whereby the main issue might be the high diversity of antigens based on genetic

polymorphisms (Draper et al., 2018; Ogutu et al., 2009; Sagara et al., 2009).
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1.1.5.4 Transmission-blocking vaccines

Another malaria vaccine strategy is to target the sexual stages (see. 1.2.3.1) and prevent the

parasite from transmission. In preclinical studies, different antigens, like the gametocyte

antigens Pfs48/45/230 and the ookinete surface protein Pfs25, performed well (Pehrson et al.,

2017). However, a purely transmission blocking vaccine poses ethical problems (due to

collective immunization) and further clinical studies have not been carried out with these

candidates.
1.2 Plasmodium parasite’s biology

1.2.1 Life cycle of P. falciparum parasites

P. falciparum parasites show a complex life cycle, which consists of two hosts: the female

Anopheles mosquito, and the human (Figure 2). The life cycle is divided into three different

parts: human liver stages (hepatic cycle), human blood stages (erythrocytic cycle) and

mosquito stages (sexual development).
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Figure 2: P. falciparum parasite’s life cycle.

Ilustration of the P.falciparum life cycle with human liver stages (yellow bold arrow), human blood stages (pink bold arrow)
and mosquito stages (blue bold arrow). Host cells are displayed in red (red blood cells) or bright pink (hepatocytes) and
parasites are shown in green. Mosquito midgut epithelium cells are shown in brown. Modified from (Greenwood et al.,
2008).

1.2.2 Hepatic cycle

The hepatic cycle starts with the blood meal of the female Anopheles mosquito. During this
meal, less than a hundred sporozoites are inoculated from the mosquito salivary glands to the
human host (Figure 2) (Jin et al., 2007). Some sporozoites stay either in the skin or are
eliminated by the lymph system (Yamauchi et al., 2007), but there are also sporozoites that
reach the blood vessels and enter the blood stream. Despite a lack of symptoms, recent studies
suggest that that this phase already initiates an immune system (Liehl et al., 2014; Miller et
al., 2014; Roland et al., 2006). The sporozoites are then transported to the liver where they
cross the liver sinusoidal wall and migrate through the Kupffer cells or endothelial cells to the
hepatocytes (cells of the main parenchymal tissue of the liver) (Figure 2) (Prudéncio et al.,
2006). It is postulated that sporozoites target and enter the hepatocytes by using the
circumsporozoite protein and the thrombospondin-related anonymous protein, which bind to
heparan sulphate proteoglycans and the CD81 receptor on the hepatocyte surface (Pinzon-
Ortiz et al., 2001; Robson et al., 1995; Silvie et al., 2003; Sultan et al., 1997). Once within a
hepatocyte, the parasite transmigrates and establishes a replication competent parasitophorous
vacuole (PV) (Risco-Castillo et al., 2015). Essential for PV establishment are the sporozoite
proteins P36, P52 and proteins from the 6-cys family, which interact with the hepatocyte
receptor EphA2 (Kaushansky et al., 2015). In the infected hepatocytes, the parasites develop
to trophozoites and then in merozoites by undergoing schizogony. The final step during liver
development is the rupture of the PV, whereby the merozoites are released in membrane-
bound structures (merosomes) into the blood stream (Figure 2) (Vaughan et al., 2012). In
P. falciparum parasites the development in the liver takes on average 5.5 days (Bartoloni et
al., 2012; Sturm et al., 2006).

1.2.3 Erythrocytic cycle

The erythrocytic cycle is a complex multistep process and starts with the invasion of red
blood cells (RBCs) by free merozoites released from the liver into the bloodstream (Figure 2).
The invasion process is completed in less than two minutes after merozoites have been

released (Glushakova et al., 2005; Wright et al., 2014). The primary contact of the merozoite
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to the RBC can occur at any point of the merozoite surface and the binding is mediated by a
low affinity interaction of merozoite surface proteins (MSPs) to the RBCs surface (Wright et
al., 2014).

The attachment is followed by the re-orientation of the merozoite to bring its apical invasion
machinery (apical complex) close to the RBC membrane. The apical complex consists of
flattened vesicles underlying the plasma membrane, which are interconnected with the
cytoskeleton, termed inner membrane complex (IMC), an actin-myosin motor and secretory
organelles like micronemes, dense granules and rhoptries. The micronemes and rhoptries
promote the irreversible attachment and the re-orientation by parasite ligands such as the
reticulocyte-binding like homologs (stored in the rhoptries) and erythrocyte binding antigens
(EBAS) (stored in the micronemes) (O'Donnell et al., 2000). Next, rhoptry neck proteins
(RONSs) form together with the apical membrane antigen (AMAL) a ‘tight junction’ at the
RBC membrane (Cao et al., 2009; Srinivasan et al., 2011). Subsequently, the merozoite
invades actively by pushing itself into the RBC using a parasite encoded actin-myosin motor
(Baum et al., 2006; Weiss et al., 2016). Thereby, RBC membrane wrapping and local clearing
of cytoskeletal elements are induced (Dasgupta et al., 2014). During invasion the parasite uses
parts of the invaginated RBC membrane as well as lipids and proteins, which the rhoptries
secrete to surround itself with a second membranous vacuole, termed PV. The membrane of
the PV is called parasitophorous vacuole membrane (PVM) (Cowman et al., 2012; Koch et
al., 2016).

Inside the RBC, the parasite is termed the ring stage (Figure 2) (0-18 hours post infection
(hpi)). The ring stage is mobile in the host cell and can change in shape between a disc-shaped
form and an amoeboid phenotype (Gruring et al., 2011). It is assumed that the ring stage
shows low metabolically activity and represents a slowly growing “lag” phase in which the
parasite establishes host cell modifications (see. 1.3.3) needed to support its development in
the RBC by exporting different kinds of proteins into the RBC cytosol (Hiller et al., 2004,
Maier et al., 2008; Marti et al., 2004; Spielmann et al., 2006).

After 18 hpi, the ring stage matures to the trophozoite stage (Figure 2). In this stage, the
parasite arrests inside the RBC (Gruring et al., 2011). In the period from 18 until 30 hpi, the
parasite grows rapidly and at the same time internalises up to 80 % of the RBC cytosol until
the parasite occupies almost the entire RBC. The cytosol of the RBC consists mostly of
haemoglobin, which the parasite takes up (host cell cytosol uptake (HCCU)) and then
degrades to amino acids (AAs) and hemozoin inside a lysosome-like compartment of the FV.

This is done for gaining space for growth and also as a feeding supply for amino acids
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(Krugliak et al., 2002). However, the primarily function is to gain space for rapid growth
rather than the feeding purpose (Krugliak et al., 2002).

The trophozoite stage is followed by the schizont stage (Figure 2). The schizont stage starts
around 30 hpi and is characterized by schizogony. During schizogony, asynchronous nuclear
division takes place (see. 1.3.1.2) without parallel cell division (Arnot et al., 2011; Gladfelter,
2006; Rabinowitz, 1941). Besides the genome, mitochondria and apicoplast (see. 1.3.2) are
replicated and segregated into the newly forming daughter cells termed merozoites.
Additionally the parasitophorous plasma membrane (PPM) and the organelles of the apical
complex are formed for each merozoite. (Francia et al., 2014; Gerald et al., 2011; Kono et al.,
2012; van Dooren et al., 2005). In a process termed ‘egress' the RBC and the mature schizonts
(segmenters) burst and release the merozoites into the blood stream (Figure 2). It is presumed
that the egress is triggered by a cascade of proteases, which leads to the formation of pores in
the RBC-membrane, disintegration of the PVM and destruction of the RBC-cytoskeleton
(Blackman et al., 2013; Thomas et al., 2018). With the egress of the merozoites, the parasite
completes one round of the asexual life cycle, which can be continued by invading other
RBCs (Figure 2).

1.2.3.1 Sexual development

1.2.3.1.1 Sexual development in the human

During the asexual life cycle in RBCs, a small number (less than 10 %) of sexual male and
female precursors (termed 'gametocytes’) are formed from young blood stage parasites, which
look like ring stage parasites. The commitment for gametocyte development occurs in the
previous cycle, before schizogony (Bruce et al., 1990) and takes place in the bone marrow
(Aguilar et al., 2014; De Niz et al., 2018). Gametocyte development takes 8 to 12 days
(Sinden, 2009) and is divided into five stages (I-V) (Hawking et al., 1971) which can be
distinguished by morphological appearance and using molecular markers (Pradel, 2007).
Crucial for this process is the transcription factor AP2-G which leads - when disrupted - to
parasites that are unable to form gametocytes (Kafsack et al., 2014; Sinden et al., 1996; Sinha
et al., 2014). Recent data postulate that the P. falciparum gametocyte development 1 (GDV1)
is a sexual commitment activator, which acts as an effector protein that triggers eviction of the
adapter protein Heterochromatin protein 1 (HP1). This leads to de-repression of the ap2-g
gene and thus to sexual commitment (Filarsky et al., 2018). It is also assumed that the parasite

reacts to host-derived physiological states, such as for instance in response to low serum
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levels of the lipid lysophosphatidylcholine (LysoPC), which leads to activation of sexual
differentiation (Brancucci et al., 2017). Furthermore, it has been shown that microvesicles
deriving from infected RBCs are involved in the induction of gametocyte formation (Josling
et al., 2015; Mantel et al., 2013; Regev-Rudzki et al., 2013).

1.2.3.1.2 Sexual development in the mosquitoes

During a blood meal the mosquito takes up the micro- and macrogametocytes, which
developed in the human (Figure 2). The altered physiological environment in the mosquito
midgut, such as the drop in temperature, a change in pH (Billker et al., 1997) and the presence
of xanthurenic acid induce the maturation of gametocytes into gametes (Billker et al., 1998).
During this maturation, the female gametes are released from the RBC and become
permissive for sexual fertilization. The male gametes undergo three rounds of DNA
replication (leading to eight nuclei) and eight flagellas are assembled. Next, the matured male
gametes are released (exflagelation). Subsequently, the male and female gametes fuse and
form a diploid zygote (Josling et al., 2015; Sinden, 2009). The zygote develops further into an
ookinete (Figure 2) (Sinden et al., 1985). The ookinete reaches the extracellular space
between the midgut epithelium and the basal lamina by traversing the midgut epithelial wall.
The ookinete develops further into an oocyst. The oocyst matures and multiples by mitotic
divisions for 9 — 20 days until up the 8000 sporozites are produced and the rupture of the
oocyst occurs (Sinden, 2009). Some of the released sporozoites are transported into the
epithelium of the salivary glands (Korochkina et al., 2006; Rosenberg et al., 1991). During
another blood meal of the Anopheles mosquito, the sporozoites are inoculated to humans (in

case of P. falciparum parasites) to start the next round in the life cycle.

1.3 Parasite cell biology with emphasis on parasite specific aspects

P. falciparum is a highly adapted parasite with many specialized ‘features’ to survive inside
the human and the Anopheles host. It has, for example, unique and modified organelles, an
altered mitosis, an exoproteome that modifies the host cell to avoid the clearance by the
spleen, unique apical organelles, a specialized secretory and endolysosomal pathway and cell

cycle. All these properties differentiate P. falciparum parasites from most other eukaryotes.

14



Introduction

1.3.1 Cell cycle and checkpoints

The cell cycle in P. falciparum parasites differs from the ‘classical’ cell cycle in eukaryotes

(1.2.3 Erythrocytic cycle), but can still be categorised into the ‘classical’ cell cycle phases.

1.3.1.1 Cell cycle

The “classical’ cell cycle based on model organisms follows a series of clearly defined events
which are tightly regulated and controlled by a series of checkpoints. The ‘classical’ cycle
consists of two major phases: the interphase and the mitotic phase. The interphase is further
subdivided into two gap phases (G1 and G2) and an S phase (Barnum et al., 2014). In
P. falciparum parasites the merozoite can be presumed as a GO or G1 phase (Ishiyama et al.,
2008). This phase is followed by the early ring to trophozoite stage which possesses a single
haploid nucleus in an inter- or G1 phase (Jacobberger et al., 1992). An S phase including
DNA synthesis occurs in mid to mature trophozoite stage (Arnot et al., 2011; Chulay et al.,
1983; Merckx et al., 2003) followed by a closed mitosis. A G2 phase is lacking in

P. falciparum parasites (reviewed in: (Matthews et al., 2018) .

1.3.1.2 Mitosis

The ‘classical’ mitosis itself is divided into four different phases: prophase, metaphase,
anaphase, and telophase (Heath, 1980; Mitchison et al., 2001; Pines et al., 2001). In the
prophase, the chromosomes start to condense inside the nucleus and the microtubule
organizing centres (MTOCs) duplicate within the cytoplasm (Fig. 3 A, Traditional View of
Mitosis [Traditional]).
In P. falciparum parasites the prophase starts with the assembly of the microtubules inside the
nucleus and the duplication of the centriolar plaques (centrosome equivalents, also called
MTOCs (Fig. 3 A, Plasmodium Mitosis [Plasmodium])) (reviewed in: (Matthews et al.,
2018). In contrast to the ‘classical’ mitosis, P. falciparum chromosomes do not appear to
condense (Read et al., 1993) and the centriolar plaques duplicate asynchronous and are
embedded in pores of the nuclear membrane (Bannister et al., 2000b; Gerald et al., 2011,
Schrevel et al., 1977). Due to the asynchronous duplication of the centriolar plaques, the
P. falciparum mitosis is in comparison to the ‘classical’ mitosis an asynchronous mitotic
division (Arnot et al., 2011; Sampson, 1981).
Next, in the ‘classical’ metaphase, the nuclear membrane starts to dissemble, so that the
MTOCs and their microtubules get access to the chromosomes (De Souza et al., 2007).
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Furthermore, the microtubules connect, mainly at the kinetochores, to the chromosomes from
both spindle poles and gather at the spindle centre (Fig. 3 B, Traditional) (Gerald et al., 2011).
During metaphase in P. falciparum parasites the nuclear membrane remains intact, this is
called a closed mitosis and is widespread in many organisms (reviewed in: (Boettcher et al.,
2013). P. falciparum parasites also form a bipolar mitotic spindle inside the nucleus and
connects the kinetochores (Prensier et al., 1986) (Fig. 3 B, Plasmodium).

The ‘classical’ metaphase is followed by an ‘classical’ anaphase, whereby the spindle extends
and segregates the sister chromatids towards the opposite poles (Fig. 3 C, Traditional)(Gerald
et al., 2011). Finally, in telophase, the daughter chromosomes decondense, the nuclear
membrane assembles and the cell starts to divide into daughter cells (Fig. 3 D, Traditional)
(Gerald et al., 2011).

During P. falciparum anaphase, the kinetochores also separate and move to the opposite
spindle poles, similar to the anaphase in the ‘classical’ mitosis (Fig. 3 C, Plasmodium). In the
telophase, the nuclear membrane divides and the daughter genome separates without cell
division (De Souza et al., 2009; Gerald et al., 2011) (Fig. 3 D, Plasmodium). Thereafter, the
parasite cell passes through several cycles of asynchronous mitosis. To so far unknown
signals, the final round of mitosis is apparently synchronous, followed by budding into
membrane-bound daughter cells (merozoites), resulting in a syncytial cell (Arnot et al., 1998;
Bannister et al., 2000a; Matthews et al., 2018; Read et al., 1993).

1.3.1.2.1 Plasmodium cell cycle regulators

To date the regulation of mitosis of the parasite by checkpoints remains elusive and
checkpoint proteins have not been identified (Matthews et al., 2018). Even though a G1
checkpoint (known checkpoint for cell cycle regulation in higher eukaryotes) was presumed
in the related parasite T. gondii in response to nutrient starvation (Suvorova et al., 2013) the
evidence for a similar checkpoint in Plasmodium parasites is still missing (Babbitt et al.,
2012). Although, the Plasmodium genome encodes for an unusual repertoire to known
regulators in eukaryotic cells, like cyclins, none of them are homologs of ‘classical’ cell cycle
cyclins (Francia et al., 2014; Ganter et al., 2017; Merckx et al., 2003; Roques et al., 2015).
Furthermore, there is no evidence of a G2 checkpoint and the presence of intra S and M
checkpoints is unlikely due to the variation in the speed of genome replication at various life
cycle stages (Arnot et al., 2011; Gray et al., 2016; Sinden, 2015).
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Traditional View of Mitosis Plasmodium Mitosis

Figure 3: Schematic comparison of traditional views of mitosis with mitosis in blood stage Plasmodium parasites.
The schematic shows the four different mitotic phases: A) prophase, B) metaphase C) anaphase D) telophase. During these

phases the plasma membranes (black lines), microtubule organizing centres (MTOCs, red circles), microtubules (green lines),
kinetochores (tan ovals), nuclear membranes (dark blue lines), condensed chromosomes (light blue), and uncondensed
chromosomes (light blue with stipple pattern) are shown (Gerald et al., 2011).

1.3.2 P. falciparum parasite’s organelles

An organelle is a structure or a part that is enclosed by its own membrane inside a cell and has
a particular function. Organelles are typical for eukaryotic cells and are absent in prokaryotic
cells, like bacterial cells (reviewed in: (Satori et al., 2013). ‘Typical’ eukaryotic organelles are
the ER, the Golgi apparatus, peroxisomes, lysosomes, mitochondria, chloroplasts, and the
nucleus. Compared to other eukaryotes, malaria parasites have a partially modified setup of
organelles. Whereby all malaria parasites harbour an ER, a nucleus, mitochondria, an
unstacked Golgi apparatus, and a lysosome-like compartment termed the vacuole food (FV)
(see.1.3.2.1) (Figure 4) (Bannister et al., 2000a; Struck et al., 2005; Taraschi et al., 1998; van
Dooren et al., 2005). Peroxisomes are absent in malaria parasites. Additionally, P. falciparum
parasites possess specialized secretory organelles fundamental for the invasion process which
are the micronemes, rhoptries, dense granules, and exonemes. Further structures are the IMC,
the conoid (reviewd in: (Baum et al., 2008; Gubbels et al., 2012), and the apicoplast
(see.1.3.2.2) (McFadden et al., 1996).
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Figure 4: P. falciparum infected red blood cell.

The figure shows a P. falciparum infected red blood cell including host cell modifications and protein pathways. Acidic
vacuole is a synonym for FV; ER, endoplasmic reticulum; PV, parasitophorous vacuole; PTEX, Plasmodium translocon of
exported proteins; RBC, red blood cell; PEXEL, proteins export element; PNEPs, PEXEL-negative export proteins; PfCRT
Plasmodium falciparum chloroquine transporter. Figure from (Daniyan et al., 2019).

1.3.2.1 The food vacuole

The FV (Figure 4) is a lysosome-like compartment for the degradation of the haemoglobin
that is taken up during the parasite’s development in the RBC (Francis et al., 1997; Gluzman
et al., 1994; Goldberg et al., 1990; Vander Jagt et al., 1986). It additionally acts as a dynamic
internal store for free Ca?*. The surplus of Ca?* inside the FV leads to an acidic environment
in the FV compared to the parasitic cytosol (Biagini et al., 2003). At the beginning of each
intra-erythrocyte cycle, the FV is newly formed and discarded during egress. This de novo
generation distinguishes the FV from other organelles such as the apicoplast and the
mitochondria (Ehlgen et al., 2012). It is assumed that the genesis of the FV starts in late ring
stage with the fusion of several vesicles derived from cytostomal invaginations (Abu Bakar et
al., 2010; Lazarus et al., 2008). Proteases like plasmepsin and falcipain drive the digestion of
haemoglobin to AAs and a-hematin (Goldberg et al., 1991; Goldberg et al., 1990). The
resulting o-hematin is toxic to the parasite, because it has the ability to form free radicals

within the FV. To avoid the cell damage induced by free radicals, the parasite polymerizes the
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a-hematin into the non-toxic hemozoin, which is also known as the malaria pigment.
However, the polymerization process and the enzymes catalysing it are still not fully known
(Francis et al., 1997; Sullivan, 2002; Sullivan et al., 1996).

1.3.2.2 The apicoplast

The apicoplast (Figure 4) is common in all apicomplexan parasites except Cryptosporidium
(Zhu et al., 2000) and present in all stages of P. falciparum parasites (McFadden et al., 1996;
McFadden et al., 1999). It is a four-membrane bound plastid with metabolic activity that
originates from the secondary endosymbiont (reviewed in: (Foth et al., 2003; Gould et al.,
2008)). Although the apicoplast is derived from a photosynthetic red alga, it has lost its
photosynthetic activity (Janouskovec et al., 2010). The apicoplast and the mitochondrion
cannot be formed de novo and must be inherited at each cell division (Janouskovec et al.,
2010; van Dooren et al., 2005; van Dooren et al., 2013). Most of apicoplast encoded genes
migrated to the nucleus during evolution (McFadden et al., 1999), so that most of the
apicopast proteins have to be transported into the apicoplast (McFadden et al., 1999). Thereby
the proteins are guided by specific signal sequences (within the protein sequence) and cross
the four apicoplast membranes, via a specific import machinery (Agrawal et al., 2013; Ralph
et al., 2004; Sommer et al., 2007; Spork et al., 2009). The apicoplast’s own 35kb genome
encodes for tRNAs, rRNAs, translation- and transcription-related proteins and several other
genes (Arisue et al., 2012; Wilson et al., 1996). Furthermore, it was shown that the apicoplast
is dispensable in the blood stage, if isopentenyl pyrophosphate (IPP) is supplemented (Yeh et
al., 2011). This suggests that isoprenoid biosynthesis is the only essential function in blood
stage parasites, although pathways for the synthesis of iron-sulfur clusters, fatty and lipoic
acids were also detected (Ralph et al., 2004; Seeber et al., 2010; van Dooren et al., 2013).

1.3.2.3 The unstacked Golgi-apparatus

In P. falciparum parasites, the Golgi (Figure 4) appears to be unstacked, such as e.g. in
Entamoeba histolytica (Dacks et al., 2003; Ghosh et al., 1999). It is postulated that an
unstacked Golgi significantly increases vesicles budding of the unstacked cisternae compared
to stacked membranes (Wang et al., 2008). It is also assumed that the unstacked cisternae
allow rapid vesiculation (for Golgi in preparation for its subsequent partitioning) at the onset
of mitosis (Wang et al., 2008). Although the may appear small and simplified compared to
organisms with a stacked Golgi, the P. falciparum Golgi contains various ‘classical’ Golgi

proteins such as GRASP (Struck et al., 2005; Struck et al., 2008a), the TRAPP complex, Rab6
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(Adisa et al., 2007; de Castro et al., 1996; Struck et al., 2008b; Van Wye et al., 1996) or the
KDEL-receptor (ElImendorf et al., 1993; van Dooren et al., 2005).

1.3.3 Host cell modifications and protein export

As the RBCs do not contain organelles or any protein trafficking machinery, P. falciparum
parasites establish host cell modifications, e.g. for nutrients and waste exchange or for the
export of proteins (Figure 4) for survival (Leirido et al., 2004; Spielmann et al., 2006; Tilley
et al., 2011). For nutrient uptake and the exchange of waste products, P. falciparum parasites
increases the RBCs permeability by establishing Plasmodium surface anion channels (PSAC),
or to small structurally unrelated solutes by inducing the so-termed new permeation pathways
(NPP) (Alkhalil et al., 2004; Staines et al., 2007; Staines et al., 2006).

Host cell modifications are also needed to avoid the clearance by the spleen (Angus et al.,
1997; Chotivanich et al., 2000; Chotivanich et al., 2002; Tilley et al., 2011). As part of the
avoiding strategy P.falciparum parasites, forms electron-dense, cup-shaped structures
beneath the RBC membrane (knobs) in trophozoite stages (Aikawa et al., 1967; Kilejian et al.,
1991; Luse et al., 1971). To the knob’s surface, P. falciparum parasites exports the
P. falciparum erythrocyte membrane protein 1 (PfEMP1) family (Oberli et al., 2014). The
PfEMP1 family is highly diverse and can bind to specific receptors at endothelial cells (Janes
et al., 2011; Su et al., 1995). This mechanism can lead to sequestration of the infected RBC
and is believed to be a response to avoid the clearance by the spleen (Berendt et al., 1990;
Khoury et al., 2014). Sequestration is the reason why in P. falciparum infected patients only

ring stage parasites can be detected in the blood circulation (David et al., 1983).

Host cell modifications such as the knob or the NPP formation depend on protein export
(see.1.3.5). Exported proteins enter the secretory pathway of the parasite (see 1.3.4) before

they overcome the PPM and PVM to reach the host cell.

1.3.4 The canonical secretory pathway

In model organisms proteins like bacterial lipoproteins enter the canonical secretory pathway
via a signal peptide (SP) (Devillers-Thiery et al., 1975; von Heijne, 1990), which is a 15 to 20
amino acid long hydrophobic region at the proteins N-terminus. The SP is bound by signal
recognition particles (SRP) which leads the protein to the SRP receptor at the ER membrane.
The SP of most proteins is then cleaved by a signal peptidase (Blobel et al. 1975, Blobel et al.
1975). In P. falciparum parasites, there are many secreted proteins that are missing a N-

20



Introduction

terminal SP, but probably use an internal signal to enter the canonical secretory pathway, or
may be inserted post translationally into the ER (Spielmann et al. 2010, Deponte et al. 2012).
Inside the ER (in model organisms as well as in Plasmodium parasites), the proteins are
transported via the transitional ER (Lee et al., 2008; Struck et al., 2008b) to the Golgi (Lee et
al., 2008; Struck et al., 2008b). Less is known about the P. falciparum late secretory pathway,

downstream the Golgi and remains largely uncharacterised (Deponte et al., 2012).

1.3.5 Exported proteins

Exported proteins, like the PFEMP1 proteins can be identified by short amino acid motifs
termed the Plasmodium export element (PEXEL) (Marti et al., 2004). Beside the exported
proteins with a PEXEL motif, also PEXEL negative exported proteins (PNEPS) were found.
Both groups include proteins with transmembrane domains and soluble proteins (Heiber et al.,
2013; Spielmann et al., 2010; Spielmann et al., 2006).

During export, the proteins first enter the canonical secretory pathway (see. 1.3.4)

Thereby it is assumed that the cleaved N-terminus of the exported proteins directs the mature
protein to the PV. On the way to the PV exported proteins might be transported via vesicles
(reviewed in:(Deponte et al., 2012)) The N-terminus probably also mediates substrate
recognition for translocation at the PVM (Spielmann et al., 2010), whereby proteins without
additional export signals (to the SP) will stay in the PV (Crabb et al., 2010; Elsworth et al.,
2014). Further exported proteins were transported across the PVM by the Plasmodium
translocon of exported proteins (PTEX) (de Koning-Ward et al., 2009) into the host cell
(Boddey et al., 2010; Boddey et al., 2009).

After the passage through PTEX, it is supposed that some proteins are further sorted by single
membrane flattened disks located in the host cell, called Maurer’s clefts (MC) (Figure4), from
where the proteins are transported to the RBC membrane (Mundwiler-Pachlatko et al., 2013).
How exported proteins (particularly transmembrane proteins) reach the Maurer's clefts after
passage through PTEX and how they are transported on to the RBC membrane is unclear
(Gruring et al., 2011).

1.3.6 Endocytosis

The general cellular process by which substances are brought into the cell is called
endocytosis. During endocytosis, extracellular material is taken up via invaginations or
protrusions of the plasma membrane (Schmid et al., 2007). The resulting vesicles then enter

endocytic trafficking which will culminate in degradation of the endocytosed material in the
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lysosome or transported back by the recycling mechanisms (Sabharanjak et al., 2002). To
date, there are two general classifications of endocytic pathways: Clathrin-dependent and
several Clathrin-independent pathways (Sabharanjak et al., 2002; Wieffer et al., 2009).
Clathrin-mediated endocytosis is the best characterised endocytosis pathway and serves as a
model for endocytosis (Wideman et al., 2014). The first step is initiated by endocytic coat
proteins which start to cluster on the inner face of the plasma membrane and is coupled to the
recruitment of the cargo on the outer side of the cell. This process leads to the bending of the
membrane and transforms this part of the membrane into a Clathrin coated bulge. This bulge
forms into a vesicle when disconnected from the plasma membrane with the help of the
protein dynamin, resulting in a Clathrin-coated and cargo-filled vesicle. The vesicles are
further transported along cytoskeletal elements and are simultaneously uncoated. Downstream
in the pathway the vesicles undergo sorting events and maturing processes, to release their
cargo to the lysosome (Doherty et al., 2009; Kaksonen et al., 2018; Wieffer et al., 2009).

1.3.7 Host cell cytosol uptake

P. falciparum parasites use endocytosis for large scale uptake of host cell cytosol (Aikawa et
al., 1966a; Rudzinska et al., 1958). During maturation of P. falciparum parasites, the host cell
cytosol uptake is a key process for parasite growth, whereby up to 80 % of the host cell
cytosol is ingested and degraded (Francis et al., 1997). HCCU is necessary for space and a
source of amino acids (Krugliak et al., 2002). HCCU is still not completely understood and
various theories of how HCCU might function in P. falciparum parasites were already
postulated based on electron microscopic studies in the 1960s (Aikawa et al., 1966b). The
most popular model is uptake by flask shaped invagination filled with host cell cytosol termed
cytostomes. Cytostomes share some similarity to vesicles derived from membrane
invaginations during endocytosis as observed in model organisms. It is believed that
cytostomes bud off, like endocytic vesicles, and transported through the parasite’s cytosol to
the FV (Aikawa, 1966; Aikawa, 1971; Aikawa et al., 1969; Aikawa et al., 1966b; Aikawa et
al., 1967; Aikawa et al., 1968; Lazarus et al., 2008; Yayon et al., 1984). Alternatively, the
cytostome could also elongate and bridge the parasite’s cytosol and pinch off when the FV is
reached (Lazarus et al., 2008) A hybrid of these hypotheses postulates that a cytostomal
elongation pinches off small vesicles for the last gap to the FV (Milani et al., 2015).

Inhibitor studies suggest some proteins that might be involved in HCCU, such as actin,
dynamin, myosin, and SNAREs (Lazarus et al., 2008; Milani et al., 2015; Smythe et al., 2008;

Zhou et al., 2009). Furthermore, a study from Jonscher et al. showed that inactivation of
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PfVPS45 leads to an accumulation of positive host cell cytosol filled vesicles, which display
the endosomal marker PI(3)P, during their transport to the FV. The inactivation of PfVPS45
also leads to parasite death, providing the first definitive evidence for a protein in HCCU
(Jonscher et al., 2019).

1.3.8 The lysosomal pathway

In mammalian cells, the endosomal network comprises early, late, and recycling endosomes,
which serve as hub for sorting of the initial endocytic vesicles and proteins trafficking. Early
endosomes are characterized by phosphatidylinositol-3-phosphate in their outer membrane
face (PI3P) (Christoforidis et al., 1999) and the small Ras related protein in brain 5 (Rab5)
GTPase (Gorvel et al., 1991; Stenmark et al., 1994b). During maturation of the early to late
endosome, Rab5 is exchanged with Rab7, and PI3P is converted to phosphatidylinositol-3,5-
bisphosphate (Huotari et al., 2011). The late endosome fuses, including its cargo, with the
lysosome as its final destination (reviewed in (Marat et al., 2016)).

The genome of P. falciparum parasites encode for homologs of typical lysosomal proteins,
like VPS4 (Yang et al., 2004) or the three homologues of the Rab5 isoforms and one Rab7
(Quevillon et al., 2003), which were also found in yeast. In yeast, they are key determinants
of endosome identity (Nagano et al., 2015). Additionally, it was shown in yeast, that the
cascade of Rab5-Rab7 is important for progression from early to late endosome (Nagano et
al., 2015). In P.falciparum parasites, the full or partial presence of this pathway is still

unclear.

1.4 Methods for gene modifications

To either inactivate the gene directly or to modify it so that it can be inactivated at the

transcript or protein level, various methods are possible.

1.4.1 Homologous recombination

The P. falciparum DNA rejoining/arranging process is termed homologous recombination.
Homologous recombination is initiated by the introduction of DNA double-stranded breaks
(DSB), which are concluded by strand exchange between two very similar DNA sequences
(reviewed in: (Webster et al., 2014)). For gene modification, a cloned sequence on a plasmid
and a single parental genomic copy are needed. Thereby P. falciparum parasites tolerate

differences in sequence identity, between the parasite genome and the cloned sequence, up to
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approximately 5 % for homologous recombination (reviewed in: (Webster et al., 2014)). The
modified gene integration using homologous recombination is a random event and thus not

very effective.

1.4.2 Target gene disruption

One of the first methods to study gene function in P. falciparum parasites was the target gene
disruption (TGD). TGD uses a 250-1200 bp long homology region (HR) to target the gene in
its 5’ coding region. The HR is cloned into an episomal plasmid and integration into the
genome via single cross-over is hoped for. The integratiion of the plasmid results in a
truncation of the gene and leads to an unfunctional protein (reviewed in: (Webster et al.,
2014)). For a long time, the TGD approach was based on passive selection of integration
using drug cycling which could take weeks or months. The recent invention of selection
linked integration (SLI) changed this by permitting an active selection (see.1.4.3)
Disadvantages of this method can be that (i) a still functional protein fragment remains,
especially in case of a short gene; (ii) integration is not achieved, e.g. if the TGD results in a
fitness cost to the parasite; (iii) inability to use the system with essential genes. To date the
method provided a very good indicator for essentiality of a gene when a TGD using SLI was
not achieved as verified by additional methods in a set of 30 genes (Birnbaum et al., 2017;
Birnbaum et al., 2020).

1.4.3 Selection-linked-integration

SLI was developed to circumvent the time consuming and often unsuccessful passive
selection of homologous recombination events in P. falciparum parasites (Birnbaum et al.,
2017). This method allows a rapid and efficient selection of parasites with a desired genomic
modification. The principle of this method is shown in Figure 5, showing the strategy of a
'knock in' of a tag of interest (i.e. 2xFKBP-GFP-2xFKBP-T2A-Neo-R). The method is based
on the expression of a resistance marker only after integration into the genome, but not on the
episomally carried plasmid used for parasite transfection. The key player in this technique is
the use of a skip peptide which allows the expression of more than one autonomous protein
from a single RNA (Straimer et al., 2012; Szymczak et al., 2004).
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Figure 5: Schematic of selection linked integration strategy.

The figure shows the episomal plasmid (plasmid for integration (pSLI-sandwich)) including the target region (light grey
square with asterisks) from the gene of interest (target gene) and a C-terminal tag. The plasmid integrated via single
crossover homologous recombination (black crossed lines) of a targeting region into the genome (genomic locus - modified
locus). The transgenic parasites can then be selected via the neomycin resistance, which is only expressed after integration
(expressed products). L3 and L4 are linkers; 2A, T2A skip peptide; Neo-R neomycin resistance gene; asterisks, stop codon;
arrows, promotors; human dehydrofolate reductase (hnDHFR), episomal resistance marker. Figure modified from (Birnbaum
et al., 2017).

With this method, genes can be endogenously tagged with GFP, allowing physiological
localization of the gene product. Expression from the endogenous promoter allows:
localization of a physiologically active protein, the precise tracking of expression levels

across different stages.

1.4.4 Zinc-finger nucleases

The Zinc-finger nucleases (ZNF) are another tool for gene modification. ZNF induce DNA
DSB upon dimerization, using a zinc-finger DNA binding domain for recognizing the target
sequence and the Fokl nuclease for inducing the DSB during dimerization (Bitinaite et al.,
1998). The cell can repair the DBS using non-homologous enjoining pathways, which can
result in deletions or insertions. As P. falciparum parasites lack the canonical non-
homologous end joining, it uses an alternative homologues end joining pathway (Kirkman et
al., 2014; Singer et al., 2015). Another DSB repair mechanism is the homologous
recombination (see. 1.4.1), which can occur when a donor template is provided (reviewed in:
(Webster et al., 2014)). For P. falciparum parasites gene modification, the template includes
HRs for the target gene that flanks a selection marker. Upon ZFN-induced DSBs, the DSB get
repaired using the template which results in the elimination of the target gene, an event that
can be selected using the newly inserted marker (Lyko et al., 2012; Straimer et al., 2012). The
insertion of point mutations was also shown using the HR/marker method (McNamara et al.,
2013).
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1.45 CRISPR/Cas

The clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9 system can be
used for all kinds of gene editing such as the generation of deletions, insertions, or
introduction of mutations and for gene tagging. For this, the Cas9 endonuclease induces DSB
guided to the targeted locus by RNA (Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013).
In P. falciparum parasites, the DBS can then be repaired by the repair pathways introduced
above (see.1.4.4). In comparison to ZFNs, the CRISPR/Cas9 system is cheaper and also
easier, because ZFNs have to be engineered for every approach whereas CRISPR/Cas9 is
directed to the correct site using comparably easily designed guide RNAs (de Koning-Ward et
al., 2015). In P. falciparum parasites, CRISPR/Cas9 was established in two proof of principle
studies (Ghorbal et al., 2014; Wagner et al., 2014).

1.4.6 Cre and FLP recombinases

Cre and FLP are recombinases that can be used for gene deletion or inversion (Sauer, 1987
Zhu et al., 1995). For this, the gene of interest has to be flanked by two targeting sequences,
one upstream and the other one downstream. These sequences can for example be loxP- or frt-
sites, and depending on their orientation, the gene is inverted or deleted. For the deletion of
essential genes, an inducible recombinase is needed, because a permanent deletion would lead
to parasite death. The inducible system for the Cre recombinase is called DiCre and consists
of a split Cre recombinase which becomes activated by dimerization upon addition of the
ligand rapamycin (Jullien et al., 2007; Jullien et al., 2003). DiCre was first adapted to
T. gondii (Andenmatten et al., 2013) and later adjusted for P. falciparum parasites (Collins et
al., 2013). In Plasmodium parasites also the FLP-FRT system was established for conditional

mutagenesis in pre-erythrocytic stages (Lacroix et al., 2011).

1.4.7 Gene-silencing by RNA interference

In eukaryotes, RNA interference (RNAI) is used for gene silencing as a regular cellular
process (Bernstein et al., 2002; Coen et al., 1988; Jorgensen, 1990). The mechanism is based
on small interfering RNAs (SIRNAs) which interact with messenger ribonucleic acids
(mRNA). Consequently, the mRNA is degraded by activation of ribonucleases or the
inhibition of translation. The siRNAs can also be artificially introduced into the cell for gene
manipulation (Agrawal et al., 2003; Hamilton et al., 1999). P. falciparum parasites lack this

mechanism and thus the opportunity of gene silencing by RNAIi (Baum et al., 2009).
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1.4.8 Tetracycline-controlled transcriptional activation

The Tetracycline-controlled transcriptional activation (Tet) system allows gene regulation by
controlling the activity of the promotor of the gene of interest. With this system transcription
of the target gene is reversibly turned off or on. To use the Tet system as a tool in gene
manipulation, the original promotor has to be exchanged by a promotor that includes several
tetracycline operators (TetO) (reviewed in: (Berens et al., 2003)). In order to achieve a
knockdown (Tet-off), the TetO promotor responds to an antibiotic which inhibits binding of a
transcriptional trans- activator domain (TRAD) to the operators, which then inactivates
expression of the gene of interest. In P. falciparum parasites, this technique was the first
successful gene regulation system (Meissner et al., 2005) that was also adopted for P. berghei
(mouse malaria) (Pino et al., 2012). However, in P. falciparum parasites, the Tet-system has

not been used much after its original publication.

1.4.9 Degradation of mMRNA by ribozymes

Ribozymes are ribonucleic acid enzymes that cleave the mRNA in which they are
incorporated. The DNA which encodes for ribozymes can be inserted in the 3’ untranslated
region (UTR) of an mRNA. The activation of ribozymes leads to degradation of the mRNA
and consequently to a lower expression of the corresponding protein (Flores et al., 1997). In
P. falciparum parasites the glmS ribozyme system is used, which leads to self-cleavage upon
addition of glucosamine. For some targets knock down levels of over 80 % were achieved
with this system (de Koning-Ward et al., 2015; Prommana et al., 2013).

1.4.10 Aptamers and the TetR-DOZI system

Aptamers are single stranded DNA and RNA oligonucleotide sequences which can bind
molecules with a high specificity. Aptamers are able to bind proteins, growth factors, amino
acids, virus particles or antibiotics (Ellington et al., 1990). In Plasmodium parasites the most
recent aptamer method is termed TetR-DOZI (Belmont et al., 2010; Goldfless et al., 2014;
Hunsicker et al., 2009; Niles et al., 2009). For this system a repeat of ten aptamers is targets
the 3’ UTR of the tetracycline repressor protein (TetR) onto the mRNA. TetR in turn binds to
the mMRNA decapping protein DOZI which leads to decapping of the mRNA, which results in
translational repression. The addition of the drug anhydrotetracycline (ATc) leads to
conformational changes of the TetR protein and prevents aptamer binding and thereby

maintains protein synthesis (Ganesan et al., 2016).
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1.4.11 Protein destabilization by destabilization domains

One method to conditionally deplete a protein of interest is the use of a destabilization domain
(DD). DD interact with a stabilizing ligand and so stabilize the protein (Banaszynski et al.,
2006). In absence of the ligand, the protein is destabilized and degraded by the ubiquitin
proteasome apparatus. For P. falciparum parasites, two different DD are used: the FK506-
binding protein DD (Banaszynski et al., 2006) which can be regulated with the ligand shield-
1, and E. coli DHFR-DD (eDD) (Iwamoto et al., 2010) which is stabilized by trimethoprim.
For the use in post-translational control, the DD is fused to the N- or the C-terminus of the
protein of interest, which leads to its degradation. In P. falciparum parasites the DD method
was successfully used for a considerable number of proteins but unfortunately may work for
only about one in 10 proteins (Armstrong et al., 2007; de Azevedo et al., 2012; de Koning-
Ward et al., 2015; Muralidharan et al., 2011). The eDD system appears to work mainly for
chaperones and therefore has not seen wide use (Beck et al., 2014; Muralidharan et al., 2011).
Another destabilization approach is the auxin inducible degron. For this system the protein of
interest is fused to the auxin responsive AUX/IAA sequence which - in the presence of auxin
- recruits an E3 ubiquitin ligase that in turn degrades the protein (Philip et al., 2015). Little

use is seen in P. falciparum parasites (Kreidenweiss et al., 2013).

1.4.12 Knock sideways

To asses protein function, the ligand-induced dimerization of the FKBP and FRB proteins has
been used for a broad variety of approaches (Banaszynski et al., 2006; Belshaw et al., 1996;
Chen et al., 1995; Choi et al., 1996; Liang et al., 1999). Whereby the publication of Robinson
et al. termed their ligand-induced dimerization of the FKBP and FRB approach ‘knock
sideways’ (KS) (Robinson et al., 2010) and in a publication of Haruki et al. a similar approach
was termed ‘anchor-away’ (Haruki et al., 2008). In P. falciparum parasites, the SLI technique
(see. 1.4.3) also allows - as shown in Figure 6 - FRB dimerization to FKBP, which is already
included in the primary construct for GFP tagging. The tagged protein can thus rapidly be
removed from its site of action via a second protein containing FRB upon the addition of a
small molecule dimerizer (rapalog). In P. falciparum parasites, the KS was tested for a set of
30 proteins (Birnbaum et al., 2017; Birnbaum et al., 2020) While having a good KS success
rate, the speed and level of regulation can vary with the target, and in some cases the system

does not work (Birnbaum et al., 2017).
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Figure 6: Schematic of the principle for knock sideways using the nucleus as site for mislocalisation.
In the figure the KS principle is shown. Left) The tagged protein is located at its site of action and the mislocalizer with a

nuclear location signal Right) The tagged protein is dimerized, under the addition of rapalog, to the mislocalizer and is so
removed from its site of action. NLS nuclear localisation signal; mCh, mCherry. Figure from (Birnbaum et al., 2017).

1.5 Plasmodium ‘unknown proteins’ and their potential

Although malaria research has made great progress, much is still unknown about this disease
and especially about the specific biology of malaria parasites. This specific biology is of
particular interest to drug development, as malaria parasites are eukaryotic cells, similar to the
cells of the human body, and thus chemicals affecting its basic processes are likely to also
negatively affect the human host. For drug development, it is therefore important to identify
and investigate the parasite-specific biological processes, as these provide starting points for a
specific inhibition of the pathogen without host damage. Based on the present annotation of
the P. falciparum genome it has not been possible to assign a function to many of the encoded
proteins (according to: PlasmoDB (Aurrecoechea et al., 2009)). These proteins without
homology to proteins in other organisms are likely to have parasite-specific functions and
therefore of high interest. Recent research on parasite-specific functions focused on a few
well-defined processes such as protein export, haemoglobin uptake, and red blood cell
invasion of the parasite. One reason for this is that the study of unknown proteins is difficult
as, until recently, robust systems for conditional gene or protein inactivation had been lacking
and because the lack of homologues gives no indication for a possible function of these
proteins. The unknown proteins encoded by the parasite therefore harbour a high potential to
unravel novel biology of the parasite and are of interest for drug development as they may

reveal the parasite's Achilles heels.
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1.5.1 Genome wide screens

To identify essential genes in a first step, genome wide screening is useful. To date, two

genome wide screens with this goal have been carried out with malaria blood stage parasites.

1.5.1.1 PlasmoGem (Bushell et al., 2017)

The PlasmoGem screen aimed for the identification of essential genes and pathways in
P. berghei, a malaria parasite infecting rodents that is often used as a model for P. falciparum
parasites due to the comparatively ease of using genetic tools and the possibility to obtain in
vivo data. The study measured relative competitive growth rates of 2,578 barcoded P. berghei
knockout mutants in the mouse host, by comparing the relative growth of pools of mutants by
simultaneously co-transfecting multiple barcoded vectors. This resulted in data for over 50 %
of the genes. From these results, the authors created a phenotype database. The study
postulates that two-thirds of the P. berghei genes are required for relative asexual intra-
erythrocytic growth invivo. In comparison to any other organism, this is the highest

proportion of genes essential for growth (Figure 7) (Bushell et al., 2017).

C. elegans T. gondii

S. cerevisiae

P. berghei

Salmonella T. brucei

Figure 7: Frequency distribution of phenotypes among different organisms.
The schematic frequency distribution depicts genes postulated as required for normal growth (red), genes that are postulated

to lead to a growth reduction (blue) and genes which are postulated to be dispensable for growth (green). Analyzed genes
where it was not distinguished between lethality and reduced growth phenotypes are shown in red/blue stripes. Modified
from (Bushell et al., 2017).

1.5.1.2 Saturation-based mutagenesis screen (Zhang et al., 2018)

The saturation-based mutagenesis screen targets the same questions as the PlasmoGem
publication, but uses a different approach and, importantly uses the human parasite
P. falciparum. Genome wide screens for P. falciparum parasites are for different reasons
difficult to conduct (de Koning-Ward et al., 2015). The authors claim to overcome these
difficulties using piggybac transposon mutagenesis. With the piggybac transposon
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mutagenesis the authors generated over 38,000 mutants, saturating the genome. The study
found that ~ 3000 blood stage expressed genes are essential for optimal parasite growth
(Zhang et al., 2018).

1.5.2 Protein interactome studies

Protein interactomes reveal insights into uncharacterized proteins and their possible function
on a proteome wide scale. They uncover local and global functional relationships between
gene products, resulting in an interaction network.

The first approach to investigate the P. falciparum protein interaction network was carried out
in 2005 (LaCount et al., 2005). The authors of the study used a version of the yeast two-
hybrid assay (Fields et al., 1989) with P. falciparum protein fragments in combination with an
informatic analysis of network connectivity. The authors of the study claim that they found
2846 unique protein interactions, where most of the protein interactions include at least one
previously uncharacterized protein (LaCount et al., 2005). Unfortunately the results of this
study are not very reliable, as easily implemented assays to confirm the results are missing
(Brown et al., 2011) and the expression of P. falciparum genes in yeast is poor (LaCount et
al., 2009; Sibley et al., 1997). Additionally, the expression of protein fragments might not
confirm the interaction of full length P. falciparum proteins (Brown et al., 2011).

Another P. falciparum protein interactome study was done in 2006 wherein ~ 68 % of the
parasite proteome was analysed and provided functional inferences for more than 2000
uncharacterized proteins, based on the corresponding association network (Date et al., 2006).
Their method for interactome maps is based on the statistical Bayesian model where the
authors incorporate continuously uniform updated, reference priors. Additionally they
superimposed their data on P. yoelii, T. gondii, and Cryptosporidium parvum genomes, to
show relationships between these parasites based on retained functional linkages (Date et al.,
2006).

A protein interactome network for Plasmodium schizonts was conducted by Hillier et al.
(Hillier et al., 2019). The authors of this study combined machine learning with blue native-
polyacrylamide electrophoresis and quantitative mass spectrometry. The study spanned three
species and identified over 20,000 putative protein interactions, organized into 600 protein
clusters. The authors conclude that their interactome represents a high-confidence map of the
native organization of core cellular processes in Plasmodium parasites and that the network

reveals putative functions for uncharacterized proteins (Hillier et al., 2019).
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1.5.3 Protein evolution

Despite proteome studies the origin of many proteins in P. falciparum parasites is still
unknown. Especially the P. falciparum parasite’s unknown proteins show no similarity to
known proteins in other organisms outside the Apicomplexa. This circumstance leads to the
question, if the unknown proteins and their function have their origin in an evolutionary
ancestry (divergent evolution) or did they raised ‘de novo’ (convergent evolution)?

During divergent evolution, differences accumulate within one species, leading to speciation
(Gross, 1967). One Example to illustrate divergent evolution in general, is the evolutionary
development of ‘flying’ frogs originated from a common ancestor with tree frogs. In
comparison to tree frogs, the ‘flying’ frogs developed skin flaps on the arms and legs,
enlarged hands and feet with webbing in between, and they reduced their weight. This
adaption enables them a gliding flight (Emerson et al., 1990). This process might also happen
on protein level, so that the term divergent evolution can be applied to proteins derived from
homologous genes with independent functions. That could either happen through a speciation
event (orthologous genes) or by gene duplication (paralogous genes). In both cases, the
protein function derived independently from a similar origin (Fitch, 1970). An example for
divergent evolution on protein level might be multi domain proteins with demanding function
raised from proteins domains with primitive function (Huang et al., 2008). Divergent
evolution seems also to be capable of pushing homologous proteins to achieve different folds
and various sequences (Grishin, 2001; Murzin, 1998).

Convergent evolution is the presence of a similar feature which is not related to common
ancestors (Tunstad, 2013). An general example of convergent evolution are the wings of birds
and bats which have the same function (analogous structures) but originated from different
ancestors (Machado et al., 2016). Convergent evolution might also happen within proteins,
due to limited variations in which polypeptides fold for physiochemical reasons. This is for
example assumed for antifreeze proteins that share similar structural attributes (Chen et al.,
1997; Davies et al., 2012) and hairpin-like structures (Tomii et al., 2012).
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1.6 Aims of the thesis

Malaria research has made great progress in the recent years, but many aspects of the biology

of the parasite are not or only partially understood. The key players for a deeper

understanding of the P. falciparum parasite’s biology and a potential treasure for future drug

development are the P. falciparum proteins annotated with ‘unknown function’. To date, tools

for analysing a large number of these proteins are still missing or have limitations, for

example, genome-wide screens have so far only investigated gene essentiality without further

functional analysis. This thesis aims to use the SLI method (Birnbaum et al., 2017) to

systematically investigate the unknown proteins on chromosome 3 as proof of principle to

uncover novel, essential and parasite-specific biology by

(i) providing their localization

(ii) determining which of these proteins are essential

(iii) analysing the function of selected, essential target proteins

(iv) generating a resource of cell lines that can also be used by the community for

functional analysis.
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2 Materials

2.1 Technical devices

Device

Agarose gel chamber
Analytical Balance
Autoclave

Bacterial incubator
Centrifuge
Centrifuge
Centrifuge
Centrifuge

Confocal microscope
Electro blotter
Electroporator
Electroporator

Flow cytometer
Fluorescence microscope
Gel imager

Ice machine

Laboratory scale

Light microscope
Microscope digital camera

Microwave

P. falciparum cell

culture incubator

PCR mastercycler
pH-meter

Photometer

Photometer

Pipettes

Pipettor

Pipettor

Power supply

Roller mixer

Shaking Incubator

Sterile laminar flow bench
Sterile laminar flow bench

Thermoblock

Ultrapure water purification
UV transluminator

Vacuum pump

Vortexer

Specifications

Sub Cell GT basic
870

V120

Thermo function line
J2-HS

Avanti J-26S XP
Megafuge 1.0R

5415 C

Olympus FV1000
Phase

Gene Pulser X- Cel
Nucleofector 11 AAD-1001N

LSR I
Axioscope 1
ChemiDoc XRS+
EF 156 easy fit

Acculab Atilon-ATL

Axio Lab Al
Orca C4742-95

Micro 750W
Heratherm 1GS400

Epgradient
SevenEasy

Bio Photometer plus
Nano Drop
1-10/200/1000 pl
Matrix Cellmate I1
Pipetboy acu

Power PAC 300
STR6

Max Q4000

Sterile Gard 111 Advance
Safe 2020

Thermomixer compact
Milli Q

PHEROIum 289

BVC Contorl

Genie 2

Company

Bio-Rad, Miinchen

Kern

Systec, Wettenberg
Heraeus, Hannover
Beckmann Coulter, Krefeld
Beckmann Coulter, Krefeld
Heraeus, Hannover
Eppendorf, Hamburg
Olympus, Hamburg
Bio-Rad, Munich
Bio-Rad, Munich

Amaxa Biosystems,
Germany

BD Instruments, USA
Zeiss, Jena

Bio-Rad, Munich
Scotsmann, Venon Hills,
USA

Acculab Sartourius,
Gottingen

Zeiss, Jena

Hamamatsu Phototonics
K.K.

Whirlpool, China
Thermo Scientific,
Langenselbold
Eppendorf, Hamburg
Mettler-Toledo, GieRRen
Eppendorf, Hamburg
Eppendorf, Hamburg
Gilson, Middleton, USA
Thermo Scientific, Schwerte
IBS, USA

VWR, Taiwan

Bio-Rad, Miinchen
Barnstead, lowa, USA
Baker, Stanford, USA
Thermo Scientific,
Pinneberg

Eppendorf, Hamburg
Merck, Darmstadt

Biotec Fischer, Reiskirchen
Vacuubrand, Wertheim
Scientific Industries, USA
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Waterbath 1083

GFL, Burgwedel

2.2 Chemicals

(4-(2-Hydoxyethyl)-1-piperazineethanesulfonicacid)
(HEPES)

1,4-dithiothreitol (DTT)
3-(N-morpholino)propansulfonic acid (MOPS)
4',6-diamidino-2-phenylindole (DAPI)
Acetic acid Roth
Acrylamide/Bisacrylamide solution (40 %)
Agar LB (Lennox)

Agarose

Albumaxll

Albumin bovine Fraction V (BSA)
Ammonium persulfate (APS)

Ampicillin

Bacto™ Pepton

Bacto™ yeast extract BD

Biotin Sigma

Blasticidin S

Bromophenol blue

Calcium chloride (CaCly)

Concanavalin A G-250 Sigma
Desoxynucleotides (dNTPs)

D-Glucose

Dihydroethidium (DHE)

Dimethyl sulfoxide (DMSO)

Dipotassium phosphate

Disodium phosphate

Dulbecco's Phosphate Buffered Saline (DPBS)
Ethanol

Ethidium bromide
Ethylenediaminetetraacetic acid (EDTA)
Gentamycin

Roche, Mannheim
Biomol, Hamburg

Sigma, Steinheim

Roche, Mannheim

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe
Invitrogen, USA

Gibco, Life Technologies, USA
Biomol, Hamburg
Applichem, Darmstadt
Roche, Mannheim

BD, USA

BD, USA

Sigma Aldrich, Steinheim
Invitrogen, USA

Merck, Darmstadt

Sigma Aldrich, Steinheim
Sigma Aldrich, Steinheim
Thermo Scientific, Lithuania
Merck, Darmstadt
Cayman, Ann Arbor, USA
Sigma, USA

Merck, Darmstadt

Roth, Karlsruhe

PAN, Biotech, Aidenbach
Roth, Karlsruhe

Sigma, Steinheim

Biomol, Hamburg

Ratiopharm, Ulm
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Giemsa’s azure, eosin, methylene blue solution
Glutardialdehyd (25 %)

Glycerol

Glycine

Human red blood cells Sterile, concentrate

Hydrochloric acid (HCI)
Hypoxanthin

Isopropanol

LB-Medium (Lennox)
Magnesium chloride (MgCl2)
Methanol

Milk powder

N, N, N, N-Tetramethylethylenediamin (TEMED)

Paraformaldehyde (PFA)

Percoll

Phenylmethylsulfonylfluorid (PMSF)
Potassium chloride

Protease inhibitor cocktail ("*Complete Mini")
Rapalog (A/C Heterodimerizer AP21967)

RPMI (Roswell Park Memorial Institute)-Medium

Rubidium chloride

Saponin

Sodium acetate

Sodium bicarbonate

Sodium chloride

Sodium dihydrogen phosphate
Sodium dodecyl sulfate (SDS)
Sodium hydroxide

Sorbitol

R-Mercaptoethanol
Tetanolysin

Trichloroacetic acid

Merck, Darmstadt
Roth, Karlsruhe

Merck, Darmstadt
Biomol, Hamburg
Blood bank,
Universitatsklinikum, Eppendorf
(UKE), Hamburg
Merck, Darmstadt
Sigma, Steinheim

Roth, Karlsruhe

Roth, Karlsruhe

Merck, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe

Merck, Darmstadt
Polyscience, Warrington, USA
GE Healthcare, Sweden
Sigma, Steinheim
Merck, Darmstadt
Roche, Mannheim
Clontech, Mountain View, USA
Applichem, Darmstadt
Sigma, Steinheim
Sigma, Steinheim
Merck, Darmstadt
Sigma, Steinheim
Gerbu, Gaiberg

Roth, Karlsruhe
Applichem, Darmstadt
Merck, Darmstadt
Sigma, Steinheim
Merck, Darmstadt
Sigma, Steinheim

Roth, Karlsruhe
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Tris base
Triton X-100

Water for molecular biology (Ampuwa)

Roth, Karlsruhe
Biomol, Hamburg

Fresenius Kabi, Bad Homburg

2.3 Labware and disposables

Labware and disposables

Conical falcon tubes
Cryotubes

Culture bottles
Disposable pipette tips

Eppendorf reaction tubes

Filter tips
Flow cytometry tubes

Glass cover slips

Glass slides

Gloves, latex

Leukosilk tape

Multiply-pStrip Pro 8-Strip

PCR-reaction tube
Nitrocellulose blotting
membrane Protean
One way canulas
One way syringe
Parafilm

Pasteur pipettes

Petri dishes

Plastic pipettes
Sterile filter
Transfection cuvettes

Specification

15 ml, 50 ml

1.6 ml

50 ml
1-10/20-200/100-1000 pl
1.5/2mil

1-10/20-200/100-1000 pl
55.1579

24x65 mm thickness
0.13-0.16 mm

Amersham 0.45 pm

15x60mm / 14x90 mm
5/10/ 25 ml

0.22 um

0.2cm

Company

Sarstedt, Numbrecht
Sarstedt, Numbrecht
Sarstedt, Numbrecht
Sarstedt, Numbrecht
Sarstedt, Numbrecht;
Eppendorf, Hamburg
Sarstedt, Numbrecht
Sarstedt, Numbrecht

R. Langenbrinck,
Emmerdingen
Engelbrecht, Edermiinde
Kimtech Science EcoShield,;
Braun, Melsungen

BSN medical

Sarstedt, Numbrecht

GE Healthcare

Braun, Melsungen
Braun, Melsungen
Bemis, USA

Brand, Wertheim
Sarstedt, Numbrecht
Sarstedt, Nimbrecht
Sarstedt, Numbrecht
Bio Rad, Miinchen
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2.4 Kits

NucleoSpin. Extract Il

NucleoSpin. Plasmid

QlAamp DNA Mini Kit

QIAGEN Plasmid Midi Kit

Western Blot ECL-SuperSignal West Pico

Macherey-Nagel, Diren
Macherey-Nagel, Diren
Qiagen, Hilden

Qiagen, Hilden

Thermo Scientific, Schwerte

2.5 Solutions, buffers and media

2.5.1 Media and buffers for microbiologic culture

10x LB stock solution

Ampicillin stock solution

Glycerol freezing solution

Kanamycin stock solution
LB Agar plate solution

LB medium

SOB

Transformation buffer

10 % NacCl

5 % Peptone

10 % yeast extract
in dH.0
autoclaved

100 mg/ml in dH-0 autoclaved

50 % (v/v) glycerol
in 1 x LB medium

Kanamycin 30 mg/ml in H2.0O

1.5 % Agar-Agar
in 1x LB medium

1 % (w/v) NaCl

0,5 % (w/v) pepton

1 % (w/v) yeast extract in dH20
in dH20

0.5 g NaCl

20 g tryptone

deionized H20, to 950 ml

5 g yeast extract

10 ml KCL solution (250 mM)
Adjust pH 7.0

5 ml MgCl; (2M)

3 g/l PIPES (10 mM)

2.2 g/l CaCl2-2H20 (15 mM)
18.6 g/l KCI (250 mM)

10.9 g/l MnCl2-4H,0
Adjust pH 6.7
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2.5.2 Solutions and buffers for cell biological experiments

2.5.2.1 P. falciparum in vitro culture

60 % Percoll solution

Amaxa transfection buffer

Blasticidin S deaminase (CID) working

solution

DHE stock solution (10x)

DHE working solution (1x)

DSM1 stock solution (50x)

DSM1 working solution

FACS stop solution

G418 working solution

6.7 ml Percoll stock solution

3.3 ml RPMI complete medium

90 mM NaPO4
5 mM KCI
0.15 mM CacCl;
50 mM HEPES
pH7.3

in dH20

sterile filtered

5 mg/ml BSD in RPMI complete medium

sterile filtered

5 mg DHE
in 1 ml DMSO

0.5 mg DHE
in 1 ml DMSO

187,5 mM DSM1 in DMSO

100 pl DSM1 stock solution
ad 5 ml in 95% DMSO / 5% 1xPBS solution

0.5 pl Glutaraldehyde (25%)

in 40 ml RPMI complete medium

50 mg/ml in RPMI complete medium

sterile filtered
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Ho33342 stock solution (10x)

Ho033342 working solution (1x)

Human red blood cells

Parasite freezing solution (PFS)

Parasite lysis buffer

Parasite thawing solution (PTS)

Percoll stock solution

Rapalog (AP21967) stock solution

Rapalog working solution

RPMI complete medium

4.5 mg Ho33342
in 1 ml DMSO

0.45 mg Ho33342
in1 ml DMSO

Blood group 0+, sterile concentrate,
Blood Bank Universitatsklinikum Eppendorf
(UKE), Hamburg

4,2 % (w/v) D-Sorbitol
0,9 % (w/v) NaCl

28 % (v/v) Glycerol

in dH20

sterile filtered

4 % SDS
0.5 % Triton
0.5x PBS

in dH.0

3,5 % (w/v) NaCl
in dH20

sterile filtered

90 % (v/v) Percoll
10 % (v/v) 10x PBS

500 mM in ethanol

1:20 dilution of stock solution in RPMI

complete medium

1,587 % (w/v) RMPI 1640
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Synchronization solution

Transfection buffer (Cytomix)

WR99210 stock solution

WR99210 working solution

12 mM NaHCO 3

6 mM D-Glucose

0.5 % (v/v) Albumax I
0.2 mM Hypoxanthine
0.4 mM Gentamycin
pH 7.2

in dH20

sterile filtered

5 % (w/v) D-Sorbitol
in dH.0O
sterile filtered

120 mM KCI

150 uM CacCl;

2 mM EGTA

5 mM MgCl»

10 mM K 2 HPO4/KH; PO4
25 mM Hepes

pH 7.6

in dH20

sterile filtered

20 mM WR99210
in DMSO

1:1000 dilution of stock solution in RPMI
complete medium

sterile filtered
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2.5.3 Solutions and buffers for molecular biological experiment

2.5.3.1 DNA precipitation

Sodium acetate

Tris-EDTA (TE) buffer

1 M NaAc, pH 5.2

10 mM Tris-HCI pH 8,0
1 mM EDTA
pH 8,0

2.5.3.2 DNA gel electrophoresis

50x TAE

6x Loading buffer

2 M Tris base

1 M Pure acetic acid
0.05 M EDTA

pH 8,5

40 % Glycerol (v/v)

2.5 % (w/v) Xylene cyanol

2.5 % (w/v) Bromophenol blue
in dH.0

2.5.3.3 Gibson assembly buffers

5x isothermal reaction buffer (6 ml)

3ml1M Tris-HCl pH 7.5
150 pl 2 M MgCI

60 ul each of 100 mM
dGTP/dATP/dTTP/ACTP
300l 1 MDTT

1.5 g PEG-8000

300 pl 100 nM NAD

ad 6 ml dH20
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Assembly master mixture (1.2 ml)

320 pl 5x isothermal reaction buffer
0.64 pl 10 U / pl T5 exonuclease

20 pl 2 U / pl Phusion DNA polymerase
160 pul 40 U / pl Tag DNA ligase

ad 1.2 ml dH.O

2.6 DNA- and protein ladders

Reagent
GeneRuler™1000 bp ladder
PageRuler™ prestained protein ladder

PageRuler™ unstained protein ladder

Company

Thermo Fisher, Waltham MA, USA
Thermo Fisher, Waltham MA, USA
Thermo Fisher, Waltham MA, USA

2.7 Polymerases and enzymes

Enzyme/Polymerase

FirePol. DNA Polymerase [5 U/ul]
Phusion. High-Fidelity DNA Polymerase
[2 U/ul]

Restriction enzymes

T4 DNA-Ligase [3 U/ul]

Tagq DNA-ligase (40U/ pl)

Company
Solis Biodyne, Taipei, Taiwan
NEB, Ipswich, USA

NEB, Ipswich, USA
NEB, Ipswich, USA
NEB, Ipswich, USA

2.8 Antibodies

Antibody coupled Streptavidin

beads Sepharose

For pulldown of proteins

GE Healthcare
life science, Illinais,
USA

2.9 Fluorescence dyes

Dihydroethidium
Hoechst 33342
DAPI

Cayman Chemicals, Michigan, USA
Chemodex, Gallen, Switzerland

Roche, Basel, Switzerland
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2.10 Plasmids

Plasmid Source

pSLI-sandwich (pARL1-2xFKBP-GFP 2xFKBP-T2A-Neo®) (Birnbaum et al., 2017)
pSLI-TGD (pARL1-GFP-T2A-NeoR) (Birnbaum et al., 2017)

crt 5’UTR_1xNLS-FRB-mCherry (BSDR) (Birnbaum et al., 2017)
hsp86 5’UTR_3xNLS-FRB-mCherry (BSDR) (Birnbaum et al., 2017)
nmd3 5’UTR_1xNLS-FRB-mCherry (DSM1R) (Birnbaum et al., 2017)
nmd3 5°UTR_mCherry-Kelch13 (DSM1R) (Birnbaum et al., 2017)

crt 5’UTR_1xNLS-FRB-T2A-P40-mCherry (BSDR) Flemming, unpublished
nmd3 5°UTR_BirA*-2xGGGGS-FRB-mCherry (DSM1R) cloned by Kruse (Jonscher et
(BirA-Nb) al., 2019)

nmd3 5°UTR_-mCherry- FRB-2xGGGGS-BirA* (DSM1R)  cloned by Kruse (Jonscher et
(BirA-ChH) al., 2019)

2.11 Oligonucleotides

All oligonucleotides were synthesized by Sigma-Aldrich (Steinheim).

2.12 Bacterial and Plasmodium parasite strains

Escherichia coli XL-10 Gold Tet" A(mcrA)183 A(merCB-hsdSMRmrr) 173
endAl supE44 thi-1 recAl gyrA96 relAl lac
Hte [F 'proAB lacl ¢ Z AM15 Tnl0
(Tet")Amy Cam']

Plasmodium falciparum 3D7 Clone of NF54 isolate (MRA-1000) isolated
from a malaria patient near the Amsterdam
airport (Walliker et al., 1987)

2.13 Software and bioinformatic tools

Software Company
A plasmid Editor (ApE) Open Source (http://biologylabs.utah.edu/

jorgensen/wayned/ape/)
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Axio Vision 40 v4.7.0.0
BLAST

Corel Draw X8

Corel Photo-Paint X8
GraphPad Prism 6.0d
HHpred

ImageJ 1.48v

Imaris x64 7.8
Microsoft Office 2016
MotifScan

PlasmoDB

Xcellence rt v5.2.0.3554

Zeiss, Jena
https://blast.ncbi.nlm.nih.gov/Blast.cgi
Corel Corporation, Ottawa, USA

Corel Corporation, Ottawa, USA
GraphPad Software, La Jolla, USA
https://toolkit.tuebingen.mpg.de/#/tools/hhpred
Open Source (http://rsbweb.nih.gov/ij/)
Bitplane AG, Zirich, Schweiz

Microsoft Corporations, Redmond, USA
http://myhits.isb-sib.ch/cgi-bin/motif_scan
Plasmodb.org

Olympus, Hamburg
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3 Methods

3.1 Molecular biology methods

3.1.1 Polymerase chain reaction (PCR)

Polymerase chain reaction is used for amplification of specific DNA fragments. To do so, a

unique forward and reverse primer has to be designed which is then used for flanking the

DNA target sequence. The fragment is then potentially amplified in each cycle. The cycle

comprises: denaturation, annealing, and extension. The denaturation splits the DNA into

single strains for the annealing of the primers. The elongation rebuilds the double strands,

using a DNA polymerase which starts at the primers. The optimal annealing temperature can

be calculated using the melting temperature. Elongation times depend on the used polymerase

and the size of the DNA fragment. For analytical purposes (Table 1 and 2), like colony

screens, integration checks, excision checks, FIREPol® DNA Polymerase (Solis Biodyne) was

used and for preparative PCRs (Table 3 and 4) Phusion® High-Fidelity DNA Polymerase

(NEB) was taken.

Table 1: PCR mix for FirePol DNA polymerase (10 pl batch)

Reagent Volume [pl]
Ampuwa® H,O 6.4

MgCl; (25 mM) 0.6

dNTPs (2 mM) 1

Forward Primer (10 mM) 0.4

Reverse Primer (10 mM) 0.4

10x FirePol Buffer 1

FirePol DNA Polymerase 0.1

DNA template 0,1

Table 2: PCR conditions for analytical purpose

Cycle number  Denaturation Annealing

Elongation

1 2 min, 95 °C -
2-30 30s,95°C 30, 45-68 °C
31

1 min/kb, 68-72 °C
10 min, 72 °C
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Table 3: Phusion PCR mix (50 pl batch)

Reagent Volume [pl]
Ampuwa® H,O 30.4

dNTPs (2 mM) 5

Forward Primer (10 mM) 2

Reverse Primer (10 mM) 2

5x Phusion Buffer 10

Phusion DNA Polymerase (2 U/ul) 0.3

DNA template 0,3

Table 4: PCR conditions for preparative purpose

Cycle number Denaturation Annealing Elongation
1 2 min, 95 °C - -
2-30 205,95°C 30, 45-72 °C 0.5 min/kb, 72 °C
31 5min, 72 °C

PCR products were checked for correct size by agarose gel electrophoresis and subsequently
purified (see 3.1.2).

3.1.2 Purification of PCR-product and digested vectors

For isolation and purification of DNA fragments, plasmids and digested vectors, the
NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) were used. The kit used a column
that binds the negative charged DNA to a silica membrane. The following clearance of lysate,
binding, washing and elution were performed according to the protocol.

3.1.3 Restriction digest of DNA, PCR and vector products

Restriction approaches were conducted with enzymes from NEB and their restriction buffer
CutSmart® according to the manufacturer’s protocol. Usually 50 pl of eluted PCR product
were mixed with 0.5-1 pl (1.5 U Enzyme/ pg DNA) and 5 pl buffer. Additionally, Dpnl, for
cutting methylated DNA of the plasmid, was added in case of plasmid as PCR template. In
case of vector digestion, ~ 1 ug of vector was added to a 50 pl mix. The digestion mix was
incubated at 37°C for 3 h.
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3.1.4 Ligation of DNA

The insertion of DNA into a linearized vector was done either by T4 DNA ligase or the

Gibson assembly.

3.1.4.1 T4 DNA ligase

T4 DNA ligase is an enzyme which repairs DNA double strength breaks by catalysing
phosphodiester bonds between the 3 prime hydroxyl group at one side and the 5 prime
phosphate group of the other side of the DNA fragment. In the lab, the T4 is used for fusion
of templates and vectors. T4 was prepared as shown in Table 5 and incubated either 3 - 4 h at

room temperature or at 4°C overnight.

Table 5: T4 DNA ligation mix

Reagent Volume [pl]
10x T4 ligase buffer 1

T4 ligase 1

Vector DNA 0.5

PCR product 7.5

3.1.4.2 Gibson assembly

Another method for ligation of inserts into a linearized vector is the Gibson assembly. The
method is based on overlaps (~ 15 - 40 bp) of the inserts, homologue to the ends of the vector
or other DNA fragments. The Gibson assembly allows fusion of up to 6 different inserts and

was prepared as shown in Table 6. The ligation mix was incubated for 60 min at 50°C.

Table 6: Gibson mix

Reagent Volume [pl]
Assembly master mixture 7.5

Vector DNA 1

PCR product 0.5
Ampuwa® H,O Ad 10

3.1.5 Plasmid isolation

For low amount of plasmid DNA (mini-preparation) 2 ml LB medium was inoculated with a

PCR positive bacterial colony and incubated overnight at 37°C / 750 rpm. The next day, the
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plasmid DNA was isolated with the NucleoSpin Plasmid Kit (Machery-Nagel) according to

their protocol.

For bigger amounts of plasmid DNA (midi-preparation), 100 ml LB medium was inoculated
with a PCR positive bacterial colony and incubated overnight at 37°C /130 rpm. The next day,

the QIAfilter Plasmid Midi Kit was performed according to the manufacturer’s protocol.

3.1.6 DNA precipitation

For DNA precipitation, 50 — 100 pg plasmid DNA was mixed with 1/10 volume of sodium
acetate (3 M, pH 5.0) and three volumes of pure ethanol. Subsequently, the sample was
centrifuged at maximum speed for 10 min and then washed with 70 % of ethanol. For
transfection, the pellet was solved in 10 ul or 20 ul TE buffer, depending on the transfection

method.

3.1.7 External cloning by Life Technologies

A part of the initial gene candidates, were cloned by Life Technologies (Darmstadt).
Therefore, the vectors pSLI-sandwich (pPARL1-2xFKBP-GFP 2xFKBP-T2A-NeoR)
(Birnbaum et al., 2017) and pSLI-TGD (pARL1-GFP-T2A-Neo®) (Birnbaum et al., 2017)
were provided to Life Technologies (Darmstadt). Additionally, the homology regions were
sent to Life Technologies (Darmstadt), which cloned these sequences in the according

vectors.

3.1.8 Sequencing of plasmid DNA

To ensure that a vector or an insert was correctly amplified and inserted without mutations,
every further processed clone was sent to SeglLab (Sequence Laboratories, Gottingen) for
sequencing. The mixture included 200 — 800 ng plasmid DNA (usually 3 pl), 3 ul of 10 mM
sequencing primer (forward or reverse) and adjusted to 15 pl Ampuwa® HO.

3.1.9 Agarose gel electrophoresis

Agarose gel electrophoresis is used for DNA fragments separation according to their length
under the influence of an electric field. Usually the agarose gel concentration was adjusted to
1% w/v in 1 x TAE buffer containing 1 pg/ml ethidium bromide. Ethidium bromide
intercalates into the DNA and can be illuminated by UV-light. The sample was mixed with 6x
loading dye before application to the gel. For size detection, a 1 kb Ladder (Fermentas) was

added into a pocket next to the sample. The electric field was applied with 10 volts/cm for
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35 min. The DNA is separated due to its negative charge and the molecular sieve originating
from the gel. The UV-light DNA visualisation was done in the ChemiDoc™ XRS (Biorad)
imager and also imaged with the ImageLab software.

3.1.10 Genomic DNA isolation

Genomic DNA isolation was used to confirm correct integration of plasmid into the target
genomic locus or genomic DNA as templated for PCR. For isolation, 200 ul of blood from at
least 1 % parasite containing (trophozoites or schizonts) culture was used and processed with

the QIAamp DNA Mini Kit according the manufacturer’s protocol.

3.2 Microbiological methods

3.2.1 Preparation of chemically competent E. coli cells

E. coli chemically competent cells were used to introduce plasmid DNA into E. coli for

plasmid multiplication. The following protocol is based on Inoue et al. (Inoue et al., 1990).

For preparation, 10 ml LB medium containing 34 pg / ml chloramphenicol were inoculated
with a fresh glycerol stock of XL-10 gold bacteria in a 50 ml falcon (lid not totally closed)
and cultivated at 37°C / 130 rpm overnight. The next day, 200 ml SOB medium were
inoculated with 5 ml overnight culture and incubated at 18°C / 160rpm until a ODsoonm Of 0.45
— 0.6 (20 — 24 h) was reached. The culture was then split into four 50 ml falcons and stored
for 10 min on ice. Next, the falcons were centrifuged at 3000 g for 15 min at 4°C. The
supernatant was then discarded, and the pellet was resuspended in 20 ml ice cold
transformation buffer. Subsequently, the falcons were chilled for 10 min on ice. Afterwards,
another centrifugation (3000 g, 15 min, at 4°C) and supernatant discarding step followed. The
pellets were then mixed with 16 ml ice cold transformation buffer (each pellet in 4 ml). The
mixture was pooled and 1.2 ml DMSO was applied by gently swirling. The competent cells
were divided into pre-chilled Eppendorf tubes (100 ul aliquots) and frozen immediately in

liquid nitrogen or dry ice mixed with ethanol. The cells were stored at — 80°C.

3.2.2 Transformation of plasmid DNA in chemically competent E. coli cells

Transformation of plasmid DNA uses chemically competent E. coli cells (see. 3.2.1). For
transformation, a 100 pl competent cell aliquot was gently thawed on ice and afterwards
mixed with 5 pl of T4-, or 10 ul of Gibson ligated vector. The mixture was then stored on ice
for 20 min. Subsequently, a heat shock (42°C) for 30 was applied, followed by chilling the
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sample on ice for 5 min. The transformation mixture is plated on a LB agar plate containing

an antibiotic as selection marker. The plates were incubated at 37°C overnight.

3.3 Cell biological methods

3.3.1 Continuous culture of P. falciparum (Trager et al., 1976)

Continuous cell culture of P. falciparum was conducted by the use of a special growth
medium (RPMI1640 containing 0.5 % Albumax) and the addition of 0 + erythrocytes
(transfusion blood, Universitatsklinikum Hamburg-Eppendorf). The haematocrit of the culture
was adapted to 5 % , and in case of an introduced parasites resistance, the related drug was
additionally applied. For selection after transfection, the following drugs were available:
WR99210 (used concentration uc. 4 nM), Blasticidin S (used concentration 2 pg / ml) and
DSM1 (used concentration 0.9 uM). For integrant selection, 400 pug / ml G418 (Neomycin)
were added to the parasites cultures. The parasites were cultured in petri dishes and incubated
at 37°C inside a box containing a gas mixture (5 % Oz, 5 % COg, and 90 % N>). The culture
was checked by Giemsa smear and microscopy every day or every second day. Based on the
smear, the medium of the culture was changed or the culture was diluted 1/10,1/20,1/40

depending on parasitemia.

3.3.2 Blood smears and Giemsa staining

The calculation of parasitaemia, stage analysations and to check parasite condition, Giemsa
stained thin blood smears were prepared. For preparation, 0.1 — 1 pl blood from culture was
applied onto one end of a labelled microscope slide (Figure 9 top). Subsequently, the drop
was brought into contact with the edge of another slide (Figure 9 middle). Next, the slide was
pushed in a quick and smooth motion in a 45° angle to the other side of the labelled slide
(Figure 9 bottom). Afterwards, the blood smear was fixed for 10 s in in > 99 % methanol.

Figure 8: Blood smear preparation.

Top: A blood drop from the cell culture is applied (red) to a microscopy slide (light blue) Middle: Blood drop gets in contact
with the pusher slide (light blue in 45° angle). Bottom: Smearing the blood drop in a quick and smooth motion. Black arrows
indicate the direction for puling (arrow directing to the right) and pushing (arrow directing to the left).
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The fixed slide was transferred for staining into Giemsa's azur eosin methylene blue solution
(Merck, Darmstadt, Germany) and incubated for at least 5 min. Next, the slide was washed
with tab water and dried by dapping it with a tissue. Finally, the stained smears were analyzed
by using a microscope (Carl Zeiss, Oberkochen, Germany) with optical magnification of
600 — 1000.

3.3.3 Preparation of P. falciparum parasites cryo-stabilates and thawing
procedure

Freezing: P. falciparum parasites can be stored at — 80°C for a few years or in liquid nitrogen
for long-term storage. The freezing procedure needs a culture containing at least 1 % ring
stage parasites. First, the culture was centrifuged (1800 x g, 3 min, room temperature), and
after centrifugation, the supernatant was discarded. Next, the pellet was resuspended in 1 ml
malaria freezing solution and transferred to a 2 ml cryotube. The tube was conscientiously
labelled and immediately frozen. For long time storage in liquid nitrogen, the software My
Samples was used for administration.

Thawing: Cryo-stabilates were thawed in a 37°C water bath for 30 — 60 s and subsequently
transferred into a 2 ml reaction tube. The tube containing the parasites were centrifuged
(2000 x g, 3 min, at room temperature) and the supernatant was afterwards removed. The
pellet was resuspended in 1 ml malaria thawing solution and washed once with pre-warmed

RPMI medium. The washed culture was then transferred into a petri dish for cultivation.

3.3.4 Sorbitol synchronization of P. falciparum parasites

The sorbitol synchronization uses the new permeation pathway of the parasite for cell lysis.
This pathway is built up after 18 h so that parasite from 0 to 18 h (ring stage parasites) are not
affected. For ring stage synchronization, the culture was transferred into a falcon and
centrifuged (3 min, 1800 x g, at room temperature). Afterwards, the supernatant was
discarded, the pellet resuspended in 5 x the pellet volume of prewarmed (37°C) D-Sorbitol in
dH20. The culture was then incubated in the water bath for at least 7 min at 37°C and
centrifuged (3 min, 1800 x g, at room temperature) after incubation. Subsequently, the
supernatant was discarded and the culture was washed once with RPMI medium. The culture

was then cultivated further.

3.3.5 Purification of P. falciparum infected erythrocytes with a Percoll gradient

A Percoll gradient is able to separate trophozoites and schizonts, by their unique density, from

uninfected RBCs and ring stage parasites. The Percoll gradient is composed of three different
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Percoll concentrations (40 %, 60 %, 80 %). The three concentrations were carefully layered
(each layer 450 — 500 ul) in a 2 ml Eppendorf tube. The pelleted culture was resuspended in
200 pl RPMI medium and put on top of the gradient without disturbing the Percoll phases.
Next, the tube including the gradient was centrifuged (16,000 x g, 5 min, room temperature),
which caused a separation into four phases. The phase on top contains merozoites and debris,
the two layers below schizonts (middle top) and trophozoites (middle low). In the pellet, rings
and uninfected RBCs can be found. The favoured phase was transferred to a new 2 mi

Eppendorf tube and washed three times with RPMI medium.

For schizont and merozoite transfection only 4 ml of 60 % Percoll were prepared in a 15 ml
falcon and carefully overlaid with 10 ml of resuspended culture. Next, the falcon including
Percoll and culture was centrifuged (2000 x g, 6 min, room temperature, without break).
Subsequently, the RPMI medium was discarded and the schizont layer on top of the Percoll
was transferred into a new falcon and washed with RPMI medium. Afterwards, the pellet was

resuspended either in RPMI medium or TE buffer for transfection.

3.3.6 Saponin lysis

Saponin is a detergent that selectively lyses the RBCs and the PVM membrane. The PPM
stays at low saponin concentrations intact, due to a different lipid composition. For lysis, a
parasite culture (5 — 10 % parasitemia) was centrifuged (3 min, 1800 x g, at room
temperature) and the supernatant was discarded after centrifugation. Subsequently, the pellet
was washed once with 1.5 x volume of sterile DPBS and then resuspended in 7 up to 20 pellet
volumes of ice-cold freshly prepared DPBS containing 0.03 % saponin. The resuspension was
incubated for 10 min on ice and the centrifuged (5 min, 11,000 x g, at 4°C). The pellet
contained intact RBC and PV membranes. The supernatant includes soluble RBCs and PV
protein. Next, the supernatant was discarded and the pellet was washed until the supernatant
stayed clear of residual haemoglobin. The pellet was then mixed with lysis buffer with
complete protease inhibitor cocktail. Subsequently, the lysate was stored at — 20°C. For mass-

spectrometry, a special lysis buffer was used and the lysate was stored at — 80°C.

3.3.7 P. falciparum transfection by electroporation

P. falciparum transfection was performed with two different electroporation methods.
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Ring stage transfection:

For ring stage transfection, the BioRad system was used. Therefore, 250 ul of a ring
synchronized parasite culture (parasitemia of 5 — 10 %) was mixed with 100 pg of DNA
(dissolved in 20 pl TE buffer) and 385 pl cytomix. Subsequently, the mixture was transferred
into an electroporation cuvette (2 mm, BioRad) and then electroporated with GenePulser
Xcell (350 V, 50 uF, o Q). After electroporation, the parasites were transferred into a petri
dish for cultivation. The medium was changed every day for 5 days, and after 24 h the
selection drug was added.

Segmeter transfection:

Another even more efficient transfection method is the electroporation of segmenters.
Therefore, a segmeter synchronized culture (parasitemia 5 — 10 %) was purified with 60 %
Percoll (see 3.3.5) and the segmenter layer was transferred into an 15 ml falcon and washed
with pre warmed RPMI medium and resuspended in 90 pl transfection buffer. Additionally,
20 - 50 pug of DNA (dissolved in 10 pl TE buffer) was added to the segmenter mix and
subsequently electroporated with the Amaxa system (Nucleofector II AAD-1001N, program
U-033) in an electroporation cuvette (2 mm, BioRad). The electroporated segmeters were then
transferred into a 2 ml reaction tube containing pre warmed (37°C) blood (300 pl) and 200 pl
RPMI medium. Subsequently the reaction tube was incubated for 30 min at 750 rpm. After
incubation the content of the reaction tube was transferred into a petri dish for cultivation. The
medium was changed every day for 5 days in a row. Twenty-four hours past transfection the

selection drug was added.

3.3.8 Selection for transgenic P. falciparum cell lines

The SLI system (see Fehler! Verweisquelle konnte nicht gefunden werden.) allows i
ntegration of episomal plasmids into the genome. Therefore, the pSLI-sandwich or the pSLI-
TGD, containing the target region of the gene of interest, was transfected into the parasite
(see.3.3.7) and selected by use of WR. Next, instead of WR, G418 (final concentration of 400
ug / ml) or Dsml (final concentration 1.5 uM) was added to a mixed culture with a
parasitemia of 4 — 10 %. The following 7 days the medium was changed daily and after one
week every second day until the parasites appeared. The culture was kept for at least 56 days
in culture; in case of non-appearance after this time period the culture was discarded. During
the selection process Giemsa smears were done regularly to check re-appearance of parasites
and in the beginning (day one to day four) to avoid overgrowing. In case of re-appeared
parasites, the genomic DNA was isolated (see.3.1.10) and a PCR to check correct integration
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was performed. The PCR also showed if original locus was still present and, in that case, WR

was applied for two more P. falciparum cycles.

3.3.9 Knock sideways induction

For KS induction, an integrated parasite (containing an episomal mislocalizer) cell line was
grown and synchronized according to due to specification of the experiment. Just before the
start of the experiment the culture was split into two similar volumes. One served as negative
control culture without the addition of rapalog and the second as positive control containing
250 nM rapalog (AP21967, Clontech). The KS was analysed, by fluorescence microscopy or
FACS assay (see. 3.3.11).

3.3.10 DiQ-BiolD of P. falciparum proteins

The biotin labelling was performed with two times 150 ml culture of transgenic parasites
(parasitemia 2 — 5 %) containing a with SLI integrated tagged gene and an the episomal
BirA*-FRB-FRB-mCherry plasmid. For more accuracy also a cell line with the c-terminal
construct was prepared and sent for mass-spectrometry. The two cultures were grown for 20
up to 24 h in presence of Biotin and one with the additional addition of rapalog (250 nM final
concentration). The cultures were feed every eight hours to avoid overgrowing. After the
incubation, the cultures were lysed with saponin (see. 3.3.6). For mass-spectrometry, the
lysate was thawed twice (on ice) and frozen (at -80°C) for complete lysis. For debris
sedimentation the samples were centrifuged (10 min, 16000 x g) and the supernatant was
transferred into a falcon. Next, the samples were diluted in a ratio of 1:2 with a mixture of
50 nM TrisHCL pH 5,5, 2x protease inhibitor cocktail, 1 mM PMSF. Afterwards, 50 pl
Streptavidin-Sepharose beats (equilibrated in 50 nM TrisHCL, pH 7.5) were added and the
mixture incubated in a horizontal rolling incubator over night at 4°C. The following day, the
samples were centrifuged (1 min, 16000 x g) to sediment the streptavidin beats in a 1.5 ml
reaction tube and washed twice with lysis buffer, once in pre-chilled Ampuwa® H.0, twice in
cold TrisHCI (pH 7.5) and at the end three times with cold TEAB (100 mM). Each washing
step consisted of an incubation period of 2 min in a horizontal rolling incubator, followed by
centrifugation (2 min, 16000 x g). The sedimented streptavidin beats were re-suspended in 50
pul TEAB (100 mM) and sent on ice for mass-spectrometry analysis to the Bartfai lab
(Radboud Institute, Nijmegen, Netherlands). The lab used multiplex peptide, stable-isotope
dimethyl labelling for quantification.
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3.3.11 Growth assay by flow cytometry (Boersema et al., 2009).

Flow cytometry was used to analyse daily growth over a time period of five days. The method
is already described by (Malleret et al., 2011). For growth assay, a mixed, transgenic KS
culture was measured by LSRII flow cytometer (counting 100,000 events) and analysed with
FACSDiva to determine parasitaemia. Next, the culture was adjusted by splitting the culture
into two petri dishes to ~ 0.1 %. For one dish KS was induced (see. 3.3.9) and the other
served as negative control without rapalog. On day one, two, three, four and five an aliquot of
20 pl was stained for 20 min (with 78 pl RPMI, 1 pl Hoechst 33342, 1 ul dihydroethidium)
and afterwards inactivated (with 400 ul RPMI containing 0.003 % glutaraldehyde) in a FACS
tube. Afterwards, the parasitaemia was again analysed by LSRII and FACSDiva.

3.3.12 Parasite stage assay by microscopy

To analyse specific growth defects and phenotypes, a growth assay with tightly synchronized
parasites was performed. Therefore, a mixed culture was synchronized with sorbitol (see.
3.3.4) and grown for ~ 36 h until it reached segmenter stage. Next, the segmenters were
isolated by Percoll (see. 3.3.5) and given into a pre-warmed (37°C) mix, containing 10 ml
RPMI and 500 pl blood. Subsequently, the parasites were incubated for re-invasion for 6 h at
37°C. After incubation the culture was again synchronized with sorbitol to achieve 0 — 6 hpi
old parasites. The culture was then split into 4 x 2 ml petri dishes, whereby in two dishes the
KS was induced and the others served as negative control. Two trays each (positive and
negative KS) were incubated in one box. Every six hours until 60 h Giemsa smears and
fluorescence microscopy were performed, with the box being changed at every sampling, to
keep the growth as stable as possible. The stages were then analysed by microscopic counting

and stage evaluation.

3.3.13 E64 bloated food vacuole assay

The E64 bloated FV assay was performed with a sorbitol treated culture synchronized to a
stage window of 10 — 18 hpi, with a parasitaemia of approximately 5 %. The culture was
grown for 8 h until the parasites reached young trophozoite stage (18 — 26 h). To obtain
parasites size at time point zero, a sample was removed before the culture was split into two
petri dishes. In both dishes E64 protease inhibitor (Sigma Aldrich) with a final concentration
of 33 uM was added. In the positive sample KS was induced (see. 3.3.9). The cultures were
incubated for another 8 h and subsequently stained with 4.5 pg / ml dihydroethidium for 20
min at room temperature. Next, the samples were washed, blinded and imaged by
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fluorescence microscopy. The analysation was done with ImageJ by scoring bloated FVs and

measuring parasites size. Statistics are described in the figure’s legend.

3.3.14 Vesicle accumulation assay

For vesicle accumulation assay a transgenic parasite culture containing the KS plasmid was
synchronized with sorbitol (see. 3.3.4) to a stage window of 0 — 18 hpi. The culture was then
grown for 16 h until it reached trophozoite stage and split into eight different petri dishes. In
four dishes KS was induced (see. 3.3.9); the others served as negative controls. Four
individual boxes were equipped with pairs of treated and untreated dishes and incubated at
37°C. After 2, 4, 6 and 8 hours a box with one pair was removed and the samples were
analysed by microscopy. The samples were blinded and the vesicles counted in the DIC

image.

3.4 Microscopy

3.4.1 Live cell and fluorescence microscopy

Many experiments, like live cell and florescence samples, were analysed by microscopy with
microscopes from Zeiss (Axiolmager M1 or M2) containing a filter sets (49, 44 and 64) also
from Zeiss, a LQ-HXP 120, a camera (Hamamatsu Orca C4742 95), two numerical aperture
lenses (100 x / 1.4 and 63 x / 1.4) and the Axio Vison 40 v 4.7.0.0 software. The imaging was
performed as described by Gruring et al. (Gruring et al., 2012). Further image editing was
done with Corel Photo-Paint X 8. If the experiment required it, the parasites were stained with
DAPI (1 pug / pl) and / or Tubulin Tracker™ deep red (0.5 pg / pl).

3.4.1.1 Confocal imaging

Confocal imaging allows 3D reconstruction and time lapse imaging of fluorescent parasites.
The imaging process, especially the time lapse imaging, required a special preparation. On the
day before the experiment, the parasite culture was checked for sufficient parasitemia and, if
required, KS was induced. Additionally, 14 ml RPMI medium was mixed with 0.5 — 1 ml of
blood (overnight medium) and incubated at 4°C. The next day, the medium blood mix was
transferred into 2 ml reaction tubes and incubated at 37°C, 750 rpm until it was used. Two
hours before the experiment ~ 200 pul conA (cell culture grade Sigma C0412, 0.5 mg / ml final
concentration) were added to the bottom of an ibidi dish (uncoated; #81151). The lid was
closed and the dish was incubated for 10 — 20 min at room temperature. In the meantime, 500

pl of parasite culture was transferred into a 1.5 ml reaction tube and centrifuged (1 min, 1000
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x g). After centrifugation, the supernatant was removed and carefully washed (three times)
with dTPBS. Finally, the pellet was resuspended in 500 pl dTPBS. Next, the conA was
removed from the ibdi dish by washing it three times with 1 ml dTPBS and the parasites were
added. The ibidi dish lid was closed and the dish was incubated for 10 min at room
temperature. During incubation the overnight medium was centrifuged two times with
keeping the supernatant (3 min, full speed) to get rid of the RBCs. After the dish was
incubated, unbound parasites were removed by washing the bottom of the ibidi dish with
dTPBS until the dTPBS stayed clear. The dTPBS was then exchanged for 8.5 ml supernatant
of the overnight medium and sealed with parafilm. Finally, the bound parasite culture was
transferred to the incubation chamber of the confocal microscope (Olympus FluoView 1000).
The imaging was adjusted and controlled by the FluoView software. For image processing,

Imaris and Corel Photo-Paint software was used.
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4 Results
4.1 Selection of P. falciparum genes with unknown function

For functional investigation of P. falciparum genes with unknown function, a defined number
of genes had to be selected (Figure 9). Because a subset of genes with unknown function on
chromosome one and two were already analysed by two lab members of the Spielmann group
(Master Thesis, Sabine Schmidt) and Jakob Birnbaum (Birnbaum et al., 2017), for this
project, genes of chromosome 3 (249 genes) from P. falciparum strain 3D7 were selected
(Figure 9) using the malaria gene database PlasmoDB (release 31 (Aurrecoechea et al.,
2009)). Due to the use of knock sideways (see. 1.4.12) genes with a signal peptide (55 genes)
and afterwards genes with a transmembrane domain (49 genes) were removed (Figure 9;
using PlasmoDB). For the investigation of only unknown genes, all genes annotated with
unknown function (according to: PlasmoDB (Aurrecoechea et al., 2009) ) were chosen (39
genes), informed by an additional BLAST search (Altschul et al., 1990), where genes with
homology (e value < 1e-50 and percent idetity > 55 %) outside the Apixomplexa were
excluded (106 genes; Figure 9). The functunal investigation of P. falciparum genes in this
project is based on in vitro culturing (see. 2.5.2.1), wherefore in the last selection step, only
those genes were chosen (33 genes) which were expressed in erythrocytic stages (Le Roch
supplement table S1 (Le Roch et al., 2003), expression level for the erythrocytic cycles
> 13.7). Finally, the selection resulted in 33 genes for further investigation. Therefore the
indivifual homology regions (Table 7; 1.4.3). of the selected genes were cloned into the pSLI-
sandwich (pARL1-2xFKBP-GFP-2xFKBP-T2A-Neo®) vector for knock-in and endogenous
tagging and the pSLI-TGD (pARL1-GFP-T2A-NeoR) for target gene disruption (Birnbaum et
al., 2017).
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Figure 9: Schematic of selection strategy of the unknown genes from chromosome 3.
The selection steps are depicted in venn diagrams (black circles); the selected genes (green filling, bottom gene numbers)

were choosen for the next selection step, resulting in a final set of choosen genes (underlined green genes). The selection
steps (top row) are shown from left to right (black arrows). The amount of genes within each selection criteria is shown
beneath the criteria description. The gene selection until 145 genes was performed using PlasmoDB; BLASTYp, basic local
alignment search tool for protein sequences; Le Roch, expression level for the erythrocytic cycles (supplement table S1 from
(Le Roch et al., 2003)); Final set of selected candidates are shown in 3D7, P. falciparum strain.

4.1.1 PfRab5b as proof of principle

During selection and cloning of the candidates, the PfRab5b (Rab5b) (Quevillon et al., 2003)
protein was chosen as proof of principle to carry out a thorough functional analysis intended
with the selected candidates. For this Rab5b was endogenously tagged with 2xFKBP-GFP,
using SLI (Birnbaum et al., 2017) and co-transfected with an episomally expressed 1XNLS-
FRB-mCherry (BSDR) (Birnbaum et al., 2017) mislocalizer expressed under the crt promotor
(Flemming, 2015). This cell line was further analyzed in this project. Firstly, the kinetics of
mislocalisation after induction of the knock sideways experiments was analyzed. Efficient
mislocalization to the nucleus was evident already 15 min after addition of rapalog (to induce
the knock sideways), which stayed stable during the following hours (Figure 10 A).
Examination of the culture after overnight inactivation (21 h) of Rab5b by knock sideways
revealed the accumulation of vesicle-like structures within the parasite (Figure 10 A, black
arrow heads). Next, a growth analysis was performed to assess the importance of Rab5b for
parasite development. The analyses revealed a reduction in growth, when PfRab5bh-2xFKBP-
GFP-2xFKBP was inactivated (Figure 10 B and Appendix 4).
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Figure 10: Knock sideways and growth analysis of Rab5b

A) Representative live cell images of cell line expressing endogenous PfRab5b fused to 2xFKBP-GFP-2xFKBP (‘GFP’) with
an episomally expressed 1XNLS-FRB-mCherry mislocalizer (‘mCherry’). The cell culture was split into two dishes: one
served as control (control) without rapalog, and the second was grown in presence of 250 nM rapalog (‘rapalog’). The
samples for live cell imaging were taken after 15 min, 1 h, and 21 h. Black arrow heads point to vesicles inside the parasite.
Scale bars 5 um, DIC (differential interference contrast), merge (merged green and red channel). B) Parasite growth as
determined by flow cytometry of PfRab5b-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of
rapalog (inactivated) and rapalog untreated parasites (control). One representative of three independent experiments (replicas
shown in Appendix 4).

61



Results

In order to determine the stage during asexual blood stage development in which the growth
defect after inactivation of PfRab5b took effect, a more detailed growth analysis using
synchronous parasites was conducted. The parasites were monitored for 62 hours after the
induction of the knock sideways to gain insights into stage specific effects. The inactivation
of PfRab5b showed no effect on ring stage parasites, but revealed a delay in growth and an
arrest in trophozoite and schizont stages, compared to the control (Figure 11 A, B). Parasites
grown in presence of rapalog for more than 42 h revealed an abnormal morphology, as judged
by Giemsa smear (Figure 11 B rapalog 48 h and 60 h), indicating an arrest of PfRab5b
inactivated parasites. After 42 h, parasites (grown in presence of rapalog) displayed a
reduction in growth (of 5.5 % parasitemia) compared to the control (Figure 11 A). Starting
from 18 hpi, clear circular areas became apparent in the body of the parasites in Giemsa
smears (Figure 11 B black arrow heads). Such a phenotype was previously seen after
inactivation of PfVPS45, which indicated the presence of what appeared to be multiple
vesicles in the parasite cytoplasm (Jonscher et al., 2019). This suggests the presence of such
vesicles also in PfRab5b inactivated parasites. These probable vesicles increased over time
(Figure 11 B).
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Figure 11: Rab5b is important for the survival of P. falciparum parasites.

A) One singe experiment of synchronized parasite cell line expressing endogenous PfRab5b fused to 2xFKBP-GFP-2xFKBP
with an episomally expressed 1XNLS-FRB-mCherry mislocalizer. Parasites were grown in the precence of 250 nM rapalog
for inactivation of PfRab5b (+) and without rapalog (-) over 60 h. Samples were taken after 12 hpi, 18 hpi, 24 hpi, 30 hpi 36
hpi, 42 hpi, 48 hpi and 60 hpi. The samples were smeared and stained with Giemsa for stage and parasitemia counting. B)
Shows representative Giemsa smears of grown in presence of rapalog (rapalog) and rapalog untreated (control) parasites at
the specified time points, from the stage experiment shown in A. Scale bar 5 pm, black arrow heads point to clear circular
areas in the body of the parasites (suggesting vesicles).
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The Rab5b vesicle like phenotype was then further analyzed and quantified over time in a
vesicle accumulation assay (Jonscher et al., 2019). For this assay, the inactivation of Rab5b
via knock sideways was induced, in parasites synchronized to an 8 hour time window.
Effective mislocalization in rapalog-treated cells and a steadily increasing accumulation of
vesicles were observed ranging from 2.3 (S.D +/- 1.2) vesicles per parasite (vpp) at 2 h post
induction to 6.3 (S.D +/- 4.7) vpp at 8 h post induction (Figure 12, Figure 13 and Appendix
1). Compared to the control with 1.3 (S.D (+/- 1.4) vpp after 2 h post induction to 2.2 (S.D +/-
1.4) vpp after 8 h post induction. 1.3 (S.D +/- 1.0) vpp were observed for parasites before
induction of the knock sideways (Figure 13).
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Figure 12: Rab5b vesicle accumulation assay.
Representative live cell images of cell line expressing endogenous PfRab5b fused to 2xFKBP-GFP-2xFKBP (‘GFP’) with an

episomally expressed 1IXNLS-FRB-mCherry mislocalizer (‘mCherry”). The cell culture was split into two dishes: one served
as control (control) without rapalog, and the second was grown in the presence of 250 nM rapalog (rapalog). The samples for
live cell imaging were taken at the time points indicated. Black arrow heads indicate vesicles accumulating inside the
parasite. Scale bars 5 um, DIC (differential interference contrast), merge (merged green and red channel).
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Figure 13: Rab5b vesicle accumulation assay (quantification).
The assay was performed with tightly (parasites synchroized to an 8 h time window) synchronized (trophozoite), parasite cell

line expressing endogenous PfRab5b fused to 2xFKBP-GFP-2xFKBP with an episomally expressed 1xNLS-FRB-mCherry
mislocalizer. Starting culture was split into two cultures, one grown in the presence of 250 nM rapalog (rapalog) and the
other remained without rapalog (control). Samples were taken at the indicated time points (after KS induction) and the
vesicle count was performed based on DIC images. The figure displays data from three pooled individual experiments with a
total of 102 cells per time point and condition (individual replicas shown in Appendix 1). The rapalog and control conditions
of every time point were significantly different from each other (p<0.001, paired t-test). Error bars show S.D. and p stands for
p-value.

Subsequently, it was investigated if Rab5b co-localizes with Kelchl3. Kelch13 has recently
been shown to be involved in endocytosis (Birnbaum et al., 2020) and Flemming co-localized
PfRab5b-2xFKBP-GFP with an endosomal marker PI3P (P40-mCherry) (Flemming, 2015).
For co-localization, Kelchl3 was C-terminally tagged with mCherry and episomally
expressed in the PfRab5b-2xFKBP-GFP-2xFKBP knock in cell line. In agreement with
previous results (Birnbaum et al., 2017; Birnbaum et al., 2020), Kelch13-mCherry was
localized at foci in close proximity to the parasite’s FV (Figure 14, K13-mCherry). The co-
localization experiment revealed that PfRab5b-2xFKBP-GFP-2xFKBP was present in foci
within the cytosol and at the FV that did not co-localize with Kelch13-mCherry foci (Figure
14).
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Figure 14: Rab5b does not co-localize with Kelch 13
Representative live cell images of cell line expressing endogenous PfRab5b fused to 2xFKBP-GFP-2xFKBP (‘GFP’) with an

episomally expressed 1XNLS-FRB-mCherry mislocalizer (‘mCherry’). PfRab5b-2xFKBP-GFP-2xFKBP does not co-localize
with Kelch13-mCherry. Scale bar 5 um, DIC (differential interference contrast), merge (merged green and red channel).

To show that PfRab5b is involved in endocytosis and the suspected vesicular-like structures
in PfRab5b inactivated parasites, are intermediates of host cell cytosol uptake, derived from
endocytosis, a bloated FV assay with E64 (Jonscher et al., 2019) was performed. E64 inhibits
hemoglobin digestion inside the FV (Bailly et al., 1992; Sijwali et al., 2004). The addition of
E64 led to bloated FVs in control cells after 8 h post induction (Figure 15 A, C and Appendix
2). In PfRab5b inactivated parasites, 79.4 % of parasites had no bloated FV (Figure 15 A, C
and Appendix 2). Hence an inactivation of PfRab5b prevented the arrival of new host cell
cytosol in the FV. Additionally, the cell size was determined to confirm that the absence of
hemoglobin uptake and digestion does not arrest parasite development within the 8 h of the
assay (Figure 15 B and Appendix 2). Even though parasites (grown in presence of rapalog)
are slightly smaller, these parasites still grew over the 8 h assay time, demonstrating that
parasite death is not the reason for the lack of transport of HCCU to the FV (Figure 15 B and
Appendix 2).
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Figure 15: Rab5b bloated food vacuole assay.

A left) Representative live cell images of cell line expressing endogenous PfRab5b fused to 2xFKBP-GFP-2xFKBP (‘GFP’),
with an episomally expressed 1xNLS-FRB-mCherry mislocalizer, before treatment with E64 and rapalog. A right)
Representative live cell images after 8 h knock sideways induced Rab5b cultures. For the experiment, a starting culture was
treated with 33 uM E64 and split into two dishes. One culture stayed without rapalog (control), the other grown in the
presence of 250 nM rapalog (rapalog). The cultures were incubated for 8 h. After incubation, the cytoplasm was stained with
dihydroethidium (DHE) for live cell imaging. Scale bar 5 um, DIC (differential interference contrast). B) Statistics of
parasite diameter from the experiment shown in A). C) Quantification of bloated and non-bloated FVs from experiment
shown in A). The figure shows one representative experiments of three independent experiments (replicas shown in
Appendix 2). For all conditions, 34 cells were assessed per one experiment and significands were calculated using Fisher’s
exact test. Cell size was measured with ImageJ software, and p stands for p-value.

In order to determine that the PfRab5b knock sideways growth phenotype is specific and not
caused by the presence of PfRab5b-2xFKBP-GFP-2xFKBP in the nucleus rather than its loss
of function, the PfRab5b-2xFKBP-GFP-2xFKBP knock sideways cell line was complemented
with an episomally expressed functional copy of PfRab5b (a codon adjusted PfRab5b fused to
2xmyc and expressed by virtue of a T2A skip peptide with IXNLS-FRB-mCherry under the
control of the crt promoter and selected with BSD -named plasmid crt-PfRab5b
codonadjusted-2xmyc-T2A-1XNLS-FRB-mCherry-BSDR). In a knock sideways growth
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experiment the complementation construct restored parasite growth (Figure 16 A and
Appendix 4). Additionally, the experiment revealed that rapalog had no effect on parasites,

confirming what was previously shown (Birnbaum et al., 2017; Jonscher et al., 2019).

4.1.1.1 Single point mutations in Rab5b-GTPases

Rab5 GTPases have been shown to be involved in regulation of vesicular transport and
component of intercellular membranes (Pfeffer, 1992). Several studies revealed that the
cycling between GTP- and GDP bound forms are critical in Rab protein function (Becker et
al., 1991; Tisdale et al., 1992; Walworth et al., 1992; Walworth et al., 1989). Mutations that
introduced a strongly decreased (Q79L, GTP-bound) GTPase activity revealed unusual large
early endosomal structures. Mutations that had a preferential affinity for GDP (S34N, p21
inhibitor revealed accumulation of very small endocytic vesicles for S34N (Stenmark et al.,
1994a). In order to further probe into the function of Rab5 GTPases in P.falciparum
parasites, three different mutations were introduced into the PfRab5b complementation
constructs (crt-PfRab5b codonadjusted-2xmyc-T2A-1xNLS-FRB-mCherry-BSDR) resulting
in three complementing PfRab5b versions containing the single point mutations S48N, N148I
or Q94L. S48N and N148l should have a preferential affinity for GDP and Q94L should
decrease GTP activity. The positions of the known GTPase- regulating single point mutations
(Stenmark et al., 1994a) in humans were aligned to the genome of P. falciparum parasites and
inserted to the predicted position (Appendix 3). The mutated constructs were co-transfected
into the PfRab5b-2xFKBP-GFP-2xFKBP cell line resulting in three different
complementation cell lines. Unexpectedly, all three mutated Rab5b versions were able to fully
rescue the growth phenotype upon inactivation of the endogenous FKBP-tagged wild type
Rab5b via knock sideways and no phenotype was detected by microscopy (Figure 16 B — D
and Appendix 4). As the mislocalizer, which was co-expressed with the complementing
PfRab5b, was efficiently expressed, a lack of expression of the complementing construct
cannot explain this finding and it is also expected that this would have led to a growth
phenotype.
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Figure 16: Rab5b complementation cell lines.
Representative live cell images of cell line expressing endogenous PfRab5b fused to 2xFKBP-GFP-2xFKBP (‘GFP’) with an

episomally expressed copy of: A crt-Rab5b codonadjusted-2xmyc-T2A-1xNLS-FRB-mCherry-BSDR (‘mCherry’), B) crt-
Rab5b(S48N) codonadjusted-2xmyc-T2A-1XNLS-FRB-mCherry-BSDR (‘mCherry’), C) crt-Rab5b(Q94L) codonadjusted-
2xmyc-T2A-1XNLS-FRB-mCherry-BSDR  (‘mCherry’) D) crt-Rab5b(N148I)codonadjusted-2xmyc-T2A-1xNLS-FRB-
mCherry-BSDR (‘mCherry’). The cell cultures were split into two dishes: one served as control (control) without rapalog,
and the other was grown in the presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken after 21 h
after induction of KS. Scale bars 5 pum, DIC (differential interference contrast), merge (merged green and red channel). The
graph to the right of the image panels shows parasite growth as determined by flow cytometry of the respective cell lines,
showing parasite development grown in presence of rapalog (red line, rapalog) and rapalog untreated parasites (blue line,
control) over five days (one representative experiment of three independent experiments (replicas shown in Appendix 3)).

4.1.2 Functional investigation of P. falciparum genes with unknown function

Beside the proof of principle analysis of PfRab5b, the 33 genes selected from chromosome 3
were endogenously tagged with 2xFKBP-GFP-2xFKBP by SLI using pSLI-sandwich
(Birnbaum et al., 2017) for localization and functional analysis. In this work, 21 proteins of
the 33 candidates were analyzed. The homology region (HR) for the genome knock-in using
pSLI-sandwich varied from 437 to 957 bp in length for the analyzed target genes. To attempt
gene disruptions, the pSLI-TGD plasmid was used (Birnbaum et al., 2017) and HR in the N-
terminal part of the target gene was chosen that comprised between 273 up to 393 bp (Table
7).

Table 7: Candidates list for functional analysis.
The table shows the candidates which were selected for functional investigation. HR, homology region; bp, base pairs.

Protein ID Assigned as  HR (bp) Assignedas HR (bp)  Gene length
(bp)
PF3D7_0303100 M1 loc 723 M1 TGD 333 4326
PF3D7_0304300 M2 loc 147 M2 TGD 369 4290
PF3D7_0305200 M3 loc 957 M3 TGD 357 3420
PF3D7_0305400 M4 loc 573 M4 TGD 288 754
PF3D7_0305500 M5 loc 939 M5 TGD 372 11802
PF3D7_0306100 M6 loc 908 M6 TGD 348 2111
PF3D7_0307500 M7 loc 861 M7 TGD 359 1904
PF3D7_0307600 M8 loc 930 M8 TGD 362 2462
PF3D7_0307700 M9 loc 935 M9 TGD 300 6483
PF3D7_0307900  M10 loc 927 M10 TGD 342 11625
PF3D7_0308100 M11 loc 939 M11 TGD 393 5136
PF3D7_0308300  M12 loc 651 M12 TGD 273 1014
PF3D7_0308700 M13 loc 900 M13 TGD 291 1632
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PF3D7_0308800 M14 loc 437 M14 TGD 332 473

PF3D7_0309900  M15 loc 909 M15TGD 351 5440
PF3D7_0310900  M16 loc 618 M16 TGD 354 2361
PF3D7_0312900  M17 loc 648 M17 TGD 275 1232
PF3D7_0313000  M18 loc 632 M18 TGD 375 1184
PF3D7_0313200  M19 loc 684 M19 TGD 297 702

PF3D7_0313400  M20 loc 741 M20 TGD 300 2355
PF3D7_0314700  M24 loc 894 M24 TGD 321 3546

For pSLI-TGD six and for pSLI-sandwich, four individual integration attempts were
performed respectively. Attempts were scored as failed, if no correct integration was achieved
after 8 weeks of selection with G418 (selection for integrands). Correct integration was
confirmed by PCR for 15 candidates for the pSLI-sandwich construct to localize the
candidates and for subsequent functional studies. M2, M4, M5, M9, M14 and M15 were
refractory to C-terminal tagging with 2xFKBP-GFP-2xFKBP-T2A-NeoR, which might
represent essential proteins that are inactivated by a C-terminal tag, even though this
proportion was somewhat higher than reported previously (Birnbaum et al., 2017). For the
pSLI-TGD, knock-ins only M12 was confirmed by PCR (Figure 17). In case of correct
integration by pSLI-TGD, the gene was considered as dispensable for parasite growth. For
one candidate, an intermediate culture, with parasites expressing endogenous M3 fused to
pSLI-TGD and parasites with wild type (‘original’) locus was observed (Figure 17,
M3_TGD).
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Figure 17: PCR diagnostics to confirm correct integration of the plasmid into the desired region of the genome.
PCR products from genomic parasite DNA of the cell lines (indicated by candidates-1Ds are shown above the agarose gels)

were applied and separated using agarose gel electrophoresis. Primers used are as postulated for the SLI method (depicted in
Figure 1 from (Birnbaum et al., 2017)), demonstraiting a PCR product across 5’ and 3’ integration junction indicated by
bands in lanes labelled 5’ int and 3’ int, as well as quantitative abcence of original locus (‘original locus’). No band at the
lane labeled with ‘original locus’ confirms that no parasites with wild type locus remained in the cell culture. The band at
original locus 3D7 serves as control. Shown right at the bottom (Marker), shows marker bands which are indicated in bp of
the 1kb DNA ladder and can be used as guide for the markers in the gel images with the PCR products; knock-in cell line
(KI), wild type parasite line (3D7), target gene disruption using pSLI-TGD vector (TGD), gene tagging using pSLI-sandwich
(loc).
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4.2 Candidate M1 (PF3D7_ 0303100)

M1 (PF3D7_ 0303100) is a protein predicted as a putative CLP1 P-loop domain-containing
protein, and consists of 1441 AA (according to: PlasmoDB (Aurrecoechea et al., 2009)).
BLAST search (Altschul et al., 1990) revealed no significant similarity (e-value > 9.9) outside
Apicomplexa, and a motif scan with MyHits (Pagni et al., 2004) showed no significant hit.
Using the HHpred server for protein remote homology detection and 3D structure prediction
(HHPred) to identify more remote relationships to known proteins or domains (Zimmermann
et al., 2018) the best hit, with a putative similarity (HHPred probability score > 95 %) to M1
was a ribonuclease, polynucleotide kinase domain in Chaetomium thermophilum. In a
saturation-based mutagenesis screen (Zhang et al., 2018) M1 was classified as dispensable for
growth similarly the orthologue protein in P. berghei parasites was identified as non-essential
for growth (Bushell et al., 2017).

To analyze M1, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M1-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Microscopy with the M1-2xFKBP-GFP-2xFKBP cell line revealed detectable fluorescence
signal from early trophozoite to schizont stage on, whereas no fluorescence was detectable in
ring stage parasites. M1-2xFKBP-GFP-2xFKBP was found distributed in the cytoplasm of the
parasite with additional non-uniform foci and accumulations that in some parasites localized

at the parasite plasma membrane (PPM) or the FV (Figure 18).

73



Results

DIC/ er e

Figure 18: Localization of endogenously tagged candidate M1 (PF3D7_ 0303100).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M1-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).
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To functionally analyzed M1, the M1-2xFKBP-GFP-2xFKBP cell line was co-transfected
with an episomally expressed 1xNLS-FRB-mCherry mislocalizer (Birnbaum et al., 2017)
(Figure 19 panel) and knock sideways was carried out. This revealed that M1 was efficiently
mislocalized to the nucleus 24 h after addition of rapalog to induce the knock sideways
(Figure 19 panel). However, growth analysis over five days showed no effect on parasite
growth in the parasites with the inactivated M1 compared to the control (Figure 19 growth
curve, and Appendix 5). In conclusion the knock sideways reveals that M1 dispensable for

growth of asexual blood stage parasites.
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Figure 19: Knock sideways and growth curve of endogenously tagged candidate M1 (PF3D7_ 0303100).
Panel) Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session)

of knock-in cell line M1-2xFKBP-GFP-2xFKBP (‘GFP’) with an episomally expressed 1xXNLS-FRB-mCherry mislocalizer.
The cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the
presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5
pm, DIC (differential interference contrast). The graph to the right of the image panels shows parasite growth as
determined by flow cytometry of the M1-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of rapalog
(inactivated) and without rapalog (control). One representative of three independent experiments (replicas shown in
Appendix 5).

4.3 Candidate M2 (PF3D7_0304300)

The M2 (PF3D7_0304300) protein comprises 1429 AA and is annotated as conserved
Plasmodium protein, with unknown function (according to: PlasmoDB (Aurrecoechea et al.,
2009). BLAST search (Altschul et al., 1990) revealed no significant similarity outside
Apicomplexa, and a motif scan with MyHits (Pagni et al., 2004) showed no significant hit.
Using HHPred to identify more remote relationships to known proteins or domains
(Zimmermann et al., 2018), only hits over short stretches or to common structural domains,
such as coiled coils were found. In the saturation-based mutagenesis screen (Zhang et al.,
2018) M2 was classified as dispensable for parasite growth. In contrast the orthologue protein
in P. berghei parasites (Bushell et al., 2017) was annotated as essential for parasite growth.
Attempts to disrupt the gene, using pSLI-TGD were not successful. Also, endogenous C-
terminal tagging with 2xFKBP-GFP-2xFKBP was unsuccessful in four independent attempts,
indicating that C-terminal tagging of M2 might interfere with correct protein function or

localization. This protein was therefore not further analyzed.

4.4 Candidate M3 (PF3D7_0305200)

M3 (PF3D7_0305200) is annotated as conserved Plasmodium protein with unknown function
(according to: PlasmoDB (Aurrecoechea et al., 2009)). The protein consists of 1139 AA, and
BLAST search (Altschul et al., 1990) revealed no significant similarity with any protein
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outside Apicomplexa. A motif scan with MyHits (Pagni et al., 2004) showed a GRIP domain
in position 1084 - 1135 (e-value: 0.00042) which plays a role in Golgi trafficking (Barr, 1999;
Munro et al., 1999). The best hit using HHPred (Zimmermann et al., 2018) with a putative
similarity to M3 was a myosin domain in Gallus gallus. In the saturation-based mutagenesis
screen (Zhang et al., 2018) M3 was classified as dispensable for parasite growth, whereas the
orthologue protein in P. berghei parasites (Bushell et al., 2017) was annotated as essential for
growth.

To analyze M3, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M3-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17).
Parasites with a successful disruption of the gene coding for M3 were obtained, but
verification of correct integration of the plasmid in these parasites revealed that some
parasites in the population still contained the intact locus (Figure 17 M3_TGD). As judged by
PCR, the parasites with the disrupted locus disappeared after repeated selection on WR99210
and G418 (neomycin), a procedure typically leading to the opposite effect and employed to
obtain clean disruption lines (Figure 17).

Microscopy with the M3-2xFKBP-GFP-2xFKBP cell line revealed fluorescence detectable
levels from ring to segmenter stages. In ring stages, M3-2xFKBP-GFP-2xFKBP was visible
uniformly distributed in the cytoplasm with a single accumulation (Figure 20). From
trophozoite to the segmented schizont stage the cytoplasmic localization remained together
with several foci that increase steadily in number with continued development in the asexual
cycle were observed. The foci were frequently, but not always, in proximity but not
overlapping with the nuclei (Figure 20). Nuclei typically had one or two foci of M3-2xFKBP-
GFP-2xFKBP associated, potentially indicating a Golgi or secretory pathway location.
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Figure 20: Localization of endogenously tagged candidate M3 (PF3D7_0305200).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M3-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

To functionally analyze M3, the M3-2xFKBP-GFP-2xFKBP cell line was co-transfected with
an episomally expressed 1XNLS-FRB-mCherry mislocalizer (Birnbaum et al., 2017) (Figure
21 panel) and knock sideways was carried out. This revealed that M3 was efficiently
mislocalised to the nucleus 24 h after addition of rapalog to induce the knock sideways
(Figure 22 panel). Growth analysis over five days showed growth defect on parasite growth in
the parasites with the inactivated M3 compared to the control (Figure 21 growth curve, and
Appendix 5). Together with the failure to obtain a clean SLI-TGD line for M3, this suggests

that M3 has some importance for efficient parasite growth in the asexual blood stage.
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Figure 21: Knock sideways and growth curve of endogenously tagged candidate M3 (PF3D7_0305200).
Panel) Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session)

of knock-in cell line M3-2xFKBP-GFP-2xFKBP (‘GFP’) with an episomally expressed 1XNLS-FRB-mCherry mislocalizer.
The cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the
presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5
pum, DIC (differential interference contrast). The graph to the right of the image panels shows parasite growth as
determined by flow cytometry of the M3-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of rapalog
(inactivated) and without rapalog (control). One representative of three independent experiments (replicas shown in
Appendix 5).

4.5 Candidate M4 (PF3D7_0305400)

M4 (PF3D7_0305400) is annotated as conserved protein with unknown function and is
composed of 145 AA (according to: PlasmoDB (Aurrecoechea et al., 2009)). BLAST search
(Altschul et al., 1990) revealed a homology to an insulinase family protein (e-value: 3e-14,
percent identity: 26 %) in Desulfovibrio hydrothermalis. A motif scan with MyHits (Pagni et
al., 2004) showed no significant homology. Using HHPred (Zimmermann et al., 2018), only
hits over short stretches or to common structural domains, such as coiled coils were found. In
the saturation-based mutagenesis screen (Zhang et al., 2018), M4 was classified as essential
for parasite growth, similarly the orthologue protein in P. berghei parasites was identified as
essential for parasite growth (Bushell et al., 2017). Attempts to disrupt the gene, using pSLI-
TGD were not successful. Also, endogenously C-terminal tagging with 2xFKBP-GFP-
2xXFKBP was unsuccessful in four independent attempts, indicating that C-terminal tagging of
M4 might interfere with correct protein function or localization. This protein was therefore

not further analysed.

4.6 Candidate M5 (PF3D7_0305500)

M5 (PF3D7_0305500) comprises 3933 AA and is annotated as conserved Plasmodium
protein with unknown function (according to: PlasmoDB (Aurrecoechea et al., 2009)).
BLAST search (Altschul et al.,, 1990) revealed no significant similarity outside the

78



Results

Apicomplexa, and a motif scan with MyHits (Pagni et al., 2004) showed no significant hit.
Using HHPred (Zimmermann et al., 2018), only hits over short stretches or to common
structural domains, such as coiled coils were found. In the saturation-based mutagenesis
screen (Zhang et al., 2018) M5 was classified as essential for parasite growth. Similarly the
orthologue protein in P. berghei parasites was identified as essential for parasite growth
(Bushell et al., 2017). Attempts to disrupt the gene, using pSLI-TGD were not successful.
Also, endogenously C-terminal tagging with 2xFKBP-GFP-2xFKBP was unsuccessful in four
independent attempts indicating that C-terminal tagging of M5 might interfere with correct

protein function or localization. This protein was therefore not further analyzed.

4.7 Candidate M6 (PF3D7_0306100)

M6 (PF3D7_0306100) is annotated as conserved protein with unknown function and
comprises 628 AA (according to: PlasmoDB (Aurrecoechea et al., 2009)). BLAST search
(Altschul et al., 1990) revealed no significant similarity to other organisms outside
Apicomplexa, and a motif scan with MyHits (Pagni et al., 2004) showed no significant hit.
Using HHPred (Zimmermann et al., 2018), only hits over short stretches or to common
structural domains, such as coiled coils were found. In the saturation-based mutagenesis
screen (Zhang et al., 2018), M6 was classified as essential for parasite growth, similarly the
orthologue protein in P. berghei parasites was identified as essential for parasite growth
(Bushell et al., 2017).

To analyze M6, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M6-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Microscopy with the M6-2xFKBP-GFP-2xFKBP cell line revealed detectable fluorescence
signal of M6-2xFKBP-GFP-2xFKBP in all asexual parasite stages. The protein located to the

nucleus where it was uniformly distributed (Figure 22).
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Figure 22: Localization of endogenously tagged candidate M6 (PF3D7_0306100).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M6-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

To functionally analyze M6, the M6-2xFKBP-GFP-2xFKBP cell line was co-transfected with
an episomally expressed lyn-FRB-mCherry mislocalizer for mislocalization to the PPM
(Birnbaum et al., 2017) (Figure 23 panel) and knock sideways was carried out. Inspection of
the cells after induction of the knock sideways revealed that the mislocalization was in-
complete 24 h after inducing in the parasites with the inactivated M6. In addition, reverse
localization from mislocalizer into the nucleus was also observed (Figure 23 panel). Hence,
the knock sideways achieved only a partial inactivation. Growth analysis over five days
showed no effect on parasite growth in the parasites with the inactivated M6 compared to the

control which may be due to the insufficient mislocalization (Figure 23 growth curve, and
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Appendix 5). In conclusion it is unclear if the M6 protein is important for growth of asexual

blood stage parasites.
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Figure 23: Knock sideways and growth curve of endogenously tagged candidate M6 (PF3D7_0306100).

Panel) Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session)
of knock-in cell line M6-2xFKBP-GFP-2xFKBP (‘GFP’) with an episomally expressed lyn-FRB-mCherry mislocalizer. The
cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the presence of
250 nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5 um, DIC
(differential interference contrast). The graph to the right of the image panels shows parasite growth as determined by flow
cytometry of the M6-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of rapalog (inactivated) and
without rapalog (control). One representative of three independent experiments (replicas shown in Appendix 5).

4.8 Candidate M7 (PF3D7_0307500)

M7 (PF3D7_0307500) was annotated as conserved protein with unknown function (according
to: PlasmoDB, release 31 (Aurrecoechea et al., 2009)). During the analysis of this protein the
name was changed to spindle and kinetochore-associated protein 2, putative (according to:
PlasmoDB, release 46 (Aurrecoechea et al., 2009)). The protein comprises 389 AA and a
BLAST search (Altschul et al., 1990) revealed a similarity to an uncharacterized protein DBB
from 1 — 346 AA in Piliocolobus tephosceles (e-value 3e-80, percent identity: 49 %). A motif
scan with MyHits (Pagni et al., 2004) showed no significant hit. The top hits using HHpred
(Zimmermann et al., 2018), revealed putative similarities of M7 to the Homo sapiens spindle
and kinetochore-associated protein 3 and spindle and kinetochore-associated protein 1. The
saturation-based mutagenesis screen (Zhang et al., 2018), classified M7 as essential for
parasite growth. Similarly the orthologue protein in P. berghei parasites was identified as
essential for parasite growth.

To analyze M7, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M7-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.

Microscopy with the M7-2xFKBP-GFP-2xFKBP cell line revealed detectable expression of
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M7-2xFKBP-GFP-2xFKBP from young trophozoites to segmenter stages at the end of the
cycle (Figure 24). The protein was uniform, located in one (Figure 24) or two foci (Figure 24
arrow head) close to the outer part of the nucleus more often towards the PPM. The M7-
2XFKBP-GFP-2xFLBP foci multiplied with the number of nuclei. The outer part of the nuclei
typically had one and sometimes two foci (Figure 24 arrow head) of M7-2xFKBP-GFP-

2xXFKBP associated, might indicating a nuclear membrane location.
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Figure 24: Localization of endogenously tagged candidate M7 (PF3D7_0307500).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M7-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).
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To functionally analyse M7, the M7-2xFKBP-GFP-2xFKBP cell line was co-transfected with
an episomally expressed lyn-FRB-mCherry mislocalizer (Birnbaum et al., 2017) (Figure 26
panel) and knock sideways was carried out. This revealed that M7 was efficiently
mislocalised 24 h after addition of rapalog to induce the knock sideways (Figure 25 panel).
Growth analysis over five days showed severe growth defect on parasite growth in the
parasites with the inactivated M7 compared to the control (Figure 25 growth curve, and
Appendix 5). Together with the failure to obtain a SLI-TGD line for M7, this suggests that

M7 has importance for efficient parasite growth in the asexual blood stage.
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Figure 25: Knock sideways and growth curve of endogenously tagged candidate M7 (PF3D7_0307500).

Panel) Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session)
of knock-in cell line M7-2xFKBP-GFP-2xFKBP (‘GFP’) with an episomally expressed lyn-FRB-mCherry mislocalizer. The
cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the presence of
250 nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5 pm, DIC
(differential interference contrast). The graph to the right of the image panels shows parasite growth as determined by flow
cytometry of the M7-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of rapalog (inactivated) and
without rapalog (control). One representative of three independent experiments (replicas shown in Appendix 5).

Initial localization of M7-2xFKBP-GFP-2xFKBP indicated close localization at the outer part
of the nucleus often facing PPM. To understand how M7 behaved in relation to the parasite
nucleus, confocal time lapse imaging was performed to get spatio-temporal information. The
M7-2xFKBP-GFP-2xFKBP cell line therefore was co-transfected with an episomally
expressed 3XNLS-FRB-mcherry plasmid (Birnbaum et al., 2017) to see the nucleus during
time lapse imaging. For confocal time lapse imaging The M7-2xFKBP-GFP-2xFKBP with an
episomally expressed 3XxNLS-FRB-mcherry parasites were synchronized with sorbitol to a
time window of 8 h, coated on an Ibidi dish with a bottom suitable for microscopy and
imaged at the confocal microscope under culture conditions as described (Griiring et al.,
2011). Parasites were imaged every 20 min using the 488 nM and 559 nM laser lines. M7-
2XFKBP-GFP-2xFKBP is displayed in green and the nucleus in red (Figure 26). Time lapse
imaging of M7-2xFKBP-GFP-2xFKBP with an episomally expressed 3xNLS-FRB-mcherry
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plasmid over a time frame of 100 min, showed M7-2xFKBP-GFP-2xFKBP from 0 min to 40
min, in a focus at the outer part of the nucleus (Figure 26, 20 min to 40 min). From 20 min to
40 min M7-2xFKBP-GFP-2xFKBP fluorescence signal seemed to brighter in comparison to
the M7-2xFKBP-GFP-2xFKBP fluorescence signal at the 0 min time point (Figure 26, 0 min,
20 min, 40 min). After 60 min one nucleus was seen with two M7-2xFKBP-GFP-2xFKBP
foci (Figure 26, 60 min). The M7-2xFKBP-GFP-2xFKBP foci seemed too migrated to
opposite directions at the outer part of the nucleus (Figure 26, 60 min to 100 min). At time
point 100 min two individual nuclei were seen with each one M7-2xFKBP-GFP-2xFKBP foci
at the outer part of the nucleus (Figure 26, 100 min). These experiments might indicate an

association of M7 separation with the division of the nucleus.

Figure 26: Candidate M7 (PF3D7_0307500) confocal time lapse imaging.
Top row) Representative confocal live cell images (n > 3 confocal time lapse imaging sessions, with at least 8 inspected cells

per session) of M7-2xFKBP-GFP-2xFKBP cell line (green) with an episomally expressed 3xNLS-FRB-mCherry plasmid
(red). The images show maximum intensity projections of 3D reconstructions of the merged green and red signal.
Additionally, the Gaussian filter of the Imaris software was applied for image processing. The images were taken every 20
min (time points labeled above the pictures) over a time frame of 100 min. Bottom row) Schematic model (not representative
results) of top row confocal images. The images are color codes of the 3D max protection transferred to 2D schematics. Scale
bars 5 pm.

Due to the localization of M7-2xFKBP-GFP-2xFKBP, the apparent separation of M7 foci
with nuclear division in the confocal time lapse imaging and the predicted homology to the
human protein SKA2 (according to: HHPred (Zimmermann et al., 2018)), it is possible that
M7 is the parasite orthologue of SKA2. To better assess this, appropriate co-localization
markers were selected. Because microtubules are associated with SKA2 in eukaryotes
(Helgeson et al., 2018; Jeyaprakash et al., 2012) and centrins might play an essential role in
microtubule serving (Sanders et al., 1994; Wolfrum, 1995) the centrins marker Centrin3,
which was already used in P. falciparum parasites, (Mahajan et al., 2008) was choosen as co-
localizaton marker. Therefore PfCentrin3 was C-terminally tagged with mCherry and co-
transfected (kindly performed by Jessica Kimmel) into the M7-2xFKBP-GFP-2xFKBP

integration cell line. The Centrin3 foci appeared to be positioned more towards the PPM
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while M7-2xFKBP-GFP-2xFKBP foci appeared to be more closely facing the nuclei
(Figure 27). Centrin3-mCherry and M7-2xFKBP-GFP-2xFKBP were located very closely
together and partially overlapped (Figure 27).

Figure 27: M7 (PF3D7_0307500) co-localization with Centrin3.
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 15 inspected cells per session) of

knock-in cell line of M7-2xFKBP-GFP-2xFKBP (green) with episomally expressed Centrin3-mCherry (Centrin3, red).
Parasite nuclei were stained with DAPI (blue). Zoom pictures are displayed with a 3x magnification (grey square). Scale bar
5 um, DIC (differential interference contrast).

Next, M7-2xFKBP-GFP-2xFKBP was co-localized with tubulin to determine the involvement
of M7-2xFKBP-GFP-2xFKBP in nuclear division. Alpha and beta-tubulins polymerize into
microtubules (Gunning et al., 2015) and are essential for mitosis and other cellular processes
(reviewed in: (Verhey et al., 2007; Westermann et al., 2003)). The tubulin staining was
performed with Tubulin Tracker™ Deep Red (Invitrogen, USA) in the M7-2xFKBP-GFP-
2xFKBP cell line. Tubulin appeared in a bright focus, at the nuclei with two filaments to the
left and right originating from the centre towards the nucleus. The bright central tubulin foci
was situated between the nuclei and the M7-2xFKBP-GFP-2xFKBP foci, whereby the M7-
2XFKBP-GFP-2xFKBP foci were facing the PPM. M7-2xFKBP-GFP-2xFKBP touched the
tubulin, but did not fully co-localize with it (Figure 28 control).

To get more detailed information about the role of M7 in mitosis, knock sideways was

induced to inactivate M7 in a mixed parasite culture followed by staining with DAPI and
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Tubulin Tracker™, The control cell line without rapalog appeared as expected with normal
looking nuclei and correctly located M7-2xFKBP-GFP-2xFKBP foci and tubulin (Figure 28
control). In contrast, the cell line where M7 had been inactivated (Figure 28 rapalog) showed
blurry and lumpy nuclei. Additionally, the nuclei were not correctly divided (Figure 28
rapalog, DAPI). In contrast to the control, the tubulin filaments appeared in long filaments
without a clearly defined centre. In the control, the tubulin filaments multiplied with the
number of nuclei. This was not seen in the parasites where M7 was inactivated (Figure 28

rapalog, tubulin).
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Figure 28: Candidate M7 (PF3D7_0307500) knock sideways and co-localization with tubulin.

Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 15 inspected cells per session) of
knock-in cell line of M7-2xFKBP-GFP-2xFKBP (green) with an episomally expressed lyn-FRB-mCherry mislocalizer. The
cell culture was split into two dishes: one served as control without rapalog (control), and the other was grown in the
presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken 8 h post addition of rapalog. Parasite
nuclei were stained with DAPI (blue) and TubulinTracker™ deep red (tubulin, red). Zoom pictures are displayed with a 3x
magnification (grey square). Scale bar 5 um, DIC (differential interference contrast).

To identify potential interaction partners and to get more indications regarding the function of
M7, DIQ-BiolD was performed (Birnbaum et al., 2020) with the M7 protein. DIQ-BiolD is
based on a heterodimerization which makes it easier to distinguish between background and
real interactors of target proteins by using the same starting culture in similar way to a knock
sideways experiment. But instead of inactivating the protein, the hetero dimerization brings
the Biotin ligase BirA* in close proximity to the FKBP tagged target protein, when rapalog is
added.(Birnbaum et al., 2020) If biotin is added to the cell culture, the proteins in a range of ~
10 nm around the ligase are labeled with biotin (biotinylation) (Choi-Rhee et al., 2004;
Cronan, 2005; Kim et al., 2016). The labeled proteins can then be purified by streptavidin
beats and analyzed by mass spectrometry (Birnbaum et al., 2020). To enable biotinylation of
potential M7 interaction partners from the M7 C- and N-terminal side, two different BirA*
constructs, BirA*-CL (Birnbaum et al., 2020) and BirA*-NL (Birnbaum et al., 2020) were co-
transfected into the M7-2xFKBP-GFP-2xFKBP cell line. To demonstrate that BirA*-CL and
BirA*-NL dimerize to M7-2xFKBP-GFP-2xFKBP, a mixed parasite culture was incubated in
and without the presence of rapalog for 21 h and analyzed by fluorescence microscopy. The
dimerization was confirmed by the overlap of BirA*-CL and BirA*-NL with M7-2xFKBP-
GFP-2xFKBP foci (Figure 29 A, B rapalog). As expected, the control cell lines showed no
overlap and only cytoplasmic staining BirA*-CL and BirA*-NL (Figure 29 A, B control).
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Figure 29: Dimerization of candidate M7 (PF3D7_0307500) with biotin ligase BirA*.

Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 10 inspected cells per session) of
knock-in cell line of M7-2xFKBP-GFP-2xFKBP (green) with an episomally expressed BirA*-CL (A) or an episomally
expressed BirA*-NL (B). Both cell cultures were split into two dishes: one served as control without rapalog (control), and
the other was grown in the presemce of 250 nM rapalog (rapalog). The samples for live cell imaging were taken 21 h post
addition of rapalog. Scale bar 5 um, DIC (differential interference contrast).

M7 + BirA* C-terminal

rapalog

control

M7 + BirA* N-terminal

rapalog

The DIQ-BiolD experiments were performed as described in 3.3.10 with two individual
replicates. The quantitative mass spectrometry (MS) using dimethyl labeling (Birnbaum et al.,
2020; Boersema et al., 2009) and protein enrichment analysis were kindly conducted by the
Bartfai Lab (Radbound University, Netherlands).
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Figure 30: Scatterplots of DIQ-BiolD with candidate M7 (PF3D7_0307500).
Plotted are the logz-ratios of 21 h grown in presence of rapalog cultures over the control (untreated culture) obtained from

two individual experiments. Experiment 1 was conducted with M7-2xFKBP-GFP-2xFKBP with an episomally expressed
BirA*-NL biotinyliser and experiment 2 was performed with M7-2xFKBP-GFP-2xFKBP with an episomally expressed
BirA*-CL biotinyliser. The upper right quarter of the scatter plot showing enriched proteins (log2 ratio) with their ID
(PlasmoDB idetifiers) indicating potential interactors of M7-2xFKBP-GFP-2xFKBP, on rapalog (biotinylizer on target),
compared with control (biotinylizer cytoplasmic). The lower left quarter shows the unenriched proteins (log. ratio) on
rapalog (biotinylizer on target), compared with control (biotinylizer cytoplasmic) with their protein ID.

experiment 2
log,(ratio M7 + cT + rapalog/M7 + cT + control)
0
]

The two experiments of the mass spectrometry are displayed in scatterplots, indicating the
enrichment of proteins grown in the presence of rapalog (biotinyliser on target) over control
(biotinylizer cytoplasmic). The experiments were plotted as logz-normalized ratio on both
axes (Figure 30). The significance was defined as the false discovery rate for experiment 1
and experiment 2 (Appendix 7) that describes the expected proportion of false hits among all
hits. The hits were sorted according to their significance from top (most significant)
downwards to the bottom of Table 8. Ten significant enriched proteins were found, and the

most significant hit in both experiments was M7 (Figure 30, Table 8 top hit), confirming the
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correct dimerization and biotinylation of M7-2xFKBP-GFP-2xFKBP using BirA*-NL and
BirA*-CL. Appendix 7 shows the individually DIQ-BiolD hits for BirA*-NL and BirA*-CL

experiments.

Table 8: Top hits of M7 DIQ-BiolD.

The table shows the top hits of the DIQ-BiolD experiments according to their significants from top (most significant) to the
bottom, their protein 1D, product description and the top hit of the HHPred server for protein remote homology detection and

3D structure prediction.

Protein ID

Product description

HHPred

PF3D7_0307500
PF3D7_0911200
PF3D7_1349600

PF3D7_1247400
PF3D7_1331200

PF3D7_0910800

PF3D7_1446700

PF3D7_0616200

PF3D7_1227600

PF3D7_1355300

M7 protein
conserved, unknown

conserved, unknown

FKBP35

conserved, unknown

NBP35, putative

conserved, unknown

kinetochore protein, NDC80

conserved, unknown

histone-lysine

N-methyltransferase,

putative

SKA 2
SKA 3

E3 ubiquitin-protein ligase

FKBP35

RNA polymerase II-
associated factor 1
cytosolic Fe-S cluster
assembly factor

nuclear pore complex

protein Nup155

kinetochore protein NDC
80

Kinetochore protein
NDC80

histone lysine

methyltransferase

Five of the ten significant DIQ-BiolD hits of M7 are annotated as proteins with unknown

function (according to: PlasmoDB (Aurrecoechea et al., 2009)). The most significant hit
besides M7 itself (Figure 30, Table 8, PF3D7_0911200), revealed a putative similarity to the
SKA 3 protein, using HHPred (Zimmermann et al., 2018) SKA3 is in humans part of a
heterotrimeric SKA complex together with SKA 2 and SKA 1 (Helgeson et al., 2018). Also,
the proteins PF3D7_0616200 and PF3D7_1227600 (Figure 30, Table 8) revealed a putative

91



Results

similarity to homologue proteins (Table 8) linked to the SKA complex in humans as they
showed homology to NDC80 (Helgeson et al., 2018). PF3D7_0910800 (Figure 30, Table 8)
annotated as NBP35 can be linked to RNA processing and ribosome export (Balk et al., 2005;
Hausmann et al., 2005; Netz et al., 2012; Netz et al., 2007; Yarunin et al., 2005). Also,
proteins with homologies to an RNA polymerase Il-associated factor 1 and a nuclear pore
complex protein Nup155 were identified (Figure 30, Table 8), suggesting that they are also
associated with the nucleus and its machinery. Overall, these hits validate M7 as a likely
orthologue of SKA2 and link it with the same biological process where the SKA complex is

involved in humanes.

4.9 Candidate M8 (PF3D7_0307600)

M8 (PF3D7_0307600) comprises 746 AA and is annotated as conserved Plasmodium protein
with unknown function (according to: PlasmoDB (Aurrecoechea et al., 2009)). BLAST search
(Altschul et al., 1990) revealed no similarity outside the Apicomplexa, and also the motif scan
with MyHits (Pagni et al., 2004) showed no similarity to domains in other organisms The best
hit using HHPred (Zimmermann et al., 2018), with a putative similarity to M8 was a DNA
repair and recombination protein in Sulfolobus solfataricus. In the saturation-based
mutagenesis screen (Zhang et al., 2018) M8 was classified as dispensable for parasite growth
similarly the orthologue protein in P. berghei parasites was identified as non-essential for
growth (Bushell et al., 2017).

To analyze M8, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M8-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Microscopy with the M8-2xFKBP-GFP-2xFKBP cell line revealed detectable fluorescence
signal from late trophozoite to segmenter stage. Microscopy with live cells failed to detect
M8-2xFKBP-GFP-2xFKBP in rings. In a couple of trophozoites a uniform cytoplasmic pool
of M8 was evident and a small number of foci in the parasite periphery became apparent in
late trophozoites and early schizonts. During the segmenter stage, the M8-2xFKBP-GFP-
2xXFKBP was visible in accumulations forming elongated structures and disks (Figure 31).
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Figure 31: Localization of endogenously tagged candidate M8 (PF3D7_0307600).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M8-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

To functionally analyse M8, the M8-2xFKBP-GFP-2xFKBP cell line was co-transfected with
an episomally expressed 1XNLS-FRB-mCherry mislocalizer (Birnbaum et al., 2017) (Figure
32 panel) and knock sideways was carried out. While the foci appeared to have fully
disappeared after induction of the knock sideways, left over of M8 at the membrane and
evenly distributed in the cytoplasm could not be excluded due to the low expression of the
protein and low signal above background (Figure 32 left panel). Growth analysis over five
days showed no effect on parasite growth in the parasites with the inactivated M8 compared
to the control which may be due to the insufficient mislocalization (Figure 32 growth curve,
and Appendix 5). In conclusion it is unclear if the M8 protein is important for growth of

asexual blood stage parasites.
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Figure 32: Knock sideways and growth curve of endogenoulsy tagged candidate M8 (PF3D7_0307600).

Panel) Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session)
of knock-in cell line M8-2xFKBP-GFP-2xFKBP (‘GFP’) with an episomally expressed 1XNLS-FRB-mCherry mislocalizer.
The cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the
presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5
pum, DIC (differential interference contrast). The graph to the right of the image panels shows parasite growth as
determined by flow cytometry of the M8-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of rapalog
(inactivated) and without rapalog (control). One representative of three independent experiments (replicas shown in
Appendix 5).

4.10 Candidate M9 (PF3D7_0307700)

The M9 (PF3D7_0307700) is annotated as conserved protein with unknown function and
comprises 1826 AA (according to: PlasmoDB (Aurrecoechea et al., 2009)). BLAST search
(Altschul et al., 1990) showed one hit to another uncharacterized protein from Carassius
auratus (e-value: 1e-12, percent identity: 25 %). An additional motif scan with MyHits (Pagni
et al., 2004) showed no significant similarity. Using HHPred (Zimmermann et al., 2018), only
hits over short stretches or to common structural domains, such as coiled coils were found. In
the saturation-based mutagenesis screen (Zhang et al., 2018) M9 was classified as dispensable
for parasite growth. In contrast the orthologue protein in P. berghei parasites (Bushell et al.,
2017) was annotated as essential for parasite growth. Attempts to disrupt the gene, using
pSLI-TGD were not successful. Also, endogenous C-terminal tagging with 2xFKBP-GFP-
2xXFKBP was unsuccessful in four independent attempts, indicating that C-terminal tagging of
M2 might interfere with correct protein function or localization. This protein was therefore

not further analyzed.

4.11 Candidate M10 (PF3D7_0307900)

M10 (PF3D7_0307900) is annotated as conserved Plasmodium protein with unknown
function and is composed of 3724 AA (according to: PlasmoDB (Aurrecoechea et al., 2009)).

BLAST search (Altschul et al., 1990) revealed no similarity outside the Apicomplexa. Also a
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motif scan with MyHits (Pagni et al., 2004) showed no significant hit. The best hit using
HHPred (Zimmermann et al., 2018) with a putative similarity to M10 was a ribosome
assembly protein in Saccharomyces cerevisiae. In the saturation-based mutagenesis screen
(Zhang et al., 2018) M10 was classified as dispensable for parasite growth. Similarly the
orthologue protein in P. berghei parasites was identified as essential for parasite growth
(Bushell et al., 2017).

To analyze M10, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M10-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Microscopy with the M10-2xFKBP-GFP-2xFKBP cell line revealed no detectable
fluorescence signal in rings, late schizonts and segmenters. In trophozoites and early schizonts
M10-2xFKBP-GFP-2xFKBP was usually found in accumulations always close to vesicle like
DIC structures (Figure 33).
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Figure 33: Localization of endogenously tagged candidate M10 (PF3D7_0307900).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M10-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

4.12 Candidate M11 (PF3D7_0308100)

M11 (PF3D7_0308100) consists of 1711 AA and was at the beginning of this work annotated
as Plasmodium conserved protein with unknown function (according to: PlasmoDB, release
31 (Aurrecoechea et al., 2009)) and later changed to putative zinc finger protein (according to
PlasmoDB, release 46 (Aurrecoechea et al., 2009)). A motif scan with MyHits (Pagni et al.,
2004) showed no significant hit. BLAST search (Altschul et al., 1990) did not show a
significant similarity to other organisms outside the Apicomplexa. The best hit using HHPred
(Zimmermann et al., 2018) with a putative similarity to M11 was a transcription intermediary
factor domain in Homo sapiens. In the saturation-based mutagenesis screen (Zhang et al.,

2018) M11 was classified as dispensable for parasite growth. In contrast the orthologue
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protein in P. berghei parasites (Bushell et al., 2017) was annotated as essential for parasite
growth.

To analyze M11, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M11-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Microscopy with the M11-2xFKBP-GFP-2xFKBP cell line revealed no detectable signal,
beside background fluorescence in rings and trophozoites. In early schizonts to late schizonts,
the tagged protein was frequently but not always located in foci at the nuclei. In segmeters the
foci increased in number and some foci were also visible, more centered than foci in schizonts
(Figure 34).
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Figure 34: Localization of endogenously tagged candidate M11 (PF3D7_0308100).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M11-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).
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4.13 Candidate M12 (PF3D7_0308300)

The 337 AA comprising M12 (PF3D7_0308300) protein is annotated as Plasmodium
conserved protein with unknown function (according: to PlasmoDB (Aurrecoechea et al.,
2009)). A BLAST search (Altschul et al., 1990) and the motif scan MyHits (Pagni et al.,
2004) revealed no similarities to other organisms outside the Apicomplexa. Using HHPred
(Zimmermann et al., 2018) no similarity to other proteins or domains was found. In the
saturation-based mutagenesis screen (Zhang et al., 2018), M12 was classified as essential
protein for parasite growth. In the P. berghei genome screen (Bushell et al., 2017) the M12
orthologue was not listed.

To analyze M12, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M12-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17).
Correct integration was also achieved for the corresponding pSLI-TGD plasmid (Figure 17),
indicating that M12 is dispensable for growth of asexual blood stage parasites. Microscopy
with the M12-2xFKBP-GFP-2xFKBP cell line revealed no signal from ring to late trophozoite
stage (Figure 36). In schizonts, the protein was diffusely distributed at the PPM, whereas in

segmeters the nuclei were surrounded by fluorescence signals (Figure 35).
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Figure 35: Localization of endogenously tagged candidate M12 (PF3D7_0308300).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M12-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

4.14 Candidate M13 (PF3D7_0308700)

M13 (PF3D7_0308700) comprises 492 AA and is annotated as conserved Plasmodium
protein with unknown function (according to: PlasmoDB (Aurrecoechea et al., 2009)).
BLAST search (Altschul et al., 1990) showed a hit to an also uncharacterized protein of
Piliocolobus tephrosceles (e-value: 4e-74, percent identity: 42.8 %) . The MyHits motif scan
(Pagni et al., 2004) did not show significant hits. The best hit using HHPred (Zimmermann et
al., 2018) with a putative similarity to M13 was a nucleoporin protein in Homo sapiens. In the
saturation-based mutagenesis screen (Zhang et al., 2018) M13 was classified as essential for
parasite growth. Similarly the orthologue protein in P. berghei parasites was annotated as

essential for growth (Bushell et al., 2017).
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To analyze M13, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M13-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Microscopy with the GFP tagged M13 cell line showed no detectable signal in ring and early
trophozoite stages. Late trophozoites and early schizonts displayed a faint cytoplasmic
staining with some roundish accumulations. In late schizonts and segmenters, M13-2xFKBP-
GFP-2xFKBP was visible in clear foci in close proximity to the nuclei (Figure 36). The
localization might be similar to the AIP-FKBP-GFP rhoptry protein shown by (Geiger et al.,
2019), this could suggest M13 as an apical protein.
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Figure 36: Localization of endogenously tagged candidate M13 (PF3D7_0308700).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M13-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).
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4.15 Candidate M14 (PF3D7_0308800)

The protein sequence of M14 (PF3D7_0308800) comprises 108 AA. M14 is annotated as
conserved Plasmodium protein with unknown function (according to: PlasmoDB
(Aurrecoechea et al., 2009)). A BLAST search revealed similarity with an identity of 59 %
and a cover query of 37 % to Sodium-coupled neutral amino acid transporter in Symbiodinium
microadriaticum. No significant hit was shown with the motif scan MyHits (Pagni et al.,
2004). Using HHPred (Zimmermann et al., 2018) only hits over short stretches or to common
structural domains, such as coiled coils were found. The saturation-based mutagenesis screen
(Zhang et al., 2018), classified M14 as intermediate phenotype between essential and
dispensable for parasite growth. In the P. berghei genome screen (Bushell et al., 2017) the
M14 orthologue was not listed. Attempts to disrupt the gene, using pSLI-TGD were not
successful. Also, endogenous C-terminal tagging with 2xFKBP-GFP-2xFKBP was
unsuccessful in four independent attempts, indicating that C-terminal tagging of M14 might
interfere with correct protein function or localization. This protein was therefore not further

analyzed.

4.16 Candidate M15 (PF3D7_0309900)

M15 (PF3D7_0309900) is annotated as conserved Plasmodium protein with unknown
function and comprises 1673 AA (according to: PlasmoDB (Aurrecoechea et al., 2009)).
BLAST search (Altschul et al., 1990) revealed 13 hypothetical, predicted and uncharacterized
proteins (e-values < 3e-14, percent identities < 49.3 %) A motif scan performed with
MyHits (Pagni et al., 2004) showed no significant hits. Using HHPred (Zimmermann et al.,
2018), only hits over short stretches or to common structural domains, such as coiled coils
were found. The saturation-based mutagenesis screen (Zhang et al., 2018), classified M15 as
not essential for parasite growth. . In the P. berghei genome screen (Bushell et al., 2017) the
orthologue M15 protein was not listed. Attempts to disrupt the gene, using pSLI-TGD were
not successful. Also, endogenous C-terminal tagging with 2xFKBP-GFP-2xFKBP was
unsuccessful in four independent attempts, indicating that C-terminal tagging of M14 might
interfere with correct protein function or localization. This protein was therefore not further

analyzed.

4.17 Candidate M16 (PF3D7_0310900)

The protein sequence of M16 (PF3D7_0310900) comprises 786 AA. M16 is annotated as

conserved Plasmodium protein with unknown function (according to: PlasmoDB
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(Aurrecoechea et al., 2009)). BLAST search (Altschul et al., 1990), the motif scan with
MyHits (Pagni et al., 2004) and HHPred (Zimmermann et al., 2018) showed no similarities to
other organisms outside the Apicomplexa. The saturation-based mutagenesis screen (Zhang et
al., 2018), classified M16 as an essential protein for parasite growth. In the P. berghei
genome screen (Bushell et al., 2017) the M16 orthologue was not listed.

To analyze M16, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M16-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Based on live cell microscopy expression of M16-2xFKBP-GFP-2xFKBP was detectable
from early trophozoites to segmenters but not in ring stages and young trophozoites. M16-
2XFKBP-GFP-2xFKBP was in one or occasionally two foci in the periphery of every nucleus,
often facing the PPM (Figure 37), reminiscent of the pattern observed with M7-2xFKBP-
GFP-2xFKBP. During nuclear division (when the nucleus stretches), generally two foci were
visible, one each at the narrow side of the stretched nucleus (Figure 37 late troph), similar to
the observed phenotype of M7-2xFKBP-GFP-2xFKBP.
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Figure 37: Localization of endogenously tagged candidate M16 (PF3D7_0310900).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M16-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

To functionally analyse M16, the M16-2xFKBP-GFP-2xFKBP cell line was co-transfected
with an episomally expressed lyn-FRB-mCherry mislocalizer (Birnbaum et al., 2017) (Figure
38 panel) and knock sideways was carried out. This revealed that M16 was efficiently
mislocalised 24 h after addition of rapalog to induce the knock sideways (Figure 38 panel).
Growth analysis over five days showed severe growth defect on parasite growth in the
parasites with the inactivated M16 compared to the control (Figure 38 growth curve, and
Appendix 5). Together with the failure to obtain a SLI-TGD line for M16, this suggests that

M16 has importance for efficient parasite growth in the asexual blood stage.
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Figure 38: Knock sideways and growth curve of endogenously tagged candidate M16 (PF3D7_0310900).

Panel) Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session)
of knock-in cell line M16-2xFKBP-GFP-2xFKBP (‘GFP”) with an episomally expressed lyn-FRB-mCherry mislocalizer. The
cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the presence of
250 nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5 um, DIC
(differential interference contrast). The graph to the right of the image panels shows parasite growth as determined by flow
cytometry of the M16-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of rapalog (inactivated) and
without rapalog (control). One representative of three independent experiments (replicas shown in Appendix 5).

Due to the close proximity of M16 to the nuclei and the similarity to the localisation pattern
of candidate M7, a co-localization with tubulin (TubulinTracker™) was performed. Tubulin
was visible as expected in one focus at the outer part of the nuclei with two outgoing strings
(Figure 39 control, tubulin, merge). M16-2xFKBP-GFP-2xFKBP partially co-localized with
the center of tubulin facing the PPM (Figure 39 control). When knock sideways of M16 was
induced, tubulin stayed at the nuclei (Figure 40 rapalog). While this suggested a different
function of M16 compared to M7, there was nevertheless an effect on nuclear division
apparent in some parasites that displayed nuclei that were not correctly divided and showed a
blurry shape without clear boundaries (Figure 39 rapalog, yellow arrows heads) in the
parasites with the inactivated M16 compared to the control (Figure 39 control, DAPI).
However, other parasites with the inactivated M16 displayed normal looking nuclei (Figure
39 rapalog, white arrow heads). Further studies are therefore needed to clarify the function of

M16 in nuclear division.
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Figure 39: Candidate M16 (PF3D7_0310900) knock sideways and co-localization with tubulin.
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 15 inspected cells per session) of

knock-in cell line of M16-2xFKBP-GFP-2xFKBP (green) with an episomally expressed lyn-FRB-mCherry mislocalizer. The
cell culture was split into two dishes: one served as control without rapalog (control), and the other was grown in the
presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken 8 h post addition of rapalog. Parasite
nuclei were stained with DAPI (blue) and TubulinTracker™ deep red (tubulin, red). Zoom pictures are displayed with a 3x
magnification (grey square). Yellow arrow heads pointing to ‘unusual’ nuclei, white arrowheads indicating ‘normal’ looking
nuclei. Scale bars 5 pm.

4.18 Candidate M17 (PF3D7_0312900)

M17 (PF3D7_0312900) is annotated as hypothetical protein and comprises 273 AA
(according to: PlasmoDB (Aurrecoechea et al., 2009)). BLAST search (Altschul et al., 1990)
revealed no significant similarity outside the Apicomplexa. A motif scan with MyHits (Pagni
et al., 2004) showed no significant hit. Using in HHPred (Zimmermann et al., 2018), no
significant hit found. The saturation-based mutagenesis screen classified the protein as
dispensable for parasite growth (Zhang et al., 2018). In the P. berghei genome screen (Bushell
et al., 2017) the M17 orthologue was not analyzed.

To analyze M17, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M17-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
The M17-2xFKBP-GFP-2xFKBP cell line was analyzed by live fluorescence microscopy and
no signal was detected in parasite ring stages of the asexual development of the parasite in
RBCs (Figure 40). In trophozoites and schizonts a very low fluorescence signal was detected
at the PPM (Figure 40) and in segmenter the signal was diffuse visible inside the parasites
(Figure 40).
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Figure 40: Localization of endogenously tagged candidate M17 (PF3D7_0310900).

Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of
knock-in cell line M17-2xFKBP-GFP-2xFKBP (‘GFP”). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

4.19 Candidate M18 (PF3D7_0313000)

PF3D7_0313000 (M18) is annotated as conserved Plasmodium protein with unknown
function and the AA sequence comprises 346 AA (according to: PlasmoDB (Aurrecoechea et
al., 2009)). BLAST search (Altschul et al., 1990) revealed similarity (to a probable
serine/threonine-protein  kinase in Piliocolobus tephrosceles (e-value: 3e-08, percent
propability: 36.2 %) . A motif scan with MyHits (Pagni et al., 2004) showed no significant
hits. Using HHPred (Zimmermann et al., 2018), only hits over short stretches or to common
structural domains, such as coiled coils were found. The saturation-based mutagenesis screen
(Zhang et al., 2018) revealed a dispensable function of this protein for parasite growth. The

orthologue P. berghei protein was not analyzed (Bushell et al., 2017).
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To analyze M18, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M18-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Microscopy revealed detectable fluorescence signal expression for M18-2xFKBP-GFP-
2XFKBP in the cytoplasm over all asexual erythrocyte stages (Figure 41). In addition to the
cytoplasmic distribution of M18-2xFKBP-GFP-2xFKBP, one focus was seen in early
trophozoites, and from late trophozoites to segmenters multiple foci were observed that often
were in proximity to the nucleus (Figure. 41). This fluorescence pattern could indicate a Golgi

location but a co-localisation analysis would be needed to confirm this hypothesis.
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Figure 41: Localization of endogenously tagged candidate M18 (PF3D7_0313000).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M18-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).
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To functionally analyse M18, the M18-2xFKBP-GFP-2xFKBP cell line was co-transfected
with an episomally expressed 1XNLS-FRB-mCherry mislocalizer (Birnbaum et al., 2017)
(Figure 43 panel) and knock sideways was carried out. While most of the M18 protein was
mislocalized some foci were seen outside the nucleus in the parasites with the inactivated
M18, potentially indicating that some of the M18 protein population remained at its site of
action (Figure 42 panel). Growth analysis over five days showed no effect on parasite growth
in the parasites with the inactivated M18 compared to the control which may be due to the
insufficient mislocalization (Figure 42 growth curve, and Appendix 5). In conclusion it is

unclear if this protein is important for growth of asexual blood stage parasites.
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Figure 42: Knock sideways and growth curve of endogenously tagged candidate M18 (PF3D7_0313000).

Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of
knock-in cell line M18-2xFKBP-GFP-2xFKBP (‘GFP’) with an episomally expressed 1xNLS-FRB-mCherry mislocalizer.
The cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the
presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5
pm, DIC (differential interference contrast). The graph to the right of the image panels shows parasite growth as
determined by flow cytometry of the M18-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of
rapalog (inactivated) and without rapalog (control). One representative of three independent experiments (replicas shown in
Appendix 5).

4.20 Candidate M19 (PF3D7_0313200)

M19 (PF3D7_0313200) is annotated as conserved protein with unknown function and
comprises 233 AA (according to: PlasmoDB (Aurrecoechea et al., 2009)). A motif scan with
MyHits (Pagni et al., 2004) showed no similarity to other domains. BLAST search (Altschul
et al., 1990) showed a similarity to an unnamed protein product of Vitrella brassicaformis (e-
value: le-10, percent identity 26.1 %). Using HHPred (Zimmermann et al., 2018), only hits
over short stretches or to common structural domains, such as coiled coils were found. The

saturation-based mutagenesis screen (Zhang et al., 2018), classified M19 as an intermediate
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phenotype between essential and dispensable for parasite growth. In the P. berghei genome
screen (Bushell et al., 2017) the orthologue protein was not listed.

To analyze M19, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M19-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Microscopy of the M19-2xFKBP-GFP-2xFKBP cell line revealed no detectable fluorescence
signal expression in ring stages and a faint uniform cytosolic location in young trophozoites
(Figure 43). From late trophozoites to segmenters M19-2xFKBP-GFP-2xFKBP was visible in
irregular accumulations in the parasite cytosplasm that did not overlap with nuclei with some

additional isolated foci (Figure 43).
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Figure 43: Localization of endogenously tagged candidate M19 (PF3D7_0313200).

Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of
knock-in cell line M20-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

4.21 Candidate M20 (PF3D7_0313400)

M20 (PF3D7_0313400) is annotated as conserved Plasmodium protein with unknown
function and comprises 784 AA (according to: PlasmoDB (Aurrecoechea et al., 2009)). A
BLAST search (Altschul et al., 1990) revealed a similarity to a ribonuclease E in Tatumella
saanichensis (e-value: 0.007, percent identity: 35 %) and additional seven hypothetical
proteins (e-vaulues > 1e-04, percent identities < 47.9 %). In a motif scan with MyHIts (Pagni
et al., 2004), no significant hit was shown. Using HHPred (Zimmermann et al., 2018), only
hits over short stretches or to common structural domains, such as coiled coils were found.
The saturation-based mutagenesis screen (Zhang et al., 2018), classified M20 as essential for
parasite growth. In the P. berghei genome screen (Bushell et al., 2017) the M20 orthologue
protein was not listed.

To analyze M20, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M20-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Fluorescence microscopy with the cell line M20-2xFKBP-GFP-2xFKBP revealed only a
mostly uniform cytosolic GFP signal, indicating that M20-2xFKBP-GFP-2xFKBP was only
poorly expressed in all asexual blood stages (Figure 44). As typically non-specific
background shows a signal in the FV (like described for 3D7 (Birnbaum et al., 2017), not the
parasite cytosol, it is most likely that M20 is present evenly distributed in the parasite

cytoplasm (Figure 44).
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Figure 44: Localization of endogenoulsy tagged candidate M20 (PF3D7_0313400).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M20-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

4.22 Candidate M24 (PF3D7_0314700)

At the time this work was started, PF3D7_0314700 (M24) was annotated as conserved
Plasmodium protein with unknown function (according to: PlasmoDB, release 31
(Aurrecoechea et al., 2009)). During the course of this work, the annotation changed to ring
finger protein RNF1 (according to: PlasmoDB, release 46 (Aurrecoechea et al., 2009)). The
protein comprises 1181 AA, and a BLAST search (Altschul et al., 1990) showed no
significant similarity to other organisms outside the Apicomlexa. A motif scan with MyHIts
(Pagni et al., 2004) also displayed a Zinc finger (RING finger) domain at position 1131-1171.
The best hit using HHPred (Zimmermann et al., 2018), with a putative similarity to M24 was

an ERAD-associated E3 ubiquitin-protein ligase HRD1 from Saccharomyces cerevisiae. The
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saturation-based mutagenesis screen (Zhang et al., 2018), classified M24 as dispensable for
parasite growth. Similarly the orthologue protein in P. berghei parasites was annotated as
non-essential for parasite growth.

To analyze M24, the corresponding gene product was tagged with 2xFKBP-GFP-2xFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M24-2xFKBP-GFP-2xFKBP knock-in was confirmed by PCR (Figure 17),
whereas no correct integration could be achieved for the corresponding pSLI-TGD plasmid.
Fluorescence microscopy with the cell line M24-2xFKBP-GFP-2xFKBP revealed only a
mostly uniform cytosolic GFP signal, indicating that M24-2xFKBP-GFP-2xFKBP was only
poorly expressed in all asexual blood stages (Figure 45). As typically non-specific
background shows a signal in the FV (like described for 3D7 (Birnbaum et al., 2017), not the
parasite cytosol, it is most likely that M24 is present evenly distributed in the parasite
cytoplasm (Figure 45).
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Figure 45: Localization of endogenously tagged candidate M24 (PF3D7_0314700).
Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session) of

knock-in cell line M24-2xFKBP-GFP-2xFKBP (‘GFP’). The stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

To functionally analyse M24, the M24-2xFKBP-GFP-2xFKBP cell line was co-transfected
with an episomally expressed 1XNLS-FRB-mCherry mislocalizer (Birnbaum et al., 2017)
(Figure 46 panel) and knock sideways was carried out. This revealed that M24 was efficiently
mislocalised to the nucleus 24 h after addition of rapalog to induce the knock sideways
(Figure 46 panel). However, growth analysis over five days showed no effect on parasite
growth in the parasites with the inactivated M24 compared to the control (Figure 46 growth
curve, and Appendix 5). In conclusion the knock sideways reveals that M24 dispensable for

growth of asexual blood stage parasites.
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Figure 46: Knock sideways and growth curve of endogenously tagged candidate M24 (PF3D7_0314700).
Panel) Representative live cell images (n > 3 fluorescence microscopy sessions, with at least 20 inspected cells per session)

of knock-in cell line M24-2xFKBP-GFP-2xFKBP (‘GFP”) with an episomally expressed IXNLS-FRB-mCherry mislocalizer.
The cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the
presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5
pm, DIC (differential interference contrast). The graph to the right of the image panels shows parasite growth as
determined by flow cytometry of the M24-2xFKBP-GFP-2xFKBP knock sideways parasites grown in the presence of
rapalog (inactivated) and without rapalog (control). One representative of three independent experiments (replicas shown in
Appendix 5).
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5 Discussion

More than one third (according to: PlasmoDB(Aurrecoechea et al.,, 2009)) of the
approximately 5700 P. falciparum genes (Gardner et al.,, 2002) are annotated to be of
‘unknown function’. Most of these genes are probably highly adapted to the parasite’s life
cycle, and their investigation will lead to a better understanding of the parasite’s biology. The
understanding of the parasite’s biology is essential to find parasite specific drug targets. This
work specifically deals with genes with unknown function and a medium throughput screen
of the genes of the third P. falciparum chromosome was carried out. To achieve this, the SLI-
system was used to obtain endogenously tagged versions of the corresponding gene products,
permitting the localisation of the physiological protein in living cells, its functional analysis
using the knock sideways technique and for selected cases, an interaction analysis using DiQ-
BiolD (Birnbaum et al., 2017; Birnbaum et al., 2020). Additionally, a functional analysis of
PfRab5b was carried out which served as proof of principle for the knock sideways method
and subsequent functional assays while the cell lines for the analysis of the candidates from

chromosome 3 were generated.

5.1 Role of Rab5b in host cell cytosol uptake

In humans, the Rab-GTPases and Rab like-GTPases comprise more than 70 proteins (Bock et
al., 2001; Stenmark et al., 2001) and are members of the Ras superfamily (Colicelli, 2004).
Rab-GTPases were identified as essential regulators for membrane trafficking (Bucci et al.,
2006; Salminen et al., 1987; Schmitt et al., 1986; Touchot et al., 1987) and vesicular / tubular
transport (Pfeffer, 1992). Thereby, they can switch between an active GTP- or an inactive
GDP-bound conformation (Becker et al., 1991; Tisdale et al., 1992; Walworth et al., 1992;
Walworth et al., 1989), catalyzed by a guanine nucleotide exchange factor (GEF) (Delprato et
al., 2004). In recent years it was shown that Rab-GTPases are important for several events,
including vesicle budding from donor membranes, coat assembly, cargo selection and
physical budding (reviewed in: (Stenmark, 2009)).
In mammalian cells the Rab5 GTPase was localized to early endosomes and on the
cytoplasmic surface of the plasma membrane (Chavrier et al., 1990a; Chavrier et al., 1990b)
and has been shown to be involved in early endocytosis (Bucci et al., 1992; Gorvel et al.,
1991). It was also postulated that Rab5, forming a complex with GDP dissociation inhibitor
(GDI), is an essential factor for Clathrin coated pit formation at the plasma membrane and
during Clathrin mediated endocytosis for transferrin receptors (McLauchlan et al., 1998).
Rab5 was renamed to Rab5a as two additional isoforms (Rab5b and Rab5c) were found
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(Chavrier et al., 1992; Wilson et al., 1992). It was shown that the isoforms share all the
structural features and cooperate in the regulation of endocytosis (Bucci et al., 1995).

In P. falciparum parasites, a gene with a significant similarity to rab5 was identified (Gardner
et al., 1998). Later on, also two other rab5 homologs (Pfrab5b and Pfrab5c) were identified,
whereby Pfrab5b does not encode a classical Rab C-terminus but is N-terminally modified
(Quevillon et al., 2003). Recently, it was shown that PfRab5a is not involved in endocytosis
(Birnbaum et al., 2017). The function of Rab5b and Rab5c is still unclear (Ebine et al., 2016;
Ezougou et al.,, 2014). Sven Flemming could show that Rab5b co-localizes with the
endosomal marker PI(3)P at the FV and its extension and proposed PfRab5b as a protein
putatively involved in endocytosis (Flemming, 2015).

In order to validate that Rab5b is involved in endocytosis, the Rab5b-2xFKBP-GFP-FKBP
cell line (kindly provided by Sven Flemming) was used for further analysis in this thesis.

By functional analysis and quantification experiments, Rab5b revealed an essential role in
host cell cytosol uptake like the recently postulated VPS45 protein (Jonscher et al., 2019).
VPS45 was the first protein shown to be involved in HCCU, whereby the inactivation of
VVPS45 led to the formation of PI(3)P positive vesicles in the parasite and a lethal phenotype.
VPS45 was localized near the FV and Golgi (Jonscher et al., 2019). Rab5b inactivation
revealed a similar growth defect in addition to vesicle accumulation, as observed for parasites
where VVPS45 was inactivated. However, a lower number of accumulated vesicles over time
were observed in parasites, where Rab5b was inactivated compared to parasites where VPS45
was inactivated, and the growth phenotype for Rab5b inactivated parasites was not as
pronounced. A possible explanation for this could be a partial compensation by one of the
other PfRab5 proteins. In mammalian cells, the three Rab5 isoforms cooperate in endocytosis
regulation, suggesting functional redundancy (Bucci et al., 1995; Su et al., 2006). However,
there is also evidence that different Rab5 isoforms have different functions in different cell
types or species (Barbieri et al., 2000; Birnbaum et al., 2017; Chen et al., 2009; Chiariello et
al., 1999; Rastogi et al., 2016; Rosenfeld et al., 2001). Because in P. falciparum parasites
Rab5a was not linked to endocytosis (Birnbaum et al., 2017), only Rab5c can be considered to
partially compensate the loss of Rab5b. Another option could be an incomplete knock
sideways, whereby a small amount of the protein might remain functional and ensure the
parasites’ survival. While no Rab5b was apparent outside of the nucleus after the knock
sideways it cannot be fully excluded that a small fraction of the Rab5b population remained at

its physiological site of action.
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In agreement with the growth phenotype, Rab5b inactivation revealed an arrest of the
parasites. However, the arrest of Rab5b was mainly seen in schizonts, whereas VPS45
inactivation leads to an arrest in trophozoites and schizonts (Jonscher et al., 2019). An
explanation for this is the less profound effect of the Rab5b phenotype that likely permitted
the cells to progress further in the cycle or potentially a mild difference in scoring of
trophozoites and schizonts which is done based on Giemsa smears, not a defined marker, and
therefore is subject to some level of variation.

To further assess a similarity of the Rab5b and the VPS45 phenotype, electron microscopy
experiments of parasites with inactivated PfRab5b could characterize vesicle membranes
composition to compare it to those published in the parasites where VPS45 was inactivated.
Electron microscopy images of parasites with inactivated VPS45 displayed vesicles with
double membranes (could indicate early endocytosis) as well as vesicles with only one
membrane (Jonscher et al., 2019), which might suggest matured vesicles in later endocytosis.
In other organisms Rab5b, functions together with VPS45 and a third protein, rabenosyn-5 in
endocytosis (Deneka et al., 2002; Eathiraj et al., 2005; Gengyo-Ando et al., 2007; Nielsen et
al., 2000; Rahajeng et al., 2010; Tall et al., 1999). The results in this thesis therefore support
the assumption that Rab5b and VVPS45 participate in the same endocytic intermediate step
with similar function and maybe even in the same complex, suggesting an at least partially
canonical endolysosomal pathway in malaria parasties. A co-localization with VPS45 and
subcellular analysis with a Golgi marker, like GRASP, would give additional information
about this interaction. A good method to show protein complexes is the DiQ-BiolD
(Birnbaum et al., 2020). Unfortunately, the dimerization of Rab5b with an episomally co-
transfected BirA* ligase seems to displace Rab5b from its site of action and resulted in a
lethal, vesicle accumulating phenotype. This was also observed when in a similar attempt the
biotin ligase BirA* was recruited to VPS45 in an attempt to carry out DiQ-BiolD
(unpublished: Jonscher and Spielmann). To overcome this problem, the BirA* ligase was
endogenously fused to Rab5b (Rab5b-7xGS-BirA*) but due to time reasons no BiolD was yet
carried out with this cell line. The resulting mass spectrometry may show the interactors of
Rab5b and might validate the interaction with VPS45. However, it should be considered that
this would be a regular BiolD (Roux et al., 2012) which likely would show more background
than DiQ-BiolD. Another method to demonstrate interaction could be the SLI2 system
(unpublished: Naranjo-Prado, Mesen-Ramirez, Stécker), whereby both proteins can be

endogenously tagged in the same cell line. Also fluorescence resonance energy transfer
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(FRET) (Sekar et al., 2003) and co-immunoprecipitation assays (Simon et al., 2009) would be
suitable methods to validate interaction partners.

Interestingly, the most prominent artemisinin resistance marker Kelchl13, as well as an
EPS15-like protein and AP2u were shown to be involved in P. falciparum endocytosis
(Birnbaum et al., 2020) Rab5b showed no co-localization with the Kelch13 complex, and
parasites deficient for certain Kelch13 complex proteins did not show a vesicle accumulation
phenotypes, although they reduced endocytosis in P. falciparum parasites. This reveals
different protein complexes, one characterized by Kelch13 and Epsl5, and another one as
VPS45 and Rab5b in different intermediate steps during HCCU. Due to the missing Kelch13
vesicle phenotype and the co-localization of VPS45 with the Golgi marker Grasp, Kelch13
and EPS15 could be involved in an early - and Rab5b with VPS45 in a late - HCCU (Figure
47).

For Rab5b, an additional functional analysis was conducted, by performing gene-
complementation studies using mutated versions of Rab5b, which should lead to a Rab5b
GTP- and Rab5b GDP-bound conformation. In human cells these resulted in different
phenotypes, either unusually large early endosomal structures, or accumulation of very small
endocytic vesicles (Stenmark et al., 1994a). Functional analysis did not reveal a phenotype
when Rab5b-2xFKBP-GFP-2xFKBP was inactivated and episomally complemented with a
Rab5b codon adjusted copy, including these mutations. This could be due to the
overexpression of the episomal mutated Rab5b protein. This can lead to surplus amounts of
the protein which might have complemented even though they contained the mutation
(reviewed in: (Rosano et al., 2014)). If this is the case, complementing with a construct
leading to a more moderate expression of the complementing Rab5b variant could be a
solution. Furthermore, Rab5b-2xFKBP-GFP-2xFKBP remaining at its site of action during
the knock sideways could compensate the effect of the episomally expressed Rab5b mutated
copy, although it is unclear why this should have happened when it did not in the
uncomplemented cell line. Using the DiCre system instead of the knock sideway to excise the
genomic rab5b gene might be a solution for this. It is also possible that the position of the
mutations did not affect the GTP/GDP binding in P. falciparum Rab5b.

In summary, the results indicate that Rab5b is involved in P. falciparum HCCU, probably
located in the same complex as VPS45 (Figure 47). Amongst the eleven Rab proteins in the
P. falciparum parasite’s genome (Quevillon et al., 2003), Rab5b is the first linked to
endocytosis and represents the second P. falciparum protein identified to be involved in
HCCU.
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Figure 47: Model of Rab5b during host cell cytosol uptake.
Based on the resuls of this thesis and results from previous work (Birnbaum et al., 2020; Jonscher et al., 2019) the figure

shows a model of the molecules known to be involved in HCCU. The RBC is displayed in light red, the PVM in red. the PV
is shown in white, the PPM in dark blue. The parasite is depicted in light blue, including the FV (light grey, digestive
vacuole) with accumulated haemozoin (dark grey). The HCCU pathway is indicated by an arrow (light red) and proteins
involved are shown in yellow boxes, circular light red structure, HCCU intermediate on the way to the FV). The model is
based on: (Jonscher et al., 2019).

5.2 Functional investigation of P. falciparum proteins with unknown
function

The genome of P. falciparum parasite’s (strain 3D7) comprises approximately 2600 genes
annotated with ‘unknown function’ (according to: PlasmoDB (Aurrecoechea et al., 2009))
distributed on 14 chromosomes (Gardner et al., 2002). This project continued the functional
investigation of chromosomes (chromosome 3), based on to the work of Sabine Schmidt
(Master thesis, Sabine Schmidt), who partly analyzed chromosome 1, and Jakob Birnbaum,
who was focusing on chromosome 2 (Birnbaum, 2017; Birnbaum et al., 2017)

5.2.1 Selection of the unknown candidates

The third chromosome contains 249 predicted gene products (proteins) (according to:
PlasmoDB (Aurrecoechea et al., 2009)). Fifty-five proteins with a signal peptide and 49
proteins containing transmembrane domain(s) were excluded. This was done because these
proteins are not suitable for functional analysis using the knock sideways method (Birnbaum
et al., 2017), because they are either inserted into a membrane or enter the secretory system
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where they are unavailable for current mislocalisers. The 55 proteins which included a signal
peptide among others included: rifin proteins (like: PF3D7_0300500, PF3D7_0300700) stevor
proteins (like: PF3D7_0300400, PF3D7_0324600) a putative ER membrane subunit complex
protein (PF3D7_0306700) a putative membrane transporter protein (PF3D7_0302600). Also,
13 conserved unknown proteins contained a signal peptide and were excluded. Of the
removed transmembrane proteins, almost one half (24 proteins) was annotated as proteins
with unknown function. The other half was annotated among others as PFEMP1, pseudogene
(PF3D7_0300200), v-SNARE protein, putative (PF3D7_0314100) or as ubiquitin ligase
protein (PF3D7_0312100). In view of the potential of unknown proteins (see. 1.5), the total of
37 unknown proteins which were removed highlight to develop a knock sideways system
suitable for such proteins.

A suitable solution for the SP and TMs containing proteins would be the mislocalization
before proteins with a signal peptide or transmembrane domain(s) reach their side of action. A
mislocalizer for the secretory pathway potentially could inactivate proteins during passage
through the ER or Golgi. A suitable system would be the RUSH system (retention using
selective hooks). This system is based on streptavidin-binding peptide (SBP) interacting with
streptavidin and was already used in other systems to control the release of proteins from the
ER (Boncompain et al., 2012). To use a specific signal in ER, e.g. SDEL (Kulzer et al., 2009)
as mislocalizer, and to make it inducible using FKBP-FRB, Melissa Kosh-Naucke constructed
an frb-mScarlet-sdel vector which was transfected to a knock-in cell line. The results showed
no or very little mislocalization, and it was concluded that the construct needs further
optimization for large scale analysis (Kosh-Naucke, 2018).

Another conditional approach to control the trafficking destination of secretory proteins in
P. falciparum parasites was recently published for apicoplast proteins (Roberts et al., 2019).
The approach is based on unique structural requirements of apicoplast transit peptides, which
the authors replaced with a conditional localization domain (CDL). In the presence of the
effector ligand Shield, Shieldl binds to the CDL and causes secretion from the cell to the PV
(Roberts et al., 2019). The use of CDL domains might also be possible for other secreted
proteins.

Currently, the best alternative method for the excluded SP and TM proteins of the present
screen might be the conditional gene excision using DiCre (Birnbaum et al., 2017; Mesén-

Ramirez et al., 2019) which is independent of the properties of the protein.
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5.2.2 Localization of the candidates

During the present study, 21 proteins of the third P. falciparum chromosome were analyzed
using the SLI-method. Of these, 15 proteins were successfully endogenously tagged with
GFP. These proteins were found to be located at various locations within the parasite (Table
9). One protein of the 15 GFP tagged proteins (Table 9, M6) was found, having a nuclear
localization. This amounts to 6.7 % and is a lower percentage of nuclear proteins compared to
other studies, such as the study of Oehring et al., where in a total of 1518 proteins distributed
on all the 14 P.falciparum chromosomes (present in P. falciparum asexual blood stage
parasites, using mass spectrometry and bioinformatic approaches), 48 % were determined as
nuclear proteins (Oehring et al., 2012), as well as an earlier SLI study, where in a total of 18
proteins of chromosome two, 46 % had a nuclear localization (Birnbaum et al., 2017). The
present screen also revealed a cytosolic localization (cytosolic and cytosolic/foci) (Table 9)
for 6 of the 15 GFP tagged proteins (40 %). This is a higher number of proteins located in the
cytosol, compared to the study of Oehring et al., where 16 % of the proteins were found in the
cytoplasm (includes cytosol and cytoplasm proteins, excludes nuclear proteins) (Oehring et
al., 2012), as well as the earlier SLI study, where 33 % of the proteins had a cytosolic
localization (Birnbaum et al., 2017). The comparison of nuclear and cytosolic protein
localizations in P. falciparum parasites shows a varying distribution among the different
chromosomes and might also differ due to the method used. In conclusion, P. falciparum
chromosome 3 reveals less nuclear proteins but more cytosolic proteins, compared to the P.
falciparum chromosome two (Birnbaum et al., 2017) and the more general localizations of all
the 14 P. falciparum chromosomes.

The former SLI study also revealed IMC localization for one protein (Birnbaum et al., 2017).
A possible IMC localization was also considered for M12 of the present study. The
localization of M12-2xFKBP-GFP-2xFKBP might be similar to IMC proteins as it was shown
for BTP1 (Kono et al., 2016). Additionally, PF3D7_0308300 (M12) was found as a
significant enriched hit within mass spectrometry analysis performed by Stephan Wichers
(unpublished) for Phill-BirA, an IMC protein, indicating M12 as protein within these
structures.

A special localization was observed for the GFP tagged candidates M7, M11and M16, located
in foci at the nucleus. This localization might indicate a role in nuclear division (see 5.3 and
5.4).

Among these 15 proteins, two proteins showed an unclear localization due to a weak GFP

signal (Table 9).
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Table 9: Overview of analyzed candidates with localization, knock sideways and SLI-TGD
In the knock sideways column check marks indicate efficient KS; red check marks indicate essentiality of target
by KS analysis; check mark in parenthesis indicate inefficient KS; n.d., not done; in localization column
question mark indicates unclear localization due to low expression levels; in SLI-TGD column check marks

indicate successful disruption of gene, x marks unsuccessful integration.

Candidate Protein ID Localization Knock sideways SLI-TGD
M1 PF3D7_0303100 cytosolic/some foci PPM 4 X
M2 PF3D7_0304300 - - X
M3 PF3D7_0305200 cytosolic/foci v X
M4 PF3D7_0305400 - - X
M5 PF3D7_0305500 - - X
M6 PF3D7_0306100 nuclear () X
M7 PF3D7_0307500 foci at the nucleus v X
M8 PF3D7_0307600 cytosolic/foci (v) X
M9 PF3D7_0307700 - - X
M10 PF3D7_0307900 foci in cytosol n.d. X
M11 PF3D7_0308100 foci near the nucleus n.d. X
M12 PF3D7_0308300 PPM/IMCl/cytosolic n.d. v
M13 PF3D7_0308700 cytosolic/foci n.d. X
M14 PF3D7_0308800 - - X
M15 PF3D7_0309900 - - X
M16 PF3D7_0310900 foci at the nucleus v X
M17 PF3D7_0312900 ? n.d. X
M18 PF3D7_0313000 foci in cytosol (v) X
M19 PF3D7_0313200  accumulation in cytosol n.d. X
M20 PF3D7_0313400 cytosolic n.d. X
M24 PF3D7_0314700 ? v X

5.2.2.1 Factors to consider for non-essential proteins

For non-essential proteins a factor to consider regarding localization is protein degradation,

which might result in a cell line with a correct integration on genomic level, but without

presence of full length tagged protein. Also partially degraded protein might result in a GFP

signal being present at a false location, or additional staining at other subcellular locations. To

exclude a degradation issue, western blot analysis could be performed in order to detect the

full length tagged protein.

For essential proteins, these possibilities are much more unlikely than an incorrect

localization, or protein degradation would affect parasite fitness. However, it cannot be

excluded that little amounts of the protein are still at the correct location and sufficient for the

parasite’s survival.
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5.2.2.2 Influencing factors of C-terminal tagging

Of the 21 proteins tagged with pSLI-sandwich (2xfkbp-gfp-2xtkbp), 6 did not show integration
cell lines. As it was shown that many proteins depend on their C-terminal sequences and C-
terminal modifications (Chavrier et al., 1991; Hori et al., 1991; Hrycyna et al., 1993;
Quevillon et al., 2003; Vorburger et al., 1989; Zhang et al., 2009), this could also be the case
for the 6 candidates and C-terminal tagging by SLI might be detrimental for proteins
depending on their C-terminal sequence (Birnbaum et al., 2017). Thus it is likely that the non-
C-terminal taggable proteins are essential for parasite growth, as the tag hinders protein
function, which is highlighting them as worthwhile targets for future studies.

A solution which permits live cell imaging and KS analysis might be N-terminal tagging,
whereby the gene is destroyed and at the same time complemented with an N-terminal tagged
copy that is expressed under the physiological promoter from the original locus. In addition,
this new gene copy is also floxed (flanked by loxP sites), which can then be excised via a
diCre recombinase for an alternative method for the functional analysis. This is also possible

with the SLI-system and has already been established (Birnbaum et al., 2017).

5.2.3 Candidate essentiality prediction on the gene level

The essentiality of the proteins was tested on the genomic level as well as on the protein level.
For the candidate’s essentiality prediction on the gene level, SLI-TGD was used, with a
homology region of 273 up to 393 bp. In the present screen, the TGD was only possible for
one gene (m12). For another gene (m3), the TGD integration bands were observed, but some
parasites with an original locus remained. Furthermore, the integration bands for M3
disappeared after additional WR99210 and G418 treatment, and only the original locus
remained. As the knock sideways results suggested that this candidate was needed for
efficient parasite growth (3.1 % reduction in growth over 5 days), it suggests that truncation
of M3 incurred a negative selection pressure, explaining this result.
As no further TGDs were obtained (Table 9), this would mean that, judged on gene level, the
remaining 19 candidates and thus ~ 90 % of the tested genes have to be classified as essential
for parasite growth. In other genome wide screens, approximately 62 - 63 % of the genes were
classified as genes which are required for normal parasites’ growth (Bushell et al., 2017,
Zhang et al., 2018), whereby the genome screen of Bushell et al. was conducted in vivo with
the closely P. falciparum related parasite P. berghei (Bushell et al., 2017). In a former pSLI-
TGD study (Birnbaum et al., 2017) 18 genes were tested, whereby 7 could not be disrupted,
suggesting that ~ 39 % of the analyzed genes are essential for parasite growth. Thus a
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proportion of 90 % essential genes as suggested by the present SLI-TGD screen is probably
an overestimation. The possibility of a corrupted pSLI-TGD vector was considered during
this work but full-length sequencing of the vector (Appendix 6) excluded this possibility. It is
also possible that the skipping of the neomycin-resistance was inefficient or missing, leading
to parasites that were not resistant. This scenario, however, is very unlikely as the knock-in
cell lines with pSLI-sandwich vector contained the same skip and neomycin-resistance
cassette, and the correct skipping was shown for both constructs (Birnbaum et al., 2017).
Furthermore, previous SLT-TGD studies would have suffered the same problem. Therefore, a
technical error has to be considered, such as for instance a start of G418 selection of the
cultures containing the episomal SLI-TGD for integration at a parasitemia that was too low or
too high. However, the procedure was carried out according to previously established
standard procedures and was successful for the C-terminal tagging with the sandwich tag,
indicating that a general error was unlikely. Possibly, fine details of this procedure might have
reduced the efficiency of integration. This could be relevant, as much shorter homology
regions were chosen for the SLI-TGD approach than for the sandwich tagging. Homology
region length is the most important known parameter affecting integration efficiency
(Birnbaum et al., 2017). Thus, the rather short homology regions used could be a reason for
the low number of correct TGD integrations. The reason for shorter homology regions in the
SLI-TGD is that for this approach, longer homology regions could lead to a gene that retains
partial or fully functional. Nevertheless, it was also shown that even shorter HR (less than 200
bp) integration was successful with SLI, although the efficiency is often lower and takes more
attempts (Jakob Cronshagenand (Master thesis 2020) Thuy Tuyen Tran (Master thesis 2018),
(Mesén-Ramirez et al., 2019)). In conclusion, more integration attempts or a longer HR might

lead to a higher integration rate of the chosen candidates using SLI-TGD.

5.2.4 Candidate’s essentiality prediction on protein level

For testing candidate essentiality on the protein level, the knock sideways approach was used.
To do this the 2xFKBP-GFP-2xFKBP tagged protein is pulled to an episomally expressed
mislocalizer containing a FRB domain, by dimerizing the FKBP domain of the protein tag,
with a small dimerizer to the FRB domain. Using knock sideways, the parasites were
analyzed in a growth assay. This was performed for a total of eight proteins, whereby five
proteins showed an efficient mislocalization and three only revealed a partial mislocalization
(Table 9). From the eight proteins three showed a defect on parasite growth in the parasites
where the protein was inactivated compared to the control (Table 9). These results suggest
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that, judged on protein level, ~ 38 % of the tested proteins can be classified as important for
parasite growth and is similar to the observed ~ 39 % essential genes in the former SLI study.
Compared to the genome wide screens in P. berghei (in vivo) (Bushell et al., 2017) and
P. falciparum (Zhang et al., 2018) were ~ 62 - 63 % of the genes were classified as required
for normal parasite growth the rate for the candidates tested on protein level using KS is
reduced by ~ 24 percent. This might be due to the much smaller number of tested proteins, but
it is also possible that some of the partially mislocalized proteins might also be essential for
parasite growth, as the remaining (not mislocalized) protein could be sufficient for parasite
survival. It is also possible that some parasites were missing the mislocalizer, or did not
express the mislocalizer in a sufficient amount. Another option could be that the mislocalized
protein is an enzyme that can also fulfill its function at the mislocalized location. These
possibilities would all result in a false ‘dispensable for growth’ assumption. In contrast to a
false ‘dispensable for parasite growth’ assumption a false ‘essential for parasite growth’
assumption can arise is if the tagged protein would induce a lethal effect in the mislocalized
compartment. Complementation of the KS would reveal this negative effect. However, recent
studies (Birnbaum et al., 2017; Jonscher et al., 2019) and also the Rab5b cell lines analyzed in
the present thesis was successfully complemented, excluding detrimental effects of the

mislocalized proteins in the nucleus.

5.3 Functional investigation of candidate M7

Candidate M7 showed a localization at the nuclear membrane. The foci multiplied with every
nuclear division. Images of dividing nuclei revealed two foci at one stretched nucleus. This
observation was a first hint for M7 could be a protein that might be involved in nuclear
division during schizogony. M7 was, at the date of the analysis, annotated as conserved
protein with unknown function (according to: PlasmoDB, release 31 (Aurrecoechea et al.,
2009)). The HHpred server for protein remote homology detection and 3D structure
prediction (Zimmermann et al., 2018) also linked the candidate to nuclear division, as it
revealed a SKA2 (spindle and kinetochore associated 2) domain in its AA sequence. The
human Ska complex comprises Skal, Ska2 and Ska3 and was shown to be essential for
correct kinetochore-microtubule interaction (Daum et al., 2009; Gaitanos et al., 2009; Hanisch
et al., 2006; Ohta et al., 2010; Raaijmakers et al., 2009; Welburn et al., 2009). Like the Ska
complex in humans, knock sideways experiments revealed M7 as an essential protein during
nuclear division. The nuclear division prophase and metaphase of the parasite take place in
early trophozoites. The foci of M7-2xFKBP-GFP-2xFKBP appeared in this stage, and the
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fluorescence signal was increasing until the focus was separated. In pro- to metaphase
conversion, the human Ska complex also starts to accumulate and peaked in metaphase
(Auckland et al., 2017; Hanisch et al., 2006). The separation of foci during nuclear division
was also confirmed by time lapse imaging, using confocal microscopy. A similar localization
in foci at the nucleus was seen in a study from Mahajan et al., in which the P. falciparum
Centrins were characterized (Mahajan et al., 2008). Centrins are calcium binding proteins that
are associated with centrosomes, centrisoles and mitotic spindle poles (Baron et al., 1991).
Like candidate M7, Centrins play a critical role in the cell cycle. Their knockout leads to
failures during basal body and centrosome duplication (Baum et al., 1986; Baum et al., 1988;
Koblenz et al., 2003; Salisbury et al., 2002). A comparable phenotype was observed during
the M7-2xFKBP-GFP-2xFKBP knock sideways experiments, in which the nuclei failed to
divide correctly. Due to the similarities in localization and function, M7 was co-localized with
overexpressed Centrin3-mCherry. The images revealed an in partial, co-localization of M7-
2XFKBP-GFP-2xFKBP with Centrin3-mCherry, whereby M7-2xFKBP-GFP-2xFKBP foci,
localizing between Centrin3 and the nuclei.

Another protein critical for nuclear division is tubulin, whereby it forms an intra nuclear
spindle (Byers, 1981). To classify M7 in the mitotic (nuclear division) process, M7-2xFKBP-
GFP-2xFKBP was also co-localized with a tubulin marker. In parasites with inactivated M7
the tubulin was mislocalized and long tubulin filaments were seen from trophozoite to
schizonts, indicating a connection between M7-2xFKBP-GFP-2xFKBP and the function of
tubulin in nuclear division. This also showed that parasites where M7 was inactivated are
viable until the schizont stage. In the control, tubulin was located between the nucleus and
M7-2xFKBP-GFP-2xFKBP foci. Taking the localizations of the nucleus, Centrin3-mCherry,
tubulin and M7-2xFKBP-GFP-2xFKBP all together, we developed the following model: The
chromosome is attached to tubulin and M7 might be bound to tubulin of the tubulin center.
The partial overlap of Centrin3m-Cherry and M7-2xFKBP-GFP-2xFKBP might indicate an
interaction or at least a close localization of M7 and Centrin (Figure 49). In order to validate
M7 as a P. falciparum Ska protein, two cell lines (M7-2xFKBP-GFP-2xFKBP with
episomally expressed BirA*-NL and M7-2xFKBP-GFP-2xFKBP with episomally expressed
BirA*-CL) were used for two individual DiQ-BiolD experiments. This was done to enrich
interacting proteins from the C- and N-terminal part of M7-2xFKBP-GFP-2xFKBP. The
individual DI1Q-BiolD experiments showed a very different quality (Appendix 7). To increase

the significance of identifying putative interaction partners, the results were combined, as it
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was shown that the biotinylation from the C- and N-terminal showed similar hits (Birnbaum
et al., 2020).

The combined DIQ-BiolD revealed ten significantly enriched proteins, whereby the most
enriched protein was M7 itself. This verified the correct dimerization of the BirA* constructs
(BirA*-CL or BirA*-NL) to M7 and a successful biotinylation (Birnbaum et al., 2020) of the
M7 protein. The second most significant hit of the DIQ-BiolD showed a potential homology
with Ska 3 using HHPred, indicating M7 as part of a Ska like complex, as it was shown in
humans, that the Ska complex comprises Skal, Ska2 and Ska3 (Gaitanos et al., 2009). The
potential function of M7 in a Ska like complex was also indicated by two significantly
enriched hits; one was annotated as kinetochore protein 80 (Ndc80), and another one revealed
a predicted homology to Ndc80 using HHPred. The NDC80 protein has been shown to be
present in other organisms during nuclear division and is assumed to be part of the receptor
for Ska, the nuclear kinetochore complex Ndc80c, which comprises four subunits (Ndc80,
Nuf2, Spc24 and Spc25) (Chan et al., 2012; Gaitanos et al., 2009; Raaijmakers et al., 2009;
Welburn et al., 2009; Zhang et al., 2012). The interaction between Ndc80c and Ska has been
shown to be essential for Ska function (Zhang et al., 2012; Zhang et al., 2017). It was also
shown that Ndc80c contains microtubule-binding domains (D'Archivio et al., 2017).

The DIQ-BiolD of M7 also revealed a protein with a predicted similarity (according to:
HHPred) to a nuclear pore protein. The nuclear pore is embedded between the mitotic nuclear
envelope and the intra nuclear and is critical for the exchange of molecules (Kehrer et al.,
2018; Kiseleva et al., 2001; Makhnevych et al., 2003; Weiner et al., 2011). It is also assumed
that nuclear pores might give access to spindle regulating factors (Kehrer et al., 2018;
Makhnevych et al., 2003). The nuclear pore complex is probably not directly part of the
Ska/Ndc80 complexes, but might be in a close localization with a potentially supporting
function for nuclear division. The potential interaction partners Ska3, Ndc80 and the nuclear
pore complex protein support the function of M7 as Ska2 like protein in P. falciparum
parasites.

As the M7 DIQ-BiolD showed no hit with a similarity to a Skal protein, which is for example
the case in the human part of the Ska complex (Hanisch et al., 2006; Jeyaprakash et al., 2012;
Raaijmakers et al., 2009), more DIQ-BiolD replicates from the C- and N- terminal part could
potentially reveal a Skal protein. This could especially be the case because the combined
DIQ-BiolD used for individual cell lines showed a varying quality of the results. The varying
quality of the two experiments also decreased the overall quality of the combined results,

leading to a loss of significant enriched proteins only from the C- or N-terminus, like Tubulin
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alpha-1A chain or kinesins (see. Appendix 7) which is probably both involved in the nuclear
division process (reviewed in: (Goldstein, 2001; Hirokawa, 1998; Vale, 2003). Nevertheless,
a putative Skal or a protein (annotated as unknown) with a remote homology was neither
significantly enriched in the C- nor N-terminal M7 DIQ-BiolD, which may be due to the
quality of the experiments (Appendix 7). Also the absence of Skal in P. falciparum parasites
is possible as PlasmoDB showed no protein annotated as Skal.

In addition to the results for M7 shown in the present thesis, the role of M7 during nuclear
division was further confirmed by the work of Jessica Kimmel (Master thesis 2020). Electron
microscopy images with parasite where M7 was inactivated revealed mature parasites with
morphologically changed nuclei. Additionally, a detailed stage experiment was performed, in
which the growth effect was linked to schizogony by showing an arrest in schizonts.
Considering all the results together, we assume that the parasites where M7 was inactivated
are able to mature until late schizont stage, but the parasite is not able to form merozoites due
to a failure in correct division of nuclei. This phenotype could be due to the P. falciparum
schizogony which is characterized by nuclear division without cell division and without
dissolving the nuclear membrane (closed mitosis) (Gerald et al., 2011; Schrevel et al., 1977).
During closed mitosis, as e.g. observed in yeast (Ding et al., 1997) which also contain a
functional homologue (DASH/DAM complex) of the human Ska complex (Chan et al., 2012;
Varma et al., 2012), the chromosomes condense, and in this phase no transcription of genes
takes place (Cooper, 2000). An explanation for the late arrest in schizonts after inactivation of
M7 might be that although the nuclear division is impaired, the un-condensed chromosomes
might still duplicate their DNA. This hypothesis is supported by fluorescence images of
arrested schizonts, with a DNA amount comparable to the control. Additionally, also the
tubulin filaments still increased in number from trophozoites to schizonts after inactivation of
M7. In order to show normal DNA replication after inactivation of M7 quantification of the
DNA amount could be performed. Further experiments will now need to confirm the M7
interaction partners identified here by DiQ-BiolD. Validation of these candidates can be
carried out by taking advantage of the SLI system for localization studies and functional
analysis.

In summary, the results indicate that candidate M7 might be the orthologoue of human Ska2
or a Ska2-like protein in P. falciparum parasites. The data of this thesis supports the
hypothesis that M7 is part of a complex between the microtubule and the centrosomes of the

mitotic spindle poles during schizogony (Figure 48). This would be the first time that a Ska-
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like protein was experimentally linked within the mitotic process during schizogony in

P. falciparum parasites.

Centrin3
M7 / Ska2
Ndc80c -

2 | — microtubulule center

nuclear pore

microtubule

Figure 48: Model of the localization of M7 based on the results of this thesis.

The nucleus (blue) is attached during nuclear division by the microtubules (green). On top of the microtubules (mitotic
spindle) the Ska complex (turquoise (including Ska2 / M7)) connects the microtubules with the centrosomes (red) of the
mitotic spindle. The receptor for the Ska complex might be Ndc80c (grey tubes). Next to the binding complexes nuclear
pores might be enriched (light blue tube).

5.4 Functional investigation of candidate M16

M16-2xFKBP-GFP-2xFKBP showed a similar localization and a similar growth phenotype as
M7 during knock sideways experiments. To investigate a possible role of M16 in mitosis
during schizogony, the M16-2xFKBP-GFP-2xFKBP expressing parasites were stained with a
tubulin marker, and knock sideways was induced. In comparison to inactivating M7, tubulin
was not affected when M16 was inactivated, indicating that M16 is not directly connected
with tubulin. Also, the mass spectrometry results in the M7 DiQ-BiolD did not show M16 as
putative interactor of M7. However, some nuclei, after inactivation of M16 in parasites with
inactivated M16, showed an incomplete division as observed after inactivation of M7 in M7
inactivated parasites, indicating a role of M16 during nuclear division. To confirm this
assumption, further experiments are planned, such as the identification of potential interaction
partners using DIQ-BiolD, co-localization studies with Centrin3 and M7, detailed stage

experiments and time lapse imaging using confocal microscopy.

5.5 Origin of the unknown genes

It is likely that M7 plays a role during nuclear division, which takes place in many organisms
(reviewed in: (Lubischer, 2007; Sullivan et al., 2007). However, the protein sequence
revealed no relation to other proteins outside of the Apicomplexans, similar to the other
unknown proteins that were analyzed. Only a very sensitive server for protein remote

homology detection (HHPred) and the analysis of the M7 interactors linked M7 to the Ska

130



Discussion

complex, which is also known in other species (Chan et al., 2012; Daum et al., 2009; Gaitanos
et al., 2009; Helgeson et al., 2018; Welburn et al., 2009; Zhang et al., 2012; Zhang et al.,
2017). This raises the question if two proteins with a related function have a common ancestor
(divergent evolution, see. 1.5.3), or are of independent origin (convergent evolution, see.
1.5.3)

Divergent evolution might be possible for the Rab family, as Rab proteins are present in
Plasmodium (11 rab genes) (Quevillon et al., 2003) and its relatives, like Toxoplasma (15 rab
genes), Neospora (15 rab genes), Theileria (9 rab genes), Babesia (9 rab genes) and
Cryptosporidia (8 rab genes) (reviewed in: (Langsley et al., 2008). The different numbers of
rab genes indicate an adaption of the single rab genes regarding their host. Thus, the genus of
Neospora and Toxoplasma express the highest numbers of rab genes and have the largest host
ranges (Di Genova et al., 2019; Dubey et al., 1996; Dubey et al., 1970). The presence in these
organisms and the high genetic similarity reveal a common ancestor. In addition to the
different number of rab genes, some of the comparable rabs like rab5 have different
functions and expression profiles within the different species (Langsley et al., 2008). Looking
at the PfRab5 and the interactor VPS35, known from other species regarding the function in
early endocytosis, rab5a and rab5c expression profiles cluster with vps34 but not with rab5b
(Langsley et al., 2008). Additionally, rab5b is lacking the C-terminal prenylation motif which
is postulated to be important for its membrane attachment (Chavrier et al., 1991; Quevillon et
al., 2003). The results of this thesis also support the assumption that PfRab5b has a different
function than PfRab5a, as PfRab5b was shown to be involved in HCCU, likely during a
similar step as VPS45, whereas Rab5a has a schizont phenotype (Birnbaum et al., 2017;
Jonscher et al., 2019). In Cryptosporidia, Rab5b is missing entirely; this seems fitting, as
these parasites do not need HCCU. The various functions of the conserved rab gene
sequences in related species suggest a common ancestor and thus a divergent evolution of the
Rab proteins. This assumption is also supported by the sequence similarity of Rab proteins in
not so closely related organisms (reviewed in: (Stenmark, 2009)).

In comparision to the Rab family the unknown genes which were found and analyzed during
this work appeared to be the result of convergent evolution, as there was no indication to a
common ancestor or sequence similarity. In general this seems possible for proteins as this
was postulated for antifreeze proteins that share similar structural attributes (Chen et al.,
1997; Davies et al., 2012) and hairpin-like structures (Tomii et al., 2012). Another example
for a probably newly raised function, originating from convergent evolution, might be true for

most interactors of the artemisinin resistance marker Kelch13, as they have no homologies to
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other known proteins and play a role in the HCCU (Birnbaum et al., 2020). Nevertheless, also
two annotated proteins (Epsl5 and AP2) with a known and similar function to proteins in
other organisms were found (Birnbaum et al., 2020). Also for the unknown proteins it seems
more likely that they are only divergent in sequence, particularly because a potential related
protein in the human (Ska2) was found also for the unknown protein M7.

In summary, it can be said that many of the apparently unique proteins might in fact derive
from divergent evolution, whereby the protein sequence that has been changed extensively in
a homology is no longer detectable.

5.6 Conclusion

The aim of the screen carried out in this thesis was the functional analysis of P. falciparum
proteins with unknown function. In order to do this, the SLI system was applied to analyse a
selected set of genes on chromosome 3 of the parasite. In this study, 15 newly established SLI
cell lines of previously uncharacterized genes were generated, followed by their localisation
under physiological conditions. In other systems, localisation of proteins alone has proved to
be a decisive advance in understanding the organism’s biology (Huh et al., 2003). The
proteins were located in the nucleus, at the nuclear membrane, the cytoplasm, in foci in the
cytoplasm, and the PPM (Table 9). For all of the proteins, six independent target gene
disruption attempts (on gene level) were performed for essentiality prediction, whereby the
observed rate for essential proteins of 90 % might be an overestimation compared to other
studies dealing with essentiality prediction for Plasmodium genes and their products. For
eight cell lines, the essentiality was additionally tested on the protein level using knock
sideways, whereby the observed rate of ~ 38 % of essential proteins was similar to an earlier
SLI study (Birnbaum et al., 2017) and ~ 25 % lower compared to the genome wide
Plasmodium screens (Bushell et al., 2017; Zhang et al., 2018), which might be due to
inefficient KS mislocalization. In comparison to the two high throughput genome screens, the
screen in this thesis included only a chosen amount of unknown proteins, but provides
locations and functional data to investigate the P. falciparum parasite’s biology.

A detailed functional analysis was performed for Rab5b, in which a role in HCCU was
revealed, providing evidence for a canonical function of Rab5b together with VPS45 in
endolysomal transport of the parasite. A further protein analysed in detail was candidate M7,
which might be the P. falciparum orthologue of Ska2, with an essential function in P.
falciparum mitosis during schizogony. In addition, all the cell lines serve as a resource for the

community for further analysis.
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For further screens using the SLI-method an increase of the candidates’ throughput would
support the investigation of more unknown proteins and the P. falciparum parasite’s biology.
Therefore the SLI method could be combined with CRISPR/Cas9 to mediate more efficient
genomic modification and hence, a larger number of parasites with the genomic change to
permit immediate selection using SLI. These methods would also save the limited resistance
markers. One disadvantage would be the absence of episomal cell lines, so that in case of
missing integrands, the transfection has to be repeated.

Another possibility to increase the number of functional analysed proteins is the investigation
of the not C-terminal taggable proteins using N-terminal gene tagging and the already
established SLI-DiCre combination (Birnbaum et al., 2017).

By means of the research done by the lab members of the Spielmann group, including this
thesis, it was possible to analyse the unknown genes (with some limitations as to which genes
could not be analysed) from three of the 14 chromosomes of P. falciparum parasites using the
current SLI method. This permitted to investigate the role of many unknown essential genes
and linking them to parasite-specific processes in P. falciparum parasites. These candidates
are milestones to elucidate novel parts of the parasite’s biology, which pave the way for new
drug targets. In the future, the SLI-system will be useful to continue the analysis of unknown
P. falciparum genes, potentially in order to improve the system for increasing throughput, to

identify more essential candidates to understand and combat malaria parasites.
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Appendix 1

PfRab5b vesicle accumulation assay of independent experiments
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Appendix 2

PfRab5b bloated food vacuole assay of independent experiments
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Appendix 3

Alignments of PfRab5b-GTPase mutants
Query = human Rab5b
Sbjct = P. falciparum Rab5b

Red squares = mutation sites
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Sequence ID: Query_82447 Length: 207 Number of Matches: 1

Range 1: 24 to 194 Graphics
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Flow cytometry growth curves for PfRab5b and complementations of independent

experiments
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Appendix 5

Flow cytometry growth curves for the candidates of independent experiments
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M7-2xFKBP-GFP-2xFKBP
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M18-2xFKBP-GFP-2xFKBP
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Sequencing pSLI-sandwich from Life technologies (Darmstadt)
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SCT107pSLI sandwich”2C10470912(26>1136)  —  CACTATAGAATACTCARGCTGCGGCCGCTARAGEGETGGTTATAGTATGAGARATGATCAACGARATGATCARCGARATGATCARCGARATGA
5210 5220 5230 5240 5250 5260 5270 5280 5290 5300
1 1 | L h 1 1 1 1 L L 1 1 L 1 1 | 1 1
TCAACGAAATGATCATAGGAATGACCATAGARATGATCACAGAAATCATCACAGARATGATCACAGAAATCATCACAGARATGATCACAGARR
AC194_1.s5eq{1>9049) o — TCAACGRARTGATCATAGGAATGACCATAGARATGATCACAGRAATGATCACAGARATGATCACAGAARTGATCACAGARATGATCACAGARA
SLI_sandwich Ameq 12(2321124)  *—  TCARCGAARRTGATCATAGGAATGACCATAGAMATGATCACAGARRTGATCACAGARATGATCACAGRARTGATCACAGRAATGATCACAGAAR
12(2521128)  #—  TCAACGAAATGATCATAGGAATGACCATAGAMATGATCACAGARATGATCACAGARATGATCACAGAARTGATCACAGAARTGATCACAGAAL
: 12(24>1133)  —  TCARCGAAATGATCATAGGAATGACCATAGAMATGATCACAGARATGATCACAGARATGATCACAGAARTGATCACAGAAATGATCACAGRAR
5C h,_psw ~Sandwich _AC18470912(26>1136)  —*  TCAACGAAATGATCATAGGAATGACCATAGARATGATCACAGARATGATCACAGARATGATCACAGAAATGATCACAGARATGATCACAGAAR
5310 5320 5330 5340 5350 5360 5370 5380 5390
| 1 N 1 1 ! 1 1 1 L 1 1 ! 1 1 ! |
TGATCATAGARATGATCATAGAAATGATCAAAGAAATGATCATAGAAATAGTATGAGCARTGACCATAGAAATAGTATGAGGAATGACCATAG
AC194_1.5eq(1>9049) o —  TGATCATAGAAATGATCATAGAAATGATCARAGAAATGATCATAGARATAGTATGAGGARTGACCATAGRARTAGTATGAGEARTGACCATAG
SC_107pSLI_sandwich Acwa "914(29112“ T TGATCATAGAAATGATCATAGRAATGATCARRGARATGATCATAGRARTAGTATGAGGARTGACCATAGRARTAGTATGAGEARTGACCATAG
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5310 5320 5330 5340 5350 5360 5370 5380 5390
I I 1 I 1 I I 1 1 1 1 1 1 I 1 1 I I

TGATCATAGAAATGATCATAGAAATGATCAAAGARATGATCATAGARATAGTATGAGGAATGACCATAGRAATAGTATGAGGAATGACCATAG
PSLI ndw\ ch_AC184 0912 (2551126) — TGATCATAGAAATGATCATAGAAATGATCAAAGAAATGATCATAGAAATAGTATGAGGAATGACCATAGAAATAGTATGAGGAATGACCATAG
194

—0912(24>1133) - TGATCATAGAAATGATCATAGAAATGATCAAAGAAATGATCATAGARATAGTATGAGGAATGACCATAGA, AG GAGGAATGACCATAG
_ACL184_0912(26>1136) "  TGATCATAGARAATGATCATAGAAATGATCAAAGAAATGATCATAGAAATAGTATGAGGAATGACCATAGAAATAGTATGAGGAATGACCATAG
5400 5410 5420 5430 5440 5450 5460 5470 5480
L L L I L I L L L 1 1 L L I L L L I L
AAATAGTATGAGGAATCATCAACGAAATAGTATGAT GARTGATCAACGARATAGTATGATGAACGATCARCGARATAGTATGATGAACGATCA
AC194_1.seq{1>3049) o — RAATAGTATGAGGAATGATCAACGAAATAGTATGATGAATGATCAACGARAATAGTATGATGAACGATCAACGARATAGTATGATGARCGATCA
o zh .i\(‘lgq 0912(23>1124) — ARATAGTATGAGGAATGATCAACGARATAGTATGATGAATGATCAACGAAATAGTATGATGAACGATCAACGAAATAGTATGATGAACGATCA
T0912(2521126) — ARATAGTATGAGGAATGATCAACGARATAGTATGATGAATGATCAACGARAATAGTATGATGAACGATCAACGAAATAGTATGATGAACGATCA
vic - —0912(24>1133) - AARATAGTATGAGGAATGATCAACGARATAGTATGATGAATGATCAACGAAATAGTATGATGAACGATCAACGAAATAGTATGATGAACGATCA
"\C 'I{'_pSTT ﬁan'ﬂwc'r AC124 12(26>1138) ' AAATAGTATGAGGAATGATCAACGAAATACTATGATGAATGATCAACGARATAGTATCATGAACGATCAACGARATAGTATGATGAACGATCA
5430 5500 5510 5520 5530 5540 5550 5560 5570 5580
L I I L I I I L N L 1 L L L | I I L |
ACGAAATGTTAAACGAAGRAGAGAAGARTCGOATGAAATGAATAGARGAGGAGATATATATTCARAT AGRTATGACA GAGGARGAAT
L5eq{l1>9049) o —  ACGAAATGTTAAACGAAGAAGAGAAGAATCGCATGRAATGAATAGAAGAGGAGATATATA '“Cm\h”m’!AAGA"‘A"‘GACAAAAGAGGAAGAA”
‘;L[ _sandwich M“l% 0912 (23>1124) T ACGAARTGTTAAACGAAGAAGAGAAGAATCGCAT GARATGART AGAAGAGGAGATATATA' AAGATATGACAARAGAGGAAGAAT
.,“)'\}()5)11)6) — ACGARATGTTAAACGAAGAAGAGAAGAATCGCATGARATGAATAGAAGAGGAGATATATA '”CJ‘\AJ‘\”J‘\AAAGA”‘A”‘GACAJ\AAGAGGAAGAJ\”
0 0912(24>1133) T ACGAAATGTTAAACGAAGAAGAGAAGAATCGCATGAAATGAATAGARGAGGAGATATATATTCAAATAARAGATATGACAARACAGGAAGAAT
‘.’\C_'l \.._PST T_sandh i CT‘-_QC" 24_0912(26>1136) - ACGAAATGTTAAACGAAGAAGAGAAGAATCGCATGARATGAATAGAAGAGGAGATATATATTCAAATAARAGATATGACAARAGAGGAAGAAT
“.\b’JZ- beJ[} .‘:ELD 5620 5630 5640 5650 5660 5670
L L L L 1 1 1 1 L I L ! L L
AGATTATGATATGAARATTARRAATGGAT GAGRARRRRARTGAGARARATAT TAAGAATCATTCAGARATGUAGGATCCATATGUATCARCAAR
AC194_1.seq{1>9043) . —*  AGATTATGATATGAAATTAAAAATGGATGAGAAMAAAAATGAGAAAMATATTAAGAATCATTCAGARATGCAGGATCCATATGCATCAACAAA
5C_10_pSLI_sandwich_AC184_0912(23>1124) T AGATTATGATATGAAATTARAAATGGAT GAGAARAAAAATGAGAAAAATAT TAAGAAT CATT CAGARATGEAGGATCCATATGCATCAACARL
SC_10”pSLI_sandwich_AC144 0912(25>1126) — AGATTATGATATGAAATTAAAMATGGATGAGAAMAAAAATGACAAAMATATTARGAATCATTCAGARATGCAGGATCCATATGCATCAACARA
5C10_pSLI_sandwic 12(2421133) T AGATTATGATATGAAATTARAAATGGATGAGAARAAAAATGAGAAARATATTAAGAAT CATT CAGARATGCAGGATCCATATGCATCAACARA
50 lu_PSL[ sandwich_AC124_0912(26>1136) - AGATTATGATATGAAAT TAAAAATGGATGAGAARAARAATGAGARAAATAT TAAGAATCATTCAGARATGCAGGATCCATATGCATCAACARR
5680 5630 5700 5710 5720 5730 5740 5750 5760
L I L L L L L I 1 h 1 i L L L L L I L
AGATACCTCTAGARATITTGATATGARTAAT T TTACAATTAGT TCTGAAAGGAAATCATGGAAATTACCTCCTCCACCTCCTAACATTCCTCC
AC194_1.seq{1>9049) -
5C_10"pSLI_sandwich_AC134_0912(23=1124) —
5C_ 107 pSLI_sandwich AC194_0912(25>1126) = AGATACCTCTAGAAATT ATAMTTTTACAATTAGTTCTGARAGGAMATCATGGRAATT
5C_ 10 pSLI_sandwich_AC194_0912(24>1133) T AGATACCTCTAGAAATTTTGATATGAATAATTTTACAATTAGTTCTGAAAGGAAATCATGGAAATTACCTCCTCC
SC_10_pSLI_sandwich_AC194_0912(26>1136) T AGATACCTCTAGAAATTTTGATATGAATAATTTTACAATTAGT TCTGAAAGGARATCATGGARAT
5770 5780 5730 5800 5810 5820 5830 5840 5850
L L L L i L h L f L h L i L L L h L
ATCCTATGATAGGTCATCTCAACGAAGAACGGTARAAT GAAAGAAAT TAATAATATATATGTATGTATATATATATATATATATATATATATA
AC194_1.seq{l>2043) Co Coor oo T ATCCTATGATAGGTCATCTCAACGAAGAACGETARRAT GARAGARAT TAATAR
5C_10_pSLI_sandwich_RC1%4 "912(23>1124) *—  ATCCTATGATAGGTCATCTCAACGAAGAACGGTARAATGAARGAARTTAATAA
5C_10_pSLI_sandwich_AC194_0912(25>1126) — ATCCTATGATAGGTCATCTCAACGAAGAACGETARAAT GAARGAAAT TARTAR
5C_10”pSLI_sandwich AC194_0912(24>1133) — ATCCTATGATAGGTCATCTCAACGAAGAACGGTARAATGARAGARATTALTAA

5C_10_pSLI_sandwich_AC194_0912(26>1136) ATCCTATGATAGGTCATCTCAACGAAGAACGETARAAT GAAAGAAAT TAATAAT
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5860 5870 5880 5830 5900 5910 5320 5330 5340 5950

AC194 1.seq{l>2043) o —_
SC_10_pSLI_sandwich_AC194_0912(23»1124) =
SC_10_pSLI_sandwich_ACLlS54_0912(25»1126) —
5010 _PSLI_: “sandwich AC18%4 u912(24>113]) —_—
5L._l"_ng[ sandwich hLlﬁﬂ "9L2(2E>113E-) -
5960 5970 5980 5990 B000 6010 8020 6030 6040
1 L 1 1 L L 1 1 1 1 1 1 1 1 L L 1 1 L
ACGATTCTTCAATGCCTAGGTCAGGATTGAGATCARGATCTGCTGC TGO TEETECTEETEETGCTGCTAGAGCTECTCTECAGAGAGEAGTAC
AC194_1.seq{1>9049) o == AT TCTTCAATGCCTAGGT CAGGATTGAGATCARGATCTGLTGCTGLTERTECTGETEETGCTGL TAGAGC TRCTOTECAGAGAGGAGTAD
SC_10_pSLI_sandwich_AC194_0912(23>1124) —_ ACGATTCTTCAATGCCTAGGTCAGGATTGAGATCAAGATCTGLTGCTGCTGGTGCTGETGGTGCTGC TAGAGC TGCTCTGCAGAGAGGAGTAC
SC 10 pSLI_sandwich AC1894 0912(25>1126) *—  ACGATTCTTCAATGCCTAGGTCAGGATTGAGATCAAGATCTGCTGCTGCTEETGCTGGTEETGOTGOTAGAGCTS GCCAGRGAGGAGTAC
8C_10 pSLI_sandwich AC184 0912(24>1133) - ACGATTCTTCAATGCCTAGGTCAGGATTGAGATCAAGATCTGC TGO TGCTGGTGCTGGTGGTGC TG TAGAGCTGCTCTGCAGAGAGGAGTAL
5C 10 pSLI_sandwich AC1894 0012 (26>1136) —  ACGATTCTTCAATGCCTAGGTCAGGATTGAGATCAAGATCTGCTGCTGCTEELGCTGETEETGCTGCTAGAGCTGCTCTECAGAGAGGAGTAC
BOS0 BO&D BOTO 608D 6030 6100 6110 6120 6130
1 L 1 1 1 L 1 1 1 1 1 1 1 1 1 L 1 1
AAGTTGARACAATATCACCAGGAGATGETCGTACATITCCARARRGRGETCARL TACTGGARTGCTTCAAGATGGAR
AC194_1.seq(1>3049) o —  ARGTTGRAACAATATCACCAGGAGATGETCGTACATTTCCAARAAGAGGTCAAACTTGTETTGTACATTATACTGGAATECTTGARGATGGAA
5C_10 pSLI ch _0912(23>1124) —_— AAGTTGAAACAATATCACCAGGAGATGGTCGTACAT
5C_10_pSLI_ 0912(25>1126) *— AAGTTGAAACAATATCACCAGGAGATGETCGTACAT
SCC10 pSLI_sandwich . 0912(24>1133) " AAGTTGAAARCAATATCACCAGGAGATGGTCGTACATTTCCARRARGAGGTCARACTTGEGTTGTACATTATACTGGAATGCTTGAAGATGGAR
SCT107pSLI_sandwich 0912 (26>1136) — AAGTTGAAARCAATATCACCAGGAGATGGTCGTACATTTCCAARARGAGGTCARACTTGEGTTGTACATTATACTGGAATGCTTGAAGATGGEARA
6140 6150 B160 6170 6180 6130 6200 6210 6220 6230
1 1 1 Il 1 1 Il 1 1 1 1 1 1 Il 1 1 Il 1
AGAAATTTIGATTCATCTCGEGATAGAARTARACCAT TTAAATTTATGCTAGGTARACAAGARGTAATACGAGGTTGEGAAGARGGAGTTGOTC
AC194 1.seq{l1>90449) o — AGAAATTTGATTCATCTCG T GATAGARAATARACCATTTAAATTTATGCTAGGTARACAAGAAGTAATACGAGGTTGGGAAGARAGGAGTTGCTC
SC_10 pSLI_sandwich AC194 0912(24>1133) — AGAAATTTGATTCATCECS
SC_10_pSLI_sandwich_AC194_0912(26>1136) —  AGARATTTGATTCATCtCG-G
6240 6250 B2E0 6270 6280 B200 6300 6310 €320
L L I L I ! \ 1 1 L \ L ! L I ! I
AAATGAGTGTAGGTCAAAGAGCARAACT TACTATATCT CCAGATTATGOTTATEGTGCARCTGEACATCCAGGTATARTTCCACCTCATGOAA
AC194 1.seq{l>9049) oo - AARATGAGTGTAGGTCAAAGAGCAAAACTTACTATATCTCCAGATTATGCTTATGGTGCAACTGGACATCCAGGTATAATTCCACCTCATGTAA
£330 B340 6350 6360 6370 6380 LEED 6400 6410
L I L I ! ! L I L y 1 N L I ! I L L !
CTCTTGTATTTGATGTGGAGC TTCTAARACTAGRAACTAGAGETGTTCAGETTEAAACARTTTCACC TEGAGATGGCAGAACCTTTCCTARAA
AC194_1.seq{l>3049) - CTCTTGTATTTGATGTGGAGCTTCTAARAC TAGAAACTAGAGGTGTTCAGGTTGAAACAATTTCACCTGGAGATGGCAGAACCTTTCCTARRA
420 6430 6440 BASD 6460 64770 6480 6480 E500 6510
I ! I L ! ! L L 1 1 1 1 I L ! ! I L I
GAGGACAGACTTGUGTAGT TCATTATACAGGLATGUTAGAGGAT GETARGARAT TTGATTCTAGTCGAGATAGARATAAGCCATTCARGTTTA
AC194_1.seq{l=9043) '  GAGGACAGACTTGCGTAGTTCATTATACAGGCATGCTAGAGGATGGTAAGARATTTGATTCTAGTCCAGATAGAAATAAGCCATTCAAGTTTA
6520 6540 656D 6570 6580 65%0 BAEOD
L | L L ! L 1 1 1 L L I
TGOTAGGTARRCAGGAAGTARTAAGAGET T GEGARGAGGGTGTAGCACAGATGTCAGTTGGACARAGAG T TATCACCAGATT
AC194_1.seq{l>9049) oo —  TGCTAGGTAARACAGGAAGTAATAAGAGGTTGGGAAGAGGGTGTAGCACAGATGTCAGTTGGACARAGA ATATCACCAGATT

Sequencing pSLI-TGD from Life technologies (Darmstadt)
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AP195 1.seq{1>71 . - ;
Ac195_ed_1.56q = gagogragataccaaat act grocttotaghgtageogtagt
4350 4360 4370 4380 4390 4400 4410 4430 4440 2350 460 1470 2480 1490
[TV PPN PRTPL PV TP P T FIP FTT TP P I PP TP PR Y PP [T TP TIT FYI O T P
ACCGEGTTCRAC TOARGAOGATAGTTACT CEA TAR GOCECAROGETOCOGCTCARC BRGEGE TG AECGARC GO CTA A CEAACT GAGATAC CTACAG DG TGAGTTATGAG
AC1S5_1,38qi137153) - BCCGGEGTTGEGACTCARGACGATAGTTACT GGA TAR GGC GCAGOGETCEEGCTGARC mcc«m\.cmu-\.nri\tn.u-uc'rrm\crux-hchc'nckkcsapr'c.kdrrm
AP195 ed 1_seq{1:7198) — accqagttazac cgatagtta taagg cgggctgaacys o tgagataccs
4500 4510 4520 4530 4540 4550 4560 as70 4580 4590 4500 4510 4620 14830 4540 4650
VI PN PATTRITIN TP PP TN TP PITTIYII FO T PTUE PRTVE YOI PP PATTETTN PPN T TR PP ITT e T T
GGG TTCCAG GEGGARROGCCTGETATC TTTATASTCCTG TG EGT TTCEEC
- COGECABGETOSEAACAGERGA TEC AARCECCTGETATCTTTATAGICCTG ICEEGT TTCEE
— J— - i
— GOGGCRAGEE TOGGAMCAGGRAGAGC GEACGAGGG AGC TTC CAG GIG GAARS
4560 4670 4880 4530 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800
T P Lo ilail T TR TP P T PPN FTTRTTUNN FUTTE PRIV YN PP T TP P  FYTI PO T P
T SGARAARCEOCAGCARC BOGECC TTT T TACGA T ICC TGGEC TTT TG TG e TTT BT CACATG TS TTTCCTEOGTTATCC CT ERT TETCTGGATRACCE
95_1.2q{1>7183) C o=
G135 §—
e —
—_
1820 4830 4840 4850 4360 4870 ass0 4830 as10 1320 a 1340 4350
[P PP PP | [T TP P PP O T PP PP I I Lot
AC195_1,50q(1>7153) [ “E(CT(TEECEC\E(‘GT'I‘GE(\E—J-I"J‘CA'J‘TA.I,NEFGE'J‘GE(‘AEGAEJ-GETTTCCCGACTSGF\AAE-CGE-ECF\ETG
AC185ed 1. 138) — categse eIt ageeTaSg s oA T CaTaea e
pSLI_TG! 55_Retrafo OB (T621136) — TGCRGCT: AG
5C_10_pSL1_TGO_AC135_Original_b(19>379) — ATACGCARA E(\Tt‘l'(t\EC\E-CGTPGE(\E-\PI"J‘E\'J"I\PTGEPGETGECAEGAEP.:ET T
1370 4980 4930 5000 5010 5020 5030 5040 5050 5060 5070 50480 5050 5100 5110
1 Ll [T TP PP TP PP [T PPN TR TN FUTTE PRTOS YO PP T PP PP IV | T P
A oA TTAGGEAC COCAGE CTT TACACT TTA TG T C BEC T ETA ToT TET GG EAA TS TGA GG GAT AR CAAT TTCAC ACA G BAAACAGCTATGACT ATGATTACGC CARGE
— AGSCTTTAC "'I"JTM'SC'J'[\.(*:;(RETI'ITTTETME+ﬂmmﬂt{uw’l‘u«.‘}l‘mkflU‘uGP! AGCTATGH
Y A —
_AT195_Retrafo 0B (7 —_
95 Retrafo 0(26 —
95_Original —
—_
- GRATALTC T '»w TAATAATGARGECTTGTTARTARATET
—- gaatactcaag qa ng;gr?grh‘mh‘\m tgt nq1 ac
— A
—
—
—
5280 5290 5300 53l 5320 5330 5340 5360 5370 o 5330
[N P 1 1 T T Livial I 1 A
AR TAATATTTCRTGTT TTANTAN TRAAT TAGARRA TGA AT TTGC AR GAR TTGATG TTATAG GAG AL TTTATTCCTTCAATTARRA TARACARTARTACA)
10195 1.32q(1>7153) - TTCATGTTTTAATAATARRT TAGAARATGA TTGCAMGAATTGATGTTR T TTATTCCTTCAATTARAATARACAATARTACAAATAATARATC TAGRAGTATT
4 1 — ttcatgttitaataataaattagasaatga ttacaagasttgatgttataggaggaggtagatita caattasaa aataatacanataatasatctagaagtatt
— GATAAGGARRATRATATTTCATGTT TTAATAATAART TAGAARRTGANCACRTTGCAAGRATTGATGTTH TGEATTTATICCTTCAATTARRA TAAACARTARTACARATAA TAARTC TA ATT
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5410 5420

5280 5290 5310 5320 5330 5340 5350 5360 5370 5380 5350
1 1 I I 1 I 1 1 1

ARAACARAA

GAGATAAGGARMATARTAT

TGAACACATTGCAAGAA TTGATG TTA TAG GAG GAG GTGGAT TTATTCCTT AARATARACRRTARTACARATAR TAARTC TAGAAGTA

_10_pSLI_TGD_AC195_Retrafo_0(26>1097 —*  ARRACAA ATGRETGEAGATAREGARRATRATS ATAATARAT TAGARRRTGANCACATTGCAR AR TTGATG TTATAGEAGGA! TTTATTCCTTCAATTARRATAAR n:-Thn'rhcm'r:.a'r:.ak"n:m'n'n‘
4_pSLI_TGD_AC195 Original {24>1064 T ARRACAAMRATGA GATARGGAAMATAATATTTCATGTT TTAATAATAAAT TAGAAAATGARCACA TTGCAAGRA TTGATG TTH GERTTTATTCCTTCRATTARRA TR A
| 19 _PSLI_TGD_ACL185_Original 0(13>87%) "= ARARCARRATGAGTGGAGATARGGAARATAATATTTCATGTT TTAATAATARAT TAGAAARTGARCACATTGCARGAA TTGATG TTATAL TTTATT 1'rcu'n'au,aw-,aJL'AATMTADAAHTAHTMTCTA RAGTATT
5430 5440 5450 5160 5470 5460 5490 5510 5520 5530 5540 5550 5580 5570 5580
Lial ! Laisel [T TP TIPS PP O [P TP AT PTT YP TP TP PP T | T P
GARACGEARACAACTACCATGACT AAT GTT GATANTARTATAACT TATAAT TCARAARAARAT ARA TTT ACT GATARAGEACAARAAGRARGT ARACAT AGT TTAGA T TCATCTARTACGCGTGCTAG
AC195_1.38q(137193) —
£135_ed_ — A3 300TAAACAACt ACTALa3 agrttaga
—_ TERAMCGEAMCARCTACCRTGACT AATCTTANTANTANTATAMCTIATAAT TEARARAARAT! T TR A TAAAACANMAGARATAAAATHET TR CAT:
—
= —
5C_10_pSLI_TGD_AC1%5_Original_0(19>97%) -—
5390 S600 5630 5640 5650 5660 5670 S680 5690 5700 5710 5720 5730
1 1 I Lowilauialinibigl [T PITUY PTTRTTNN FUTTE PRTOS PP PPN [T TP TIPS PP O Ll
AGGTGOTGOTGE TEE TG0 TGRAGETGAGET AGACETAC EAT CAG TARAGEAGAAGAACT TTTCAC TEGAGT TGT T TCT TG TR AT T AGA TG TEA TR TR TG ECA CAA AT T 6T CAG TEGAGAG GETGARGET GATGOARCAT
AC195_1.38q(1>7153) — TRCGRT GAG TARAGSAGARGRACT TTTCACTGRAGT TET COCART TCT TET TEAATT AGRTEE TEATET TRRTGEECACRANTT TTC TET CAG TESAGAGGET GAAGET GRTGCARCAT
1>7138) — Jotgotacta agtacags gtacgatgagtasaggagaagaac agagtty cttqttgasttagatgatgatgttaat tttotgtcag agtgatg
0_AC195_Retrafo OH =11 —_
_L0_pSLI_TGD_ACIY5_Retrafo_0126-10% - mccmm:mqas::.rurur'nwcn»:'p GTTGTCOCART TCT TGT TGARTTREATEE TEATETT
_pSLI_TGD_AC195_Original_(24>1064) — GRTGAGTARAGGAGAAGARCT TTTCACTGS ATTAGA TGS TGATGTT
pSLI_TGD_AC195_Original (192379 — r‘. .\m m.-.m mL' AT A ARG AGAAGRACT TTTC AL TG
5760 5740 5700 5800 5810 5820 5 5840 5as0 5870 5880 5690
1 I P | Lo ilauialinnilegl [T FTUE PRTR PPN TS PATTLPIN PPN Lot TP PP T PP
ACGERANACTTACCC T TARAT TTAT TTGCA TA TGEARARC TAC L TG TTC CAT GEC CAR CAC TG TCAC TAC T TOGCATATGETC TTCAAT GoT TG LGN TAD A GATC ATA TEARACAGC ATGACT TTT T CARGAG TGO CATGOCCGAR
AC]Q‘,_J.s?'{(lbilQ}l Tt AT T TA TG CA A TR AR TAC TG AT G L AR T A TG oA TAS T oG oG AT G ST TTC AN BT TTGCGAGA TACCCAGHTCATATGARACAGCRTGACT TTTT CAAGATSCEATECCEGAR
1>7128) - ctactttogogtatggtottoaatgctttacgagatacocagatcatatgasacags 1r;r\r £t
55_Retrafe 0(26»109 — TATGETC TTC AT GCT FIGCEAGRTACCCAGRTC ATATGARAC G K
0 peLr 1\,3 AC185 original_(24>1064) - ’rq..n..rscmm A0 ET;T'I\E”\TEAE“\REMT[‘;T.AET\ET[T‘;ETPT‘GET\11\P}TE{TTPGEGEGPT.‘.DCEPGH‘CPTATGHH‘CPKPTGPL‘TTIT CRAGRGTG
5920 5980 5940 010 &0 6040
1 Livit 1 I T PP AP | 1 [T AP I TP | 1
TETACAGEARAGAA TCARAGAT GACGEEARC THCARGACAC T GOT GAAG TOANG TT TERAGET GAT ACC T T T T AAT AR TS GG TTARANGSTAT T GAT TTT ARAGAACAT GEARACATTO TTGGACACARATTGER
AC195_1.=eq(l>7103) - s:"TA"'Ta:A:.:A:.AG:.Ar'“aTa'T"maﬂasmsMGG:mn:a.ar,Ar:AEG'rEc'rtmc-'l\:ms'}TTc-uc-m'c-:\'r;Lcc'ﬂ'c-ﬂ'u-ﬂmAmanaw»,uc‘:r.l,TmArnu-MmsArtaM \CATTCTTGGACACARATTGER
— tatattitt . tttgasggtgataccettttaat agaatogagttaaaaggtat tgattt tasngaagat ggasacat tot tggacacanattgga
97pSL1_TGD AC185_Retrafo 0 (2651097 - ._Ta:nacmc.anc‘ma' TCAAACATEACEOEAACTACH CGTGOTGANGTCARGTTTGAAGGT GATACCCTT ETT AT AGRATC GAG TTARAMGSTATT G TTTARAGAAGAT GEARACATTC TTGEACACARATTGEA
_124>1084) —  GGTTATGTACAGGAAAGAACTATATTT ’l\nFALF\TLACCG;M'IAﬁAuAf‘ CGTEOT BAMGTCARG T TTEAA BAT EATACOCTT ETT AT AGAATC SAGTT ARG TATT EAT TTTARAGAA GAT GEARACATTCTTGGACACARATTGRA
£050 6060 BT 6080 £030 6100 6110 6120 6130 6140 €150 6160 6130 6140 §190 6200
IV TP FPPPRIVIN T PO TN TP TP TP PO VU PPN TUPPE PPN TUTS POPTE TP PV T TR TP A T TP
ATACRACTATAACTCACACAATGTATAC ATC AT GECAGACAANCANAR EAA TEANT CARRGT TANC TTCARANT TAGACACAACAT TEAREATGE ARG CET TCANC TAGCAGACEATTATCARCARAN TAC TCEARTTGEC GATGELCOTEIEE
AC195_1.82q(137193) . —  am A AT CRTOCAGAT RAACAARA GAR TG AAT CARAGT TARC TTCRAMRT TAGACACAACAT TGARGA TG RAGCGT TC AR TAGCAS NERREARAATAE TCEAR i
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Appendix 7

Individual DIQ-BiolD experiments of Candidate M7 (PF3D7_0307500)



Appendix

Only significant in experiment 1
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PF3D7_ 1250800
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kinetochore protein NUF2, putative NUF2
conserved Plasmodium protein, unknow n function -
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conserved Plasmodium protein, unknow n function GEXP19
conserved Plasmodium protein, unknow n function -
conserved Plasmodium protein, unknow n function -
conserved Plasmadium protein, unknow n function -
conserved Plasmodium protein, unknow n function -
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26S proteasome non-ATPase requlatory subunit 9 -
DNA-directed RNA polymerase Il subunit RFCS, pu -
ubiquitin-like protein, putative -

conserved Pasmodium protein, unknow n function -

60S ribosomal protein L31 RPL31
conserved protein, unknow n function -
DNA/RNA-binding protein Alba 2 ALBA2
sentrin-specific protease 1 SENP1

RNA-binding protein, putative -
conserved Plasmodium membrane protein, unknow -
conserved Plasmodium protein, unknow n function -
conserved Plasmodium protein, unknow n function -
conserved Plasmodium protein, unknow n function -
secreted ookinete protein, putative PSOP24
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Appendix

Only significant in experiment 2

M7 +BirA*-C

normalised log2-ratio (rapalog/control)

5

Experiment 2

B2ZBLUEREER

PF307 0708400
PF30T 1108900
PF307_ 0503800
PF30T7_1410600
PF30OT_1223500
PF30OT_ 1148400
PF30OT_ 1416900
PF30T_0803000
PF307 1453700
PF307_ 0723900
PF307 1141800
PF307 0312400
PF307 1367100
PF307_ 0107800
PF307 0605800
PF307T 0314700
PF307_ 1251500
PF307_ 0728000
PF30OT 1317700
PF30T_0509100
PF30T_0528200
PF30T 1355700

PF30T_ 0711000

heat shock protein 90

605 ribosomal protein L36

608 ribosomal protein L31

aukaryotic translation initiation factor 2 subunit gamma, putative
conserved Plasmodium protein, unknow n function
FPlasmadium exported protein, unknow n function

prefoldin subunit 2, putative

peplidyl-prolyl cis-trans isomearase

co-chaperona p23

RMA-binding protein, putative

EEL M2 domain-containing protein, putative

glycogen synthase kinase 3

U1 srmall nuclear ribonucleaprotein, putative

double-strand break repair protein MRE11

DM repair protein Ra D50, putative

zinc finger protein, putative

ATP-dependent RNA helicase DRS1, putative

aukaryotic translation initiation factor 2 subunit alpha, putative
conserved Plasmodium protein, unknow n function
structural maintenance of chromosomes protein 4, putative
eukaryotic translation initiation factor 3 subunit E, putative
MLl interacting factor-like phosphatase, putative
meathicnine--1RMA ligase

conserved Plasmodium protein, unknow n function
conserved Plasmodium protein, unknow n funclion
DhA-directed RNA polymerase | subunit RPAZ, putative
conserved Plasmodium protein, unknow n function

prodrug activation and resistance esterase

vacuolar protein sorting-associated protein 3, putative
AAA family ATPase, CDCAS subfamily

3D7_1323400¢

-2

0 2 4

Significance B= 0.01
[ [
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Experiment 1: normalised log2-ratio (rapalog/control)

M7 +BirA*-N
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Appendix 8

Oligonucleotides

Sequence

ctcccacaacgaggactacacc

Primer

mCherry 620 fw
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mCherry 88 rv ggccgttcacggagccctece

GFP 633 fw gccctttcegaaagatcce

GFP 272 as ccttcgggcatggcacte

GFP 85 rv accttcaccctctccactgac
pARLminus rv cagttataaatacaatcaattgg
pArl 128 rv agctatttacatgcatgtgcatgcac

pArl sense 55

ggaattgtgagcggataacaatttcacacagg

Crt fw ccgttaataataaatacacgcagtc
crt13ls cacatatatgacataaatattttaaaatcg
linker-fkbp_rev ttgtactcctctctgcagage

FKBP 304_fw tgcaactttagtattcgacg

FRB 42 rv aaacgagatgcctcttccag

FKBP 276_fw caggccatcctggcatcatce

Neo 40 rv cgaatagcctctccacccaag

Neo 746 fw tgctttacggtatcgccgetcce
FKBP 39 rv ttgacctctttttggaaatgtacg
FRB 251 fw gaatgtcaaggacctcctccaagce
FRB 76 rv tcaaacatgcctttcacgttcc

FRB 216 fw ccaagagtggtgcaggaagtac
FKBP 82 rv ctttccatcttcaagcattccag
FKBP 253 fw tcaccagattatgcatacggtg

Neo 75 rv cagagcagccgattgtctgttg

Neo 693 fw cttggcggcgaatgggctgacc

HA rv(allg) agcataatctggaacatcatatg
3xHA rv (Ricarda) catcgtagcgtaatctggaacatcg
nmd3_1051_fw gaggaaatttatatttctttaacaac

M1-loc intcheck

5' fw: agcattacgaatgataccatggatg

3" rev: acatattatttttatccaaacattc

M1-TGD intcheck

5' fw: tattatacagaatgtacgattcttg

3" rev: ctttacattattaacatttaaagct

M3-loc intcheck

5' fw: gaggaaatgaataattataaagaag
3' rev: ttttaacatgtcatagctttatttg

M3-TGD intcheck

5' fw: gtaaatatatacacaattatattac

3" rev: gaattatctgtataattaatagacg

M4-TGD intcheck

5' fw: gcataagtaacccagtataaaaaga

3' rev: gccgtttattaaattgagcattgac

M5-TGD intcheck

5' fw: gacgacgtatggaattgatatgttag

3' rev: catacgcaaatatatagacattttc

M6-loc intcheck

5' fw: aaataaaattaaaaaggaaaatatg

3' rev: catatttatataatttcataaatcc

M6-TGD intcheck

5' fw: cttgtttaagaatgaaaagaaaaatg

3' rev: cattaataaaattattattaaattc

M7-loc intcheck

5' fw: gaataatacgaataatatgaataatatg

3' rev: cacataattatattttcctttctcte

M7-TGD intcheck

5' fw: catacagataaatatacaacattgttg

3' rev: gttccttatgtatattctctaaatc

M8-loc intcheck

5' fw: actcatcaatataataattatatac

3' rev: atatttatgttatgataatttatgc

M8-TGD intcheck

5' fw: gtacttgaagtatataaaaagtacc
3' rev: acctagttctttcatatgttgtttg
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M9-loc intcheck 5' fw: ctagagaggagaataaaagtgatcc
3' rev: gtggtacactttataaattggcacg
MO9-TGD intcheck 5' fw: ctcccctgtccattatattatttte
3' rev: ctaaaattaaggctctcattgttttc
M10-loc intcheck 5' fw: ttaaatcatatcaaaaatataatag
2. 5’ fw: gaaatgtaaaataactgacgatattg
3 rev: atatatttacatatttacatatttg
M10-TGD intcheck 5' fw: ttccatgtacattagatgtatagag
3" rev: gttggtgtccatatatcggataattc
M2-TGD intcheck 5' fw: gtcataaaataaataccccatatag
3' rev: cattataattattattattattgc
M11-loc intcheck 5' fw: gaagaaatgtacacataatgatgtc
3" rev: ctatacacatacatatatattgtac
M11-TGD intcheck 5V fw: cttttcatttttcatttttgtgtgg
3" rev: catggtgcggtatgattaatattaac
M12-loc intcheck 5' fw: gtcaaaatcatatgaataaaaataag
3" rev: catttatatgtaattcaattaatac
M12-TGD intcheck 5' fw: cttttcatttttcatttttgtgtgg
3' rev: cttatttttattcatatgattttgac
M13-loc intcheck 5" fw: gaatccattttaaaatctaaattgg
2. 5’ fw: gataaatatgaaggtaagataacg
3' rev: cacatatatgtaccatataaaatag
M13-TGD intcheck 5' fw: gaaaggtagcacaaaaattccactc
3' rev: ctcttaaatacatttcttaacatttc
M14-loc (pSLI) / M14-TGD 5" fw: gtttaataataagtttatagaaaag
3' rev: gttttataatttctatgtgttccc
M15-TGD 5' fw: caatgaagttaaaaaggacagagac
3' rev: cttttctgttttcaatttattcaag
M16-loc intcheck 5' fw: cttattattaaatccacaaaacgtg
3'rev: gcaaaaaaattaatgctccacataac
M16-TGD intcheck 5' fw: ctattgaaactagattattataatg
3' rev: catcattttttgtttgtgcattctc
M17-TGD intcheck 5' fw: caaattaatagacagaagaaggaag
3' rev: gtttgatgtcctacctacagttttg
M18-loc intcheck 5' fw: gaacaaagacataaatgaaacagatg
3' rev: catatattcgtgtgtatatgttaatatc
M18-TGD intcheck 5' fw: aagatggacaacgaatgtaataatg
3 rev: cttgttaattttttatatgtattc

M19-loc intcheck

S5‘fw:cttttatatatattataatgtttatg aslo tgd fw

2.5’ fw:gatagaaaattatttatcaacataacaaag

3' rev: cgtgttctccgtttttatgttaatc
M19-TGD intcheck 3" rev: gaattcctcaaaattattagaagaatg
M20-loc intcheck 5' fw: ctatatacatatagtaaacttgaatac

3' rev:

gtgtttgtgtttatgtttatgtty

M20-TGD intcheck

5Y fw:

3' rev:

ctaattatcgtaagaatgaaaaaac

catttttttcattttctacattttttte

M24-loc intcheck

57 fw:

3’ rev:

caataacactaacgaatcttctg
gattagaaatttattatttatttctyg

M24-TGD intcheck

5' fw:

3' rev:

gtttattacaaatggctcataaag
gaagcttctattttcgttatgttc

Rab5b_codonadj_myc_2TA Gibson fw:

gttttttttaatttcttacatataactcgaggtcgacatgggttgcagtagttcaacag

agc

Q
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Gibson rev for crtIxNLS

cttgttggatcacgcgtaacttttetttttttttttggtgegtecgactggacctggatt

ttcttcaacatcac

Gibson rev for crt VPS45

ctgatattaacttctgctcecctaggtgggttattgtagtaaagtacctee

MutationS48N locked: Gibson fw

cttggagattcaggagtaggtaagaattcaatagcactttacctttgeccac

MutationS48N(locked):Gibson rv

cttacctactcctgaatctccaagaagtacaatcttaacctttgtgtectg

Mutation N148I (locked): Gibson fw

ctgctgcataatggttgtagcaatcaagaaagatcttccacagaagttaaac

Mutation N148I (locked): Gibson rv

tgctacaaccattatgcagcagttacgaggtccgttactcttaatctce

Mutation Q94L (aktiv): Gibson fw

gcttcacatatgggacacaggtggactggagcgtttcagaagtatggcaccac

Mutation Q94L (aktiv): Gibson rv

tccacctgtgtcccatatgtgaagcttcatagtagctcecgttcttaagcete

Mutation 167M (aktiv): Gibson fw

gattcagcgagaagcaccaggtaacaatgggagctgctttccttcaccacaac

Mutation 167M (aktiv): Gibson rv

tgttacctggtgcttctcgctgaatcttccgtggcaaaggtaaagtgctattyg

M6-loc fw Notl

cactgcggccgctaaggacagaatggtaaagatgattataatg

Mé6-loc rv AvRII gactcctaggtaaatccacgacctctttattgtteg

M7-loc fw Notl cactgcggccgctaagaacatgatgatctaagaaatatgaatgag

M7-loc rv AvRII tcctecctaggttttecctatgcatgttttttttttettttttttettttttaage
M9-loc fw Notl cactgcggccgctaaggatattcaacttttattgatgaaaataataagac

M9-loc rv AvRII tcctecctaggatttaggtaaacaaaacataaaaatattttagcggacce

M32-TGD fw Notl cactgcggccgctaagatgggaatgaatatacatacagecgg

M32-TGD rv Mull tcctacgcgtatgcttaaactttttcaaatacctac

M2-loc fw gctatttaggtgacactatagaatactcgcggccgctaaataaatcataatccaattca

tataaac

Mz2-loc rv AVRII reverse

cagcagatcttgatctcaatcctgacctaggatttattttttcaaataatgctttaaat

C

M4-loc fw gctatttaggtgacactatagaatactcgcggccgctaacataaaaatattatgaataa
ttataata

M4-loc rv gcagcagatcttgatctcaatcctgacctaggcttgtgcttatagaaatgaggtacg

M12-loc fw gctatttaggtgacactatagaatactcgcggccgctaatccgaaaatataaataatgt
tattg

M12-loc rv cagcagatcttgatctcaatcctgacctaggattatttggcttcatgccactage

M14-loc fw gccaagctatttaggtgacactatagaatactcgcggccgctaagcaacaagttgttat
ggcaatttttttattttg

M14-loc rv gcagcagatcttgatctcaatcctgacctagggtcctgaaattcaacacggtgag

M20_TGD fw ctatttaggtgacactatagaatactcgcggccgctaaaaagaaaacatttctattaat
aag

M20_TGD rv ccagcaccagcagcagcacctctagcacgcgtatatttttcattttctacattttttte

M21_loc fw ctatttaggtgacactatagaatactcgcggccgctaaaacctcaacggtaataaaaat
gctg

M21_loc rv cagcagatcttgatctcaatcctgacctagggatattatttaaattattttctte

M30_loc fw ctatttaggtgacactatagaatactcgcggccgctaaccatattttgatttaacggaa
attg

M30_loc rv cagcagatcttgatctcaatcctgacctaggtgtattgtatgagctaaaaataaaag

M32_loc fw ggtgacactatagaatactcgcggccgctaagecttectttgettgettttatatate

M32_loc rv cagcagatcttgatctcaatcctgacctaggatatttattaaattgttctttate

M33_loc fw ctatttaggtgacactatagaatactcgcggccgctaatcaaatggtttagtgteccaa
gaatc

M33_loc rv gcagcagatcttgatctcaatcctgacctaggaacaagttgtcectttetgetttttete




