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Summary

Summary

The infectious disease malaria kills more than 400,000 people every year, mainly children younger than
5 years. The human malaria parasite Plasmodium falciparum is a unicellular parasite that belongs to the
genus Apicomplexa. The parasite is transmitted to humans through the bite of an Anopheles mosquito.
The following asexual reproduction of the parasite in erythrocytes of the human host cause the
symptoms of the disease. Artemisinin and its derivatives (ART) are currently the most important agents
for the control and treatment of malaria and are typically administered with a partner drug as an
Artemisinin based combination therapy. ART are activated in the parasite by hemoglobin degradation
products that result from host cell cytosol that the intracellular parasite endocytoses during blood stage
growth. Alarmingly, since 2008, parasites with lower susceptibility to the drug (resistance) have
emerged in Southeast Asia which has led to treatment failures and threatens recent success of malaria
control. Artemisinin resistant parasites have single point mutations in a protein named Kelch13. The
potential molecular mechanism of resistance was recently cleared up: less endocytic uptake of
hemoglobin in resistant parasites leads to less hemoglobin that is available for digestion in the parasite

and hence less artemisinin activation.

To gain insight into the function and cellular location of Kelch13, former studies performed dimerization
induced quantitative DIQ-BioID experiments with Kelch13 wild type parasites and proteins in close
proximity to Kelchl3 were identified. These proteins co-located with Kelchl3 in an unknown
compartment. Beside proteins such as UBP1 and Epsl5, most of the other Kelch13 compartment
proteins were Plasmodium specific (designated as Kelch13 interaction candidates (KICs)). To better
understand the involvement of the Kelch13-defined compartment in ART resistance, it was assessed in
this thesis whether other Kelch13 interacting candidates (KICs) were also involved in resistance which
would substantiate their involvement in the Kelchl3 pathway. These experiments showed that the
disruption of three of the non-essential KICs (MCA2-TGD, KIC4-TGD and KIC5-TGD) led to reduced
susceptibility to ART. It was shown recently that inactivation of UBP1, Eps15 and KIC7 resulted in
decreased susceptibility of the parasites to ART and together with the results of the KIC-TGD cell lines

it can be concluded that the Kelch13 compartment is involved in ART resistance.

Furthermore, it is demonstrated in this thesis that the MCA2-TGD and KIC5-TGD parasites showed
impaired fitness levels and that KIC7 and UBP1 are essential for parasite survival in ring as well as in
trophozoite stages. Inactivation of KIC7 via knock sideways resulted in a similar phenotype to that of
UBPI1 inactivation when stage-specific parasite development was monitored using Giemsa smears, in
support of a similar function of these proteins in parasite development. In contrast to KIC7 and UBP1,

the data presented here also confirm previous findings that Kelch13 is essential for parasite survival in
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ring stages only. Moreover, the data presented in this thesis shows that inactivation of KIC7 leads to
increased vesicle formation or accumulation in the parasite, supporting the hypothesis that
endolysosomal transport of vesicles to the digestive vacuole might be impaired after KIC7 inactivation.
Additionally, the data indicate that less hemozoin is present upon KIC7 inactivation, giving further

evidence that KIC7 is involved in endocytosis.

To further investigate the resistance causing mechanism and to assess how mutations in the Kelch13
protein influence ART resistance, it was determined whether a changed interaction profile of parasites
with a resistance-conferring Kelch13 mutation could lead to resistance. Using DIQ-BiolD experiments
with the Kelchl3 mutant parasites the interaction profile of mutated and wild type Kelchl3 was
compared. However, no notable differences were observed in the two cell lines, indicating that mutating
Kelch13 does not change a specific interaction of the protein. Rather it was shown using quantitative
immunoblot analysis and fluorescence intensity quantification that mutated Kelch13 is less abundant in
the cell compared to wild type Kelchl13. Moreover, using episomally expressed complementation
constructs, it was shown in this thesis that increased Kelch13 abundance in resistant parasites leads to
the loss of resistance. These findings indicated that Kelch13 protein levels influence resistance and gave

evidence that mutated Kelch13 reduces its abundance and hence the overall Kelch13 activity per cell.

In order to better understand the cellular function of Kelch13 and to investigate the functions of the
individual domains of Kelch13, constructs consisting of different Kelch13 domain combinations were
episomally expressed on the resistant Kelch13 mutant background. The importance of the domains for
the cellular localization of Kelchl3 was determined by fluorescence microscopy and the ability of
constructs to maintain the function of Kelchl3 was assessed by determining the resistance level,
assuming that a functional construct reverts the parasites to sensitivity. These experiments indicated that
the Plasmodium specific N-terminus of Kelch13 promotes function and that the conserved C-terminus
containing the Kelch propeller domain does not display a role in protein function but rather might act as
a regulator of Kelchl3 stability. Semi-quantitative Western Blot analysis indicated that episomal
constructs containing the Kelch propeller domain have significantly higher abundance in the cell than
constructs lacking the Kelch propeller domain. These findings suggest a function of the Kelch propeller

domain as a regulator of protein abundance of Kelch13.

The data presented in this this thesis show that proteins of the Kelchl3 defined compartment are
involved in artemisinin resistance and that resistance is influenced by Kelch13 abundance. Furthermore,
the data indicate that the N-terminal part of Kelch13 fulfills the function of the protein and the C-terminal

part is a regulatory domain and influences Kelch13 abundance.



Zusammenfassung

Zusammenfassung

Die Infektionskrankheit Malaria totet jedes Jahr mehr als 400.000 Menschen, wobei meistens Kinder
unter 5 Jahren betroffen sind. Der menschliche Malariaerreger Plasmodium falciparum ist ein einzelliger
Parasit, der zur Gattung der Apicomplexa gehort. Der Parasit wird durch den Stich einer Anopheles
Miicke auf den Menschen libertragen. Die anschlieBende ungeschlechtliche Vermehrung des Parasiten
in den Erythrozyten des menschlichen Wirts verursacht die Symptome der Krankheit. Artemisinin und
seine Derivate (ART) sind derzeit die wichtigsten Medikamente zur Kontrolle und Behandlung von
Malariainfektionen und werden typischerweise mit einem Partnerpréparat als Artemisinin-basierte
Kombinationstherapie verabreicht. ART werden im Parasiten durch Hadmoglobin-Abbauprodukte
aktiviert, die aus dem Zytosol der Wirtszelle stammen, welches der intrazelluldre Parasit wiahrend des
Wachstums im Blutstadium durch Endozytose aufnimmt. Alarmierender Weise sind seit 2008 in
Siidostasien Parasiten mit geringerer Anfalligkeit gegeniiber dem Medikament (Resistenz) aufgetreten,
wodurch es zu Behandlungsfehlern kommt und die bisherigen Erfolge der Malariakontrolle bedroht
werden. ART-resistente Parasiten weisen Punktmutationen in einem Protein namens Kelch13 auf. Der
mogliche molekulare Resistenzmechanismus wurde kiirzlich aufgeklart: Eine geringere
Hamoglobinaufnahme in resistenten Parasiten fiihrt zu einer geringeren Himoglobinverdauung in der

Zelle und damit zu einer geringeren ART-Aktivierung.

Um einen Einblick in die Funktion und die zelluldre Lokalisation von Kelch13 zu erhalten, wurden in
fritheren Studien mit Kelch13 Wildtyp Parasiten Dimerisierungs-induzierte quantitative BiolD (DiQ-
BiolD) Experimente durchgefiihrt und Proteine in unmittelbarer Umgebung von Kelch13 identifiziert.
Diese Proteine wurden gemeinsam mit Kelch13 in einem unbekannten Kompartiment lokalisiert. Neben
Proteinen wie UBP1 und Epsl15 sind die meisten der anderen Proteine des Kelchl3-Kompartiments
Plasmodium-spezifisch (bezeichnet als Kelchl3-Interaktionskandidaten (KICs)). Um die Beteiligung
des Kelch13-definierten Kompartiments an der ART-Resistenz besser zu verstehen, wurde in dieser
Arbeit untersucht, ob andere Kelch13-Interaktionskandidaten ebenfalls an der Resistenz beteiligt sind,
was die Beteiligung am gleichen zelluldren Prozess wie Kelchl3 untermauern wiirde. Diese
Experimente zeigten, dass die Trunkierung der Gene von drei der nicht-essentiellen KICs (MCA2-TGD,
KIC4-TGD und KIC5-TGD) zu einer verminderten Anfalligkeit gegeniiber ART fiihrte. Kiirzlich wurde
gezeigt, dass die Inaktivierung von UBP1, Epsl5 und KIC7 zu einer verminderten Anfalligkeit der
Parasiten gegeniiber ART fiihrte und zusammen mit den Ergebnissen der KIC-TGD-Zelllinien kann

daraus geschlossen werden, dass das Kelch13-Kompartiment an der ART-Resistenz beteiligt ist.

Des Weiteren wurde in dieser Arbeit gezeigt, dass die MCA2-TGD- und KIC5-TGD-Parasiten eine
eingeschrinkte Fitness aufweisen und dass KIC7 und UBP1 fiir das Uberleben der Parasiten sowohl im
Ring- als auch im Trophozoitenstadium essentiell sind. Die Inaktivierung von KIC7 durch Knock
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Sideways fiihrte zu einem dhnlichen Phidnotyp wie die Inaktivierung von UBPI1, wenn die
stadienspezifische Parasitenentwicklung mit Giemsa-Ausstrichen analysiert wurde, was eine dhnliche
Funktion dieser Proteine in der Parasitenentwicklung vermuten lasst. Im Gegensatz zu KIC7 und UBP1,
bestdtigen die in dieser Arbeit vorgestellten Daten zudem auch frithere Erkenntnisse, dass Kelch13 fiir
das Uberleben der Parasiten ausschlieBlich in Ringstadien essentiell ist. Zudem zeigte sich, dass die
Inaktivierung von KIC7 zu einer vermehrten Akkumulation von vesikuldren Strukturen im Parasiten
fiihrt, was die Hypothese unterstiitzt, dass der endolysosomale Transport von Vesikeln zur
Verdauungsvakuole nach KIC7-Inaktivierung beeintrdchtigt sein kdnnte. Zusitzlich deuten die Daten
darauf hin, dass nach KIC7-Inaktivierung weniger Himozoin vorhanden ist, was ein weiteres Indiz dafiir

ist, dass KIC7 an der Endozytose beteiligt ist.

Um den Resistenz-verursachenden Mechanismus weiter zu untersuchen und besser zu verstehen, wie
Mutationen im Kelch13-Protein die ART-Resistenz beeinflussen, wurde ermittelt, ob ein verdndertes
Interaktionsprofil von mutierten Kelchl13-Parasiten zur Resistenz fiihren konnte. Anhand von DIQ-
BioID-Experimenten mit Parasiten, die eine ART-Resistenz vermittelnde Mutation in Kelch13 tragen,
wurde das Interaktionsprofil von mutiertem und Wildtyp-Kelch13 verglichen. Es wurden jedoch keine
nennenswerten Unterschiede in den beiden Zelllinien festgestellt, was darauf hinweist, dass die
Mutation in Kelch13 keine spezifische Interaktion des Proteins verdndert. Vielmehr wurde in dieser
Arbeit mittels quantitativer Immunoblot Analyse und Quantifizierung der Fluoreszenzintensitit gezeigt,
dass mutiertes Kelch13 im Vergleich zu Wildtyp-Kelch13 weniger hiufig in der Zelle vorkommt.
Dariiber hinaus wurde in dieser Arbeit mit Hilfe von episomal exprimierten
Komplementierungskonstrukten gezeigt, dass eine erhdhte Kelchl3 Proteinmenge in resistenten
Parasiten zum Verlust der Resistenz fiihrt. Diese Ergebnisse wiesen darauf hin, dass der Kelchl3-
Proteinspiegel die Resistenz beeinflusst und gaben Hinweise darauf, dass mutiertes Kelch13 die

Kelch13-Proteinmenge und damit die gesamte Kelch13-Aktivitit pro Zelle reduziert.

Um die zelluldre Funktion von Kelch13 besser zu verstehen und die Funktionen der einzelnen Doménen
von Kelchl3 zu untersuchen, wurden Konstrukte, die aus verschiedenen Kelchl3-
Dominenkombinationen bestehen, episomal auf dem resistenten mutierten Kelchl13 Hintergrund
exprimiert. Die Wichtigkeit der Doménen fiir die zellulire Lokalisation wurde mittels
Fluoreszenzmikroskopie bestimmt und die Féhigkeit der Konstrukte, die Funktion von Kelchl3
aufrechtzuerhalten, wurde durch die Messung des Resistenzniveaus bestimmt, wobei davon
ausgegangen wurde, dass ein funktionelles Konstrukt die Parasiten sensitiv gegeniiber ART werden
lasst. Diese Experimente zeigten, dass der Plasmodium-spezifische N-Terminus von Kelchl13 fiir die
Funktion des Proteins wichtig ist und dass der konservierte C-Terminus, der die Kelch-Propeller-
Doméne enthilt, keine Rolle bei der Proteinfunktion spielt, sondern mdglicherweise als Regulator der

Kelch13-Stabilitdt fungieren konnte. Semi-quantitative Western Blot Analysen gaben Hinweise darauf,
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dass episomale Konstrukte, die die Kelch-Propeller-Domine enthalten, signifikant hohere Kelch13-
Proteinmengen aufweisen als Konstrukte, denen die Kelch-Propeller-Doméne fehlt. Diese Ergebnisse
deuten auf eine Funktion der Kelch-Propeller-Doméne als Regulator der Proteinmenge von Kelch13

hin.

In dieser Arbeit wurde gezeigt, dass Proteine des Kelchl3-definierten Kompartiments an der
Artemisinin-Resistenz beteiligt sind und dass die Resistenz durch die Proteinmenge von Kelchl3
beeinflusst wird. AuBBerdem deuten die hier vorgestellten Daten darauf hin, dass der N-terminale Bereich
von Kelch13 die Funktion des Proteins erfiillt und der C-terminale Bereich eine regulatorische Doméne

ist und die Kelch13-Proteinmenge beeinflusst.
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1 Introduction

1.1 Malaria: a worldwide public health problem

Malaria is a vector-borne disease caused by unicellular protozoan parasites of the genus Plasmodium.
The disease is found in 87 countries (WHO, 2020) and distributed in tropical and subtropical areas
including Latin America, Africa, Southeast Asia and the Indian subcontinent. Malaria remains one of
the most important global public health problems as well as a heavy social and economic burden in low-
income countries. The epidemiology, occurrence and mortality of the complex disease varies among the
affected countries and is dependent of the disease-causing Plasmodium species. Plasmodium parasites
are classified into the phylum Apicomplexa and today more than 200 Plasmodium species are known
that, depending on the species, infect specific mammals, birds or reptiles. Five Plasmodium species can
infect humans: P. falciparum, P. knowlesi, P. ovale, P. malariae and P. vivax, of which P. falciparum

is the most virulent.

1.1.1 Historical background of the disease

Malaria is one of the most concerning infection diseases worldwide and no tropical disease claims as
many human lives every year as malaria. Malaria was first reported 2700 BC in a classical work of
Chinese medicine (Arrow et al., 2004). Hippocrates recognized the disease characterized by various
attacks of fever and diagnosed malaria based on its symptoms (Cox, 2002). In 1880, the French military
doctor Charles Alphonse Leveran, who was stationed in Algeria, identified the causative agent of
malaria and described the single-cell parasite in blood smears from malaria patients (Laveran, 1881).
Later on, Ronald Ross provided evidence, that the pathogen is transmitted by Anopheles mosquitos
(Ross, 2002). Laveran and Ross were awarded with the Nobel Prize for Medicine and Physiology for
their findings (Ronald Ross in 1902, Charles Alphonse Laveran in 1907). In the beginning of the 20th
century, the commitment of the western world to combat malaria was strong because Europe and the
United States of America were threatened by the disease (Regenass-Klotz, 2009). With the availability
of the antimalarial chloroquine (QC) and the effective insecticides such as DDT for vector control, by
1951 the United States were considered malaria-free (WHO, 2008) and the World Health Organization
(WHO) launched the WHO Global Malaria Eradication Program in 1955. The program showed concrete
results and contributed to a massive decrease in malaria cases in countries such as India and Sri Lanka
in 1963, followed by an increase of malaria cases to concerning levels after efforts ceased
(Chareonviriyaphap et al., 2000, Abeyasinghe et al., 2012). In countries such as Haiti and Nicaragua,
the measures were only partially effective and the elimination campaign was not seriously implemented
in Africa (Molineaux and Gramiccia, 1980). The worldwide success of the Malaria Eradication Program

was limited by emerging drug as well as insecticide resistance, ongoing wars and extreme climatic
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conditions, which led to a new alignment turning the Global Eradication Program to a Malaria Control
Program in 1978 (Rosenthal et al., 2019, WHO 2020). In 1982, the WHO certified 24 endemic countries
as malaria-free, but in the 1990s the number of deaths per year due to malaria increased to the highest
in human history (Rosenthal et al., 2019). With the beginning of the 21st century, funding for malaria
research increased and new programs, such as the Global Fund for AIDS, Tuberculosis, and Malaria
(the Global Fund), were established. A combination of the development of diagnostic tests, effective
drugs, insecticide usage for indoor spraying and the widespread usage of bed nets, led to reduced malaria
cases by more than 40 % from 2000 until today and reduced deaths by more than 60 % worldwide
(WHO, 2020). Between 2000 and 2019, the WHO announced 21 countries malaria free for three
consecutive years and certified 10 of them as malaria free. Unfortunately, malaria parasites developed
resistance again the current first-line anti-malaria drug and malaria cases in high-burden areas plateaued
in recent years (WHO, 2020). This situation increases the urgency to better understand the physiology
of the parasite and to develop new drugs (Holmes et al., 2017).

1.1.2 Epidemiology of malaria

In 2019, the WHO estimated that a total number of 229 million malaria cases in 87 countries occurred
worldwide (WHO, 2020). Ninety-three percent of all reported malaria cases occur in African Regions,
three percent in Southeast-Asia and two percent in the Eastern Mediterranean Regions (WHO, 2019 a).
With an estimated 215 million malaria cases annually, Africa is the major area for the disease. The
largest number of infections were recorded in Nigeria (27 %), the Democratic Republic of the Congo
(12 %) and Uganda (5 %) (WHO, 2020). Prevention and treatment of Plasmodium infections succeeded
in Southeast Asia, leading to 73 % less cases from 2000 to 2019. The overall malaria case reduction can
also be observed in parts of the Eastern Mediterranean Region (e.g., Iran) and in parts of the Western
Pacific Region (e.g., China and Malaysia). Alarmingly, malaria infection rates in Venezuela increased

from 2000 to 2019 from 35 500 to 467 000 (WHO, 2020) (Figure 1).

Malaria incidence, 2018

No
No
Figure 1. Map of malaria case incidence rate (cases per 1000 population at risk) by country in 2018 (WHO, 2019 a).
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Globally, malaria caused 409 000 deaths in 2019 of which 67 % were among children under 5 years.
According to estimations, ninety-five percent of all malaria deaths occurred in 31 countries, primarily
concentrated in low-income countries and especially in Africa. In total, the global trends in the malaria
case incidence rate (Figure 2a) and mortality rate (Figure 2b) declined from 2000 to 2019. In this time
period, deaths per 100 000 people at risk decreased from 25 to 10 and overall malaria cases per 100 000
was reduced by 29 % from 80 to 57 (WHO, 2020). Africa is the continent most threatened by malaria
worldwide, and children and pregnant women are particularly affected. Every third pregnant women
become infected with malaria during her pregnancy with consequential damage for the unborn babies,

such as low birth weight (Guyatt and Snow, 2004).
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Figure 2. Global trends in a) malaria case incidence rate (cases per 1000 population at risk), b) mortality rate from 2000 -
2019 (WHO 2020).

1.1.3 Human-pathogen Plasmodium species

Plasmodium falciparum is the most important causative agent of malaria and the most virulent
Plasmodium species. P. falciparum infections are responsible for 99 % of the lethal malaria cases

worldwide (WHO, 2018 a). Geographically, P. falciparum is distributed in tropical and subtropical
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regions with particularly strong occurrence in sub-Saharan Africa (Price et al., 2020) (Figure 3a). Due
to the high transmission rate of P. falciparum in Africa, levels of acquired immunity are high, leading
to frequently asymptomatic malaria infections in adults (WHO, 2019 a). Children and travellers that are
exposed the first time to P. falciparum infections often develop severe malaria. In 2018, P. falciparum-
caused malaria was estimated in 24 million children in sub-Saharan Africa. The most virulent property
of P. falciparum is the ability to modify the infected erythrocyte surface, leading to cytoadherence of
the infected red blood cells to the endothelium, which can cause impaired tissue perfusion,
microvascular obstruction and even organ damage (Zekar and Sharman, 2021). If the brain is affected,
this can lead to cerebral malaria, a major reason for severe complications. A further common
complication associated in infections with P. falciparum is severe anaemia.

Plasmodium vivax is the globally most widespread human malaria parasite and the predominant malaria-
causing species in Southeast Asia (Boissiere et al., 2020). In 2017, malaria infections caused by P. vivax
were detected in 49 countries in South America, Eastern Africa Regions, Asia and the Pacific Islands
(Price et al., 2020) (Figure 3b). Malaria infections caused by P. vivax parasites proceed with milder
symptoms and lower mortality rates than P. falciparum infections (Elgoraish et al., 2019). In contrast to
P. falciparum, P. vivax parasite infections occur in regions with lower environmental temperatures
(Greenwood et al., 2008). P. vivax parasites are responsible for 70 to 80 million malaria cases worldwide
(Daron et al., 2020) and in 2019 the proportion of Plasmodium vivax infection compared to all estimated
cases decreased from 7 % to 3 % (WHO, 2020). P. vivax infects only reticulocytes and only Duffy
antigen positive red blood cells are affected (Mercereau-Puijalon et al., 2010). The Duffy antigen is a
protein that is needed for P. vivax to invade erythrocytes (Price et al., 2020). Sub-Saharan African
countries are usually not at risk of P. vivax infections which can be explained by the absence of the
Duffy antigen on red blood cell surfaces (Chitnis et al., 1996). In contrast to P. falciparum, P. vivax
parasites are able to form dormant stages (termed hypnozoites) which survive longe timer periods and
can be activated even years after the primary infection (Shortt et al., 1948, Krotoski et al., 1982,
Mikolajczak et al., 2015). When activated, hypnozoites give rise to a new infection (White et al., 2011).
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Figure 3. The Incidence of Plasmodium falciparum and Plasmodium vivax Malaria in 2017. Cases per 1000 people per annum
of P. falciparum (A) and P. vivax (B). Color code shows incidence rate from high (yellow for P.f., red for P.v.) to low (white)
(modified from Price et al., 2020).

Malaria infections caused by P. malariae and P. ovale are significantly less frequent than P. falciparum
and P. vivax infections. P. malariae infections occur mainly in tropical regions in Africa and co-
infections with P. malariae and P. falciparum were encountered (Autino et al., 2012). P ovale parasites
are present in Asia, on some islands of the western Pacific region and in Africa (Collins and Jeffery,
2005) and are able to form dormant liver stages (hypnozoites) which can cause a relapse of the disease
after months or even years (Greenwood et al., 2008). Plasmodium knowlesi was first isolated in 1931
and is primarily a zoonotic parasite infecting macaques, but in 1965 the first case of human malaria
infection with P. knowlesi has been documented in Malaysia (Chin et al., 1965) and since then, P.
knowlesi infections in humans have been reported in Southeast Asia (Malaysia, Indonesia, Vietnam
Thailand, Singapore, Myanmar, Singapore and Cambodia). P. knowlesi can be transmitted in monkey-
to-human, human-to-monkey and monkey-to-monkey infections (Singh and Daneshvar, 2013) but so
far, there is no evidence of natural human-to-human transmission (Brock et al., 2016; Singh et al., 2004).
The pathophysiology of P. vivax, P. ovale and P. malariae is rarely fatal and infections with these
Plasmodium species are causing usually mild symptoms (Rahimi et al., 2014). Human P. knowlesi
infections can cause severe symptoms such as acute respiratory distress, renal failure, shock and

hyperbilirubinemia (William et al., 2011).
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1.1.4 Diagnosis of malaria

Effective malaria management depends on the reachability of medical centres for people living in rural
and urban areas. Delays in the detection of malaria result in high parasitemia in the patients and severe
malaria cases which can lead to death. The nonspecific nature of the symptoms of malaria, e.g., high
fever, headache, weakness, chills, sweats, dizziness and body aches, require specific and accurate
diagnostic options to avoid over-treatment, non-treatment or misdiagnosis (Tangpukdee et al., 2009).
Common techniques to diagnose malaria infections include the identification of the malaria causing
parasite or antigens in patient blood samples, which is mainly done by rapid diagnostic tests (RDTs), by
microscopy or molecular methods like polymerase chain reaction (PCR) (Holland and Kiechle, 2005).

In recent years, the development of RDTs was of major interest. According to the WHO, RDTs allow
fast diagnosis within 15 — 30 minutes, are simple in the handling as well as in interpreting and most
important, can be used in areas with no diagnostic laboratories (WHO, 1996). RDTs detect malaria
parasite specific proteins (antigens) of one or several Plasmodium species. The accuracy to distinguish
between Plasmodium species is dependent on the single tests that are used. In 2020, 200 different malaria
RDTs were available on the market and in 2019 615 million RDTs were used for diagnosis worldwide

(WHO, 2020).

1.1.5 Transmission and Prevention

Malaria is transmitted through the bites of female Anopheles mosquitos. Globally, more than 400
different Anopheles species are known, of which approximately 30 species are of special importance for
the transmission of human malaria (WHO, 2020). 4. gambiae and A. arabiensis are the most dominant
vector species in Africa (Schmidt et al., 2019). The diversity of Anopheles species in Southeast Asia is
much larger than in Africa and represents 30 Anopheles species. The vectors A. dirus, A. minimus and
A. eprioticus are responsible for most malaria cases in Southeast Asia (Obsomer et al., 2013). Female
Anopheles mosquitoes lay their eggs in shallow freshwater ponds and organic material, such as algae
and bacteria, is used as nutrition source for the larvae (Merritt et al., 1992). Due to the climatic
requirements of the mosquitoes, malaria transmission is dependent climate conditions. Anopheles
mosquito abundance is increased during humid seasons during which malaria transmission peaks (Jetten
etal., 1996). Other climate conditions, such as dry seasons, limit mosquito populations and consequently
the occurrence of malaria infections is reduced. Ectotherm Anopheles mosquitos as well as Plasmodium
species are sensitive to temperature, which influences the speed of development of the parasite stages
in the mosquito and therefore the transmission rate (Paaijmans et al., 2010). The optimal temperature
for Anopheles mosquitos ranges from 20 — 30 °C (Beck-Johnson et al. 2013).

The malaria transmission rate in endemic countries depends on malaria vector control strategies such as
insecticide-treated mosquito nets (ITNs), indoor residual spraying (IRS) and the reduction of mosquito
breeding sites by controlling water levels. According to the WHO, the worldwide usage of ITNs from
people that are at risk of malaria increased from 2 % to 46 % in the time period between 2000 and 2019.
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Most ITNs were used in Sub-Saharan African countries like Nigeria, the Democratic Republic of the
Congo and Ethiopia, whereas Nigeria announced the availability of at least one bed in 68 % of all
households (WHO, 2020). The regular use of INTs is a major reason contributing to the significant

decrease of malaria deaths (Greenwood et al., 2008).

1.2 Plasmodium falciparum: the malaria causing parasite

1.2.1 The life cycle of Plasmodium falciparum

The life cycle of P. falciparum consists of different development phases which can be defined in three
main stages: the liver stage (see 1.2.1.1), the blood stage (see 1.2.1.2 and 1.2.1.3) and the mosquito stage
(see 1.2.1.4) (Figure 4).

Plasmodium falciparum sporozoites can be transmitted to the human host by the bite of a female
Anopheles mosquito (Figure 4, step 1). The sporozoites reach the blood stream and are transported to
the liver where a single asexual replication cycle takes place and merozoites are formed in merosomes
(Figure 4, step 2 - 8) without causing clinical symptoms in the human host. With the release of the
merozoites into the blood stream, the erythrocytic development phase of the parasite begins. The
invasive merozoite stage invades erythrocytes (Figure 4, step 9) and parasite development from ring to
trophozoite and schizont stage takes place (Figure 4, step 10 - 12). This results in up to 32 new daughter
merozoites that are again released into the blood stream (Figure 4, step 13) and can invade new
erythrocytes. A small proportion of the intra-erythrocytic parasites undergo gametocytogenesis resulting
in the production of sexual parasite stages (Figure 4, step 14), which can be taken up by the mosquito
by the next blood meal where the parasite multiplies to produce sporozoites that can again infect a new
human host (Figure 4, step 15).
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Figure 4. Life cycle of Plasmodium falciparum parasites. 1 - 8: pre-erythrocytic parasite development in the human liver. 9 -
14: blood stage development. 15 - 21: sexual parasite development in the mosquito stage. Bottom graph shows the parasite
numbers present during the different stages (De Niz et al., 2016).
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1.2.1.1 The liver stage

The hepatic stage is clinically silent and does not cause symptoms in the human host. The average
duration of this phase is 5.5 days (Bartoloni and Zammarchi, 2012). The infection of the human host
begins with the injection of sporozoites under the skin by the blood meal of a female Anopheles mosquito
(Figure 4, step 1). The majority of the highly motile sporozoites reach the blood vessels and enter the
blood stream but some sporozoites either stay in the skin or are rapidly eliminated by the lymph system
of the human host (Yamauchi et al., 2007). Once in the blood stream, the sporozoites are transported to
the liver where they migrate through the liver sinusoid and the Kupffer cells (Figure 4, step 2 — 3) and
reach the hepatocytes. The invasion of the sporozoites into the hepatocytes is initiated by the binding of
HSPGs (heparin sulfate kinase 6) and the activating of CDPK6 (calcium-dependent protein kinase 6)
(Coppi et al., 2007). The invasion process also involves the CSP (circumsporozoite protein) that binds
to heparin sulphate proteoglycans and the human CD81 receptor on the hepatocyte surface (Prinzon-
Ortiz et al., 2001). Inside the hepatocyte, the parasite transmigrates and formats a parasitophorous
vacuole (PV) in which it replicates asexually through several rounds of mitotic nuclear division resulting
in the formation of a multinucleated cell. This process is defined as schizogony and leads to the
formation of new merozoites (De Niz et al., 2016). Finally, the merozoites are released from the host
cell into the blood stream in membrane-bound structures, the so called merosomes (Sturm et al., 2006)

(Figure 4, step 4 — 8).
1.2.1.2 Asexual blood stage development

Free merozoites released from the liver into the bloodstream invade red blood cells in a process that
takes no longer than two minutes. A rapid invasion strategy is necessary so that the merozoites are not
exposed for long to the immune system of the human host. The merozoite is an oval-shaped and polar
parasite 1-3 micrometers in size. At the apical pole of the merozoites are specialized structures, which
are essential for the invasion process (De Niz et al., 2016). These secretory organelles are the rhoptries,
the micronemes and the dense granules (Figure 5 A). The primary contact of the merozoite with the red
blood cell (RBC) is mediated by the binding of a low affinity interaction of merozoite surface proteins
(MSPs) to the surface of the erythrocyte (Wright and Rayner, 2014) (Figure 5 A). The initial attachment
is followed by a re-orientation process of the merozoite to orientate with the apical pole of the merozoite
towards the RBC (Figure 5 B). Attachment to the surface of the RBC is promoted by ligands that are
secreted from the micronemes and the rhoptries such as the reticulocyte binding like homologs (RH)
and the erythrocyte binding antigens (EBAs) (O Donnell et al., 2000) (Figure 5 B). The parasite ligand
Rh5 binds to the basigin receptor of the RBC leading to calcium influx into the RBC being invaded
(Wright and Rayner, 2014; Weiss et al., 2016). Next, rthoptry neck proteins (RONSs) are secreted from
the rhoptries and are inserted into the host cell membrane where they form a complex (Besteiro et al.,
2009). The RON complex form a tight junction together with the apical membrane antigen (AMA1)

which is then pulled around the merozoite surface as moving junctions using the actin-myosin motor
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(Figure 5 D) (Lamarque et al., 2014; Bargieri et al., 2013; Hehl et al., 2000; Triglia et al., 2000). During
invasion, the plasma membrane of the RBC is invaginated and, together with intercalated parasite
proteins and lipid material from the rhoptries, form the parasitophorous vacuolar membrane (PVM)

which, encloses the parasite in a parasitophorous vacuole (Figure 5 E, F) (Cowman and Crabb, 2006).

Merozoite
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Rhoptries

Reticulocyte binding
Dense granules homologs (RH)
MSP complex

Erythrocyte binding
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RH receptor EBA receptor
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Figure 5. Invasion process of merozoites in erythrocytes. (A) — (F) shows sequence of events of merozoite invasion into the
red blood cell (modified from Cowman et al., 2016).

During invasion, the plasma membrane of the red blood cell is invaginated and, together with
intercalated parasite proteins and lipid material from the rhoptries, forms the PVM, which encloses the
parasite in a parasitophore vacuole (Cowman and Crabb, 2006). Once inside the RBC, the parasite is
called a ring form (Figure 6) that can change its shape between a disc-shaped and an amoeboid form (0
- 18 hours post infection (hpi)) (Gruring et al., 2011). At the early ring stage, the metabolic activity of
the parasite is presumed to be low, and the parasite starts to remodel the host cell by exporting parasite
proteins to the cytosol of the RBC (Figure 6). This includes the establishment of membranous structures
in the host cell termed the Maurer's clefts (MC) (Atkinson and Aikawa, 1990) in the erythrocyte.
Maurer's clefts are membranous organelles that are involved in the sorting of exported proteins in the
host cell. In the erythrocytic phase more than 400 different kinds of parasite proteins are thought to be
exported by P. falciparum parasites into the host cell (Marti et al., 2005). Around 18 hours after invasion,
ring stage parasites mature to the trophozoite stage (18 - 32 hpi) (Figure 6) (Gruring et al., 2011). One
of the most prominent host cell modification in this development stage is the formation of the so-called
knobs on the surface of the RBC. Knobs are important for the cytoadherence of infected RBC to the
endothelium of the blood vessels (Crabb et al., 2010) to avoid clearance by the host immune system in
the spleen (Leech et al., 1984; Nagao et al., 2000; Watermeyer et al., 2016). In the trophozoite stage, the
parasite grows rapidly, and the digestive vacuole (DV) appears (Figure 6). The DV is a lysosomal-like
organelle with low pH, in which the erythrocyte hemoglobin that the parasite endocytoses is degraded.
During proteolysis of hemoglobin the toxic heme moiety is released as a byproduct that is detoxified by

crystallization to hemozoin. Hemozoin crystals can be seen by the so-called 'malaria pigment'
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(Wunderlich et al., 2012). Uptake of hemoglobin from the host cell provides space for the parasite to
grow and a fraction of the acquired amino acids are used as nutrient supply for the parasite (Krugliak et
al., 2002). After the trophozoite stage, the parasites develop to the schizont stages (Figure 6) during
which new daughter merozoites are formed in a process termed 'schizogony' (Nilsson et al., 2015;
Greenwood et al., 2008; Rug et al., 2014). During cytokinesis, replication of DNA occurs followed by
cell division of the multinuclear schizonts. In the parasite, the microtubular system organizes the
formation of § - 32 daughter cells. Additionally, in this stage the apical organelles needed for invasion
(see above in 1.2.1.2), are required for daughter cell formation (Keeley and Soldati; 2004; Baum et al.,
2006; Kono et al., 2012). 48 hours post invasion, asexual blood stage development (Figure 6) is
completed and the newly formed daughter merozoites are released into the blood stream (emergence of
merozoites out of the RBC is termed 'egress'). RBC rupture induces clinical symptoms of the disease

such as specific fever attacks.

i,
Merozoite ‘@

Figure 6. Asexual blood stage development of P. falciparum. (Top panel) Scheme of merozoite invasion and parasite
development in the erythrocyte from ring to trophozoite and schizont stage. (Bottom panel) Time-laps imaging for 31 hours
and 20 minutes starting with a late ring stage parasite. Timepoint 0 corresponds to the late ring stage. The parasite (blue)
develops in the red blood cell (red). The formation of the digestive vacuole (black because of its hemozoin content) can be
observed in trophozoite (2h to 20h) and schizont stage (25h - 31h). Arrow shows newly invaded parasite (De Niz et al., 2016).

1.2.1.3 Gametocytogenesis

During each replication cycle in erythrocytes, a small proportion (approximately 10 %) of the parasites
commit to sexual differentiation and develop into male and female gametocytes (Bruce et al., 1990).
This process is defined as gametocytogegesis and includes the escape from the peripheral circulation in
the bloodstream and migration into the extravascular space of the bone marrow, where the parasites
within 8 to 10 days grow into mature gametocytes (Figure 7) (Josling and Llinas, 2015; Brancucci et al.,
2017). During this process, gametocytes can be distinguished by their shape and are categorized into 5

consecutive stages (I-V) (Nilsson et al., 2015; De Niz et al., 2016). Stage V gametocytes migrate again
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into the circulatory system of the blood vessels (De Niz et al., 2018) (Figure 7) where they can be taken
up by Anopheles mosquitos.
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Figure 7. Sexual stage development of P. falciparum in the human host. Gametocyte maturation is defined as stage | - V and
takes place in the extravascular space of the bone marrow (De Niz et al., 2016).

1.2.1.4 The mosquito stage

During the blood meal of a female Anopheles mosquito on a P. falciparum-infected human host, micro-
and macrogametocytes are taken up into the gut. First, the gametocytes differentiate into mature gametes
in the midgut of the mosquito. This process is driven by the natural environmental conditions of the
mosquito’s midgut (pH, temperature) (Billker et al., 1997; Billker et al., 1998). In the case of male
gametocytes, gamete formation involves the rapidly replication of the DNA (from 1 N to 8 N) and
development into 8 motile microgametes. The female gametocytes develop into fertile and haploid
macrogametes (Guttery et al., 2015). Microgametes and macrogametes fuse together in the midgut of
the mosquito to form a diploid zygote. The zygote develops into an invasive and tetraploid ookinete by
meiosis that is again haploid. The ookinetes penetrate the intestinal wall of the mosquito and migrate
underneath the basal lamina of the anopheles mosquito. After 10 to 12 days, an oocyst is formed in
which asexual replication of the mosquito stage parasite takes place. In this process, hundreds of
sporozoites are formed during sporogony (Aly et al., 2009), which are released into the hemolymph after
rupture of the oocyst. Some of the sporozoites reach the mosquito's salivary glands, through which they

can be transferred back into the human during the mosquito's next blood meal (Nilsson et al., 2015).
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1.3 Treatment of malaria infections

1.3.1 Vaccine development

The development of an effective vaccine against infection with the human malaria parasite Plasmodium

falciparum is a major global health priority. While malaria control and elimination programs succeeded
in the containment of the disease in the last decades, this success is threatened by emerging drug as well
as insecticide resistance. Sustainable control or even elimination of P. falciparum malaria would
therefore be greatly aided by a vaccine. Malaria vaccine development has proven to be extremely
complex and difficult. A challenge for vaccine development is the genetic diversity of surface proteins
expressed by the parasite, including antigenic variation and polymorphisms. Furthermore, basic research
to understand the molecular mechanism underlying immune response to malaria infections has to be
extended to improve malaria vaccine development (Kurtovic et al., 2019). Current vaccine candidates
can be classified into three major groups based on their points of attack: Transmission-Blocking
Vaccines (TBV), Anti-Infection Vaccines (AIV) and Blood Stage Vaccines (BSV) (Duffy and Gorres,
2020).

1.3.1.1 Transmission-Blocking Vaccines

Malaria Transmission-Blocking Vaccines (TBVs) directly act against mosquito infecting parasite stages
(gametes and zygotes) and have the potential to prevent the propagation of malaria through the
community (Carter et al., 2000). TBVs contain surface antigens from sexual parasite stages in order to
induce antibody production against these stages in the human host. During the blood meal of a mosquito
on a TBV-treated human, the mosquito absorbs not only the malaria parasite but also the antibodies
against it. These mosquitoes are called immunized, and the absorbed antibodies prevent the development
of the parasite in the mosquito. Consequently, these immunized mosquitoes can no longer transmit
malaria parasites to other human hosts. TBVs can thus prevent the transmission and further spread of
malaria (Carter and Chen, 1976; Duffy and Gorres, 2020). However, TBVs cannot protect people
already infected with malaria from contracting the disease. Because of this, it will be a great challenge
to explain the concept of a vaccine that does not directly protect the vaccinated person but only prevents
the spread. In addition, this approach makes it difficult to obtain funding from commercial companies,
as the use of TBVs only makes sense in malaria-endemic countries and does not provide direct protection
for, for example, travelers or military personnel (Carter et al., 2000). Antigens against sexual parasite
stages were identified in animal models with monoclonal antibodies. Promising antigen candidates can
be differentiated in two groups according to the respective parasite stage that produces the antigens:
gamete surface proteins (including Pfs230 and Pfs48/50) and Ookinete surface proteins (including Pfs25
and Pfs28) (Kaslow, 1997; Grotendorst et al., 1984; Duffy and Gorres, 2020). The production of
recombinant proteins of these antigens is challenging but to date, Pfs25 is the most promising TBV

candidate that is further investigated in clinical trials (Barr et al., 1991; Duffy and Gorres, 2020).
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1.3.1.2 Anti-Infection Vaccines

GlaxoSmithKline (GSK) and the Walter Reed Army Institute of Research (WRAIR) developed the Anti-
Infection Vaccines (AIVs) RTS,S in 1987 (Nussenzweig et al., 1967). RTS,S is a pre-erythrocytic stage
vaccine which induce immune response against the major circumsporozoite protein (PfCSP) and consist
of a recombinant central repeats and the C-terminal domain of PfCSP fused with the hepatitis B surface
antigen (HBsAg) (Draper et al, 2018). In 2015, the European Medicines Agency (EMA) approved the
usage of the malaria vaccine RTS,S/ASO1E (Mosquirix™), which is the first vaccine against malaria
tested in Phase 3 clinical trials and the first that is used in pilot immunization programs in malaria
endemic countries (Laurens, 2020). Children treated with 3-dose RTS,S vaccine acquire high antibody
titers, nevertheless RTS,S efficacy is limited against clinical malaria (RTS,S Clinical Trial Partnership,
2015). Clinical studies confirmed moderate effect of the vaccine and showed reduced clinical P.
falciparum malaria episodes of 46 % in young African children and of 27 % in babies (infants of the age
of 6 weeks to 17 months) (WHO, 2018 b). Other clinical trials with RTS,S confirmed the relative low
clinical efficiency rate which points out the need to further investigate RTS,S and to test different pre-
erythrocytic stage vaccine candidates (Mahmoudi and Keshavarz, 2017). In 2019, the WHO launched
RTS,S/ASO1E pilot implementation programs in Ghana, Kenya and Malawi to examine the optimal
vaccine distribution mechanism in the public health system and to asses safety standards (Greenwood

etal., 2017; WHO report of GACVAS, 2017).

1.3.1.3 Blood-Stage Vaccines

The asexual parasite stage is the disease-causing development stage and consequently an attractive
vaccine target. Blood-Stage Vaccines (BSVs) target intra-erythrocytic asexual parasite stages and
mainly attack the merozoite stage by preventing invasion of new red blood cells. The attack of free
merozoite by BSVs is made difficult by the short time (only seconds) between the release of the
merozoites and the invasion of new erythrocytes (Sirima et al., 2011; Duffy and Gorres, 2020). The
merzoite surface proteins 1, 2 and 3 (MSP1, MSP2 and MSP3), the apical membrane antigen 1 (AMA1)
and the erythrocyte binding antigen 175 (EBA175) are proteins expressed on the surface of merozoites
and were major antigen targets of BSVs. However, clinical trials with these antigens did not show any
efficacy with these targets (Sagara et al., 2009; Chitnis et al., 2015). Invasion pathways in Plasmodium
parasites are redundant which hampers the development of BSVs, but one BSV candidate, the P.
falciparum reticulocyte-binding protein homolog 5 (PfRHS), may avoid this issue due to its limited
polymorphism (Crosnier et al., 2011). PfRH5 was tested with promising results in pre-clinical studies
in monkeys, where PfRHS5 based antigen presentation conferred immunity and resulted in limited
parasitemia (Douglas et al., 2015) and was also tested in clinical trials demonstrating only low RH5

specific responses that were induced in humans after immunization (Payne et al., 2017).
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1.3.2 Antimalarial drugs

Malaria has been treated with natural products that were found in the traditional medicine of tropical
and subtropical countries for thousands of years. Today’s malaria treatment and drug development
against this disease is to a considerable part based on chemicals derived from natural ingredients of
plants with antimalarial effects that are found in roots, leaves or barks. Antimalarial are, beside
antibiotics, the most important standard treatments of infectious diseases in tropical and subtropical
countries. The population of malaria parasites is exposed to enormous drug pressure and resistance

against antimalarial drugs is common (Wicht et al., 2020).
1.3.2.1 Quinine

Quinine, a quinoline-containing alkaloid, was the first and likely most successful antimalarial drug. It
was discovered in 1820 and was extracted from the bark of the cinchona tree. Quinine and its derivates
chloroquine (QC), melfoquine and lumefantrine are active against asexual blood stages of Plasmodium
parasites (Achan et al., 2011). QC acts specifically in the digestive vacuole of the parasite and interferes
with the detoxification of heme by inhibiting the polymerization of heme molecules (Goldberg et al.,
1990). The high efficacy as well as the widespread availability of QC made it into one of the most
important drugs against a tropical infectious disease (Wellems and Plowe, 2001). In the beginning of
the 1950s, QC was the frontline drug against malaria, but its efficacy became jeopardised by emerging
chloroquine resistance in P. falciparum and P. vivax parasites the late 1950s. Resistance in P. falciparum
independently emerged in Columbia and the Cambodia-Thailand border (Payne, 1987). In the following
years it occurred in South America, Southeast Asia and India and in the late 1970s also in Africa (White,
2004). QC resistant parasites show less QC accumulation in the digestive vacuole (Verdier et al., 1985).
This is caused by a point mutation in the Plasmodium falciparum chloroquine resistance reporter gene
(pfcrt) which leads to increased transport of QC out of the digestive vacuole (Bray et al., 1998; Fidock
et al., 2000). Since the late 1980s, resistance to the chloroquine derivate lumefantrine and mefloquine
was also reported (White, 1999). Resistance to these drugs is associated with the P-glycoprotein
homolog encoding the Plasmodium falciparum multidrug resistance transporter gene (pfmdrl) (Price et

al., 2004).
1.3.2.2 Antifolates

Proguanil and atovaquone are used as an antimalarial combination therapy (Malarone™) with a high
efficiency due to their synergistic effects (Tse et al.,, 2019). Atovaquone is known to inhibit
mitochondrial electron transport by blocking the cytochrome bci complex (Fry and Pudney, 1992). The
antifolate proguanil was first reported in 1945 and described as one of the first anti-malarial drug (Curd
etal., 1945) andtargets the parasite folic acid metabolism and acts, like many other antifolate derivatives,
as a dihydrofolate reductase (DHFR) inhibitor. Thereby, this drug disrupts deoxythymidylate synthesis,
which is part of the folic acid metabolism (Srivastava and Vaidya, 1999; Delves et al., 2012). Resistance
to this drug combination spread globally (Korsinczky et al., 2000; Cottrell et al., 2014). It has been
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shown that atovaquone resistant parasites show a mutation in the cytochromeB gene (Y268S). Notably,
it is postulated that this mutation inhibits sporozoite formation in the mosquito. This can lead to reduced
transmission rates through mosquitos due to a reduction in sporozoite formation. Atovaquone is
therefore an important drug which can be used in combination therapies to advance malaria elimination

programs (Goodman et al., 2017).

1.3.2.3 Artemisinin (ART) - the front-line drug against malaria

Artemisinin is extracted from the sweet wormwood Artemisia annua and has been part of the traditional
Chinese medicine for more than 2000 years as the medical herb quinghaosu (now termed artemisinin).
It was used for the treatment of parasitic diseases, diarrhea or as an antiseptic. In 1967, the chinese-
vietnamese research collaboration "Project 523" was established to find potential drug candidates
against malaria (White et al., 2015). Subsequently, the Chinese scientist Youyou Tu discovered
artemisinin as an antimalarial drug and solved its chemical structure in 1979 (Tu et al., 1981; Tu, 2011),
for which she received the Nobel Prize in Physiology and Medicine in 2015 (Nobelprize.org, 2015).
ART is a sesquiterpene lactone that is active against chloroquine resistant P. falciparum parasites
(WHO, 2001) and acts in asexual blood stages and in early sexual gametocytes. It may therefore also
have some transmission blocking potential which has been noted as a desirable property of malaria drugs
(WHO, 2001). ART is a fast-acting drug, leading to a 10 000-fold reduction of parasitemia within 48
hours (Tilley et al., 2016). Artemether, artesuante and arteether are the most common ART derivatives,
which are transformed to the active metabolite dihydroartemisinin (DHA) (Krishna et al., 2008; Tse et
al., 2019). Due to its short half-life (< 1 h), ART is used in a combination therapy with a slower acting
and longer half-life drug in so called Artemisinin Combination Therapies (ACTs). For this, the highly
efficient artemisinin derivatives artesunate, dihydroartemisinin (DHA) and artemether are combined
with mefloquine, piperaquine or lumefantrine. Since 2001, the WHO recommends ACTs as first-line
treatment against malaria to prevent resistance against ART (see 1.5.1) (WHO, 2001; White, 2004).
Interestingly, artemisinin is also used for cancer treatment. Cancer cells exposed to ART demonstrate
less cell proliferation, enhanced oxidative stress levels, increased apoptosis and angiogenesis inhibition

(Krishna et al., 2008).

The mechanism of action of ART is still unclear (O"Neill et al., 2010; Tse et al., 2019). Artemisinins
contain a unique endoperoxide bridge which needs to be activated by scission through heme-derived
iron (Meshnick et al., 1991, Klonis et al., 2013). Cleavage of this bond leads to the release of highly
reactive carbon-centered radicals, which inhibit and react with lipids, proteins and metabolites (Hartwig
et al., 2009; Wang et al., 2015; Wang and Lin, 2016). It has been hypothesized that this leads to the
damage of cellular structures and proteasomal degradation of proteins resulting in cell death (Tilley et

al., 2016).

Hemoglobin degradation is initiated by a series of protease enzymes such as falcipains and plasmepsins

and leads to the formation of peptides and amino acids. During this proteolytic degradation of
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hemoglobin, hematin is formed by hydrogen bonding of heme monomers (Pagola et al., 2000), which
occurred to be toxic for the parasite. Detoxification of the hemoglobin by-products is essential for
parasite survival and is implemented by the conversion of free heme to hemozoin (see 1.2.1.2) (O"Neill
et al., 2010). Hemoglobin uptake and digestion takes place primarily in trophozoite stages, consequently
ART is most active in trophozoites (Klonis et al., 2013). Recently, it was demonstrated that host cell
cytosol is already endocytosed in ring stages (Birnbaum and Scharf et al., 2020) which explains ART
activity in early parasite stages (Klonis et al., 2013; Xie et al., 2016).

1.4 The biology of Plasmodium falciparum parasites

1.4.1 Cellular biology and protein export of P. falciparum parasites

The cellular structure of P. falciparum parasites consists of typical eukaryotic organelles such as an
endoplasmatic reticulum (ER), a Golgi-apparatus (G), a nucleus, and mitochondria (Figure 8). For the
highly specialized invasion process (see 1.2.1.2) the merozoites harbor apical secretory organelles:

micronemes, rhoptries, exonemes and dense granula (Figure 8).
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Figure 8. Schematic illustration of P. falciparum organelles, membranes and host cell modifications. Shown is the parasite
in the red blood cell (RBC) and parasite organelles such as the nucleus, apicoplast, mitochondrion, ER, Golgi-apparatus (G)
and the food vacuole. The parasite is surrounded by the parasite plasma membrane (PPM) and the parasitophorous vacuolar
membrane (PVM) which define the parasitophorous vacuole (PV); Cytostome: invagination of the PVM that is assumed to be
involved in host cell cytosol uptake; PTEX: Plasmodium translocon of exported proteins which is located at the PVM and
consists of the indicated subunits; Maurer’s clefts (MC) and knob: host cell modification (modified from Kappe et al., 2010).

In order to gain nutrition and space within the RBC the parasite takes up large amounts of hemoglobin
and digests it an acidic, lysosome-like compartment termed the DV (also termed food vacuole) where

several different proteinases are present (Banerjee and Goldberg 2001) (Figure 8). The DV becomes
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apparent in early trophozoites (Abu Baker et al., 2010). Cytostomes (Figure 8) are ring-shaped structures
involved in host cell cytosol uptake (HCCU) (see 1.4.2), is present in P. falciparum parasites (Aikawa
et al., 1966, Xie et al., 2020). In malaria parasites cytostomes are defined as invaginations of the PPM
and PVM that are filled with hemoglobin and are believed to be part of the endocytosis process in P.
falciparum (Abu Baker et al., 2010) although this has so far not formally been demonstrated (Spielmann
et al., 2020). A particularly remarkable structure of malaria parasites is the apicoplast (Figure 8). The
apicoplast is surrounded by four membranes and is a DNA containing plastid of Apicomplexa. It is of
secondary endosymbiotic origin and likely originates from a green or a red alga (Lim and McFadden,
2010). During the asexual stage, the apicoplast has an elongated shape and was found in close proximity
to the mitochondrion (Figure 8) (van Dooren et al., 2005). In the intra-erythrocytic stage (see 1.2.1.2),
the parasite modifies its host cell via protein export. MCs are one prominent example for a structure in
the RBC that is build up by the parasite. MCs were first described in 1902 (Maurer, 1902) and are sack-
like, flattened circular discs (Figure 8) (Mundwiler-Pachlatko and Beck, 2010). MCs are formed already
in early ring stages during which they are mobile in the host cell but become fix in position when
parasites reach the trophozoite stage (Griiring et al., 2011) and contain many exported parasite proteins
such as for instance the skeleton binding protein 1 (SPB1), ring exported protein 1 (REX1), and Maurer's
clefts associated histidine rich protein (MAHRP1) (Blisnick et al., 2000; Hawthorne et al., 2004;
Spycher 2003; Spielmann et al., 2006).

Furthermore, the most important virulence factor protein P/EMP1 (Plasmodium falciparum erythrocyte
membrane protein 1) is sorted by the MC and transported to the RBC surface (Su et al., 1995; Janes et
al., 2011). P/EMP1 is responsible for cytoadherence and binding to the endothelial receptors leading to
sequestration of infected RBCs, for instance in the brain which can result in cerebral malaria in patients
(see 1.1.3) (Lennartz et al., 2017). Exported proteins contain either a protein export motif termed the
PEXEL (Plasmodium export element) (Marti et al., 2004; Hiller et al., 2004) or are PEXEL negative
exported proteins (PNEPS) (Spielmann et al., 2006). The PEXEL consists of the amino acids
RxLxE/Q/D and is located approximately 20 amino acids downstream of the signal peptide that mediates
ER entry. PEXEL proteins are inserted into the ER by the ER translocon Sec61 (Marapana et al., 2018).
The PEXEL motif is processed in the ER by plasmepsin V (Boddey et al., 2010; Russo et al., 2010),
likely concomitant with ER entry (Boddey et al 2016). The first discovered PNEPs all contained a
transmembrane domain which mediates entry into the ER and is also needed for further transport to the
host cell (Spielmann et al., 2006; Haase et al., 2009; Saridaki et al., 2009). From the ER, exported
proteins are transported in the secretory pathway through the Golgi to reach the parasite plasma
membrane to reach the PV (Figure 8). To reach the host cell, the exported protein then has to cross the
PVM which occurs through translocation via the Plasmodium translocon of exported proteins (PTEX).
PTEX is a protein complex at the PVM that comprises an ATPase (heat shock protein 101, HSP101),
EXP2 (exported protein 2) and PTEX150 (Figure 8). The proteins TRX2 (thioredoxin 2) and PTEX88
are also associated with the PTEX translocon and are suspected to have a regulatory function (de
Koning-Ward et al., 2009). In addition, it was recently shown that EXP2 also has a second function as

a nutrient transporting pore (Garten et al., 2018). A different PVM protein, EXP1, is required for the
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EXP2-based nutrient-permeable channel activity at the PVM, indicating that there are two EXP2
containing complexes at the PVM, one for protein and one for nutrient transport (Mésen-Ramirez et al.,

2019).

1.4.2 Endocytosis in P. falciparum and the endolysosomal pathway

Endocytosis is defined as the internalization of extracellular material by a vesicle-mediated process
(Sorkin and Zastrow, 2009; Kumari et al., 2010; Spieclmann et al., 2020). The external material is then
transported in endocytic vesicles (EVs) in the endolysosomal pathway (Figure 9 A). In mammalian cells
the endolysosomal pathway starts with the transport of the EVs to the early endosome (EE), followed
by transport to the late endosome (LE) and further to the lysosome (Figure 9 A). The EE is characterized
by the presence of Rab5 (Ras related protein in brain 5), the early endosome antigen 1 (EEA1) and
PI(3)P (phosphoinositol-3-phosphate) on its membranes and functions as sorting station for the EVs
(Gorvel et al., 1991; Christoforidis et al., 1999; Jovic et al., 2010; Eaton and Martin-Belmonte, 2014).
During the late endosomal and lysosomal pathway Rab7, PI(3,5)P, (phosphoinositol-3,5-biphosphate)
and PI(3,4)P, (phosphoinositol-3,4-biphosphate) are involved (Figure 9 A) (Huotari et al., 2011; Nagano
et al., 2015). During transport of the EVs recycling processes via the trans-Golgi network the plasma
membrane (PM) and the recycling endosome (RE) mediate the addition and removal of material from
and to the EV (Figure 9 A) (Sabharanjak et al., 2012).

For malaria parasites, endocytosis is particularly prominent in intraerythrocytic stages. During its
development in the RBC, the parasite ingests host cell cytosol (HCC) (see 1.2.1.2) (Francis et al., 1997).
In this endocytic process, HCC is taken up in hemoglobin-containing structures which are invaginated
at the parasite periphery, but HCCU is still not completely understood (Spielmann et al., 2020). Two
major structures are discussed to be involved in the initiation of HCCU in Plasmodium parasites: the
cytostome (Figure 9 B) and the phagotrophe (Aikawa et al., 1966; Abu et al., 2010; Liu et al., 2019;
reviewed in Spielmann et al., 2020). The internalized HCC is transported through the endolysosomal
pathway to the DV (Figure 9 A) where the degradation of hemoglobin takes place, resulting in the
formation of free heme. During this process, plasmepsins, falcipains and other proteins catalyze
hemoglobin cleavage (Goldberg, 2005). The resulting free heme is detoxified by conversion into
hemozoin crystals. During the cleavage process peptides and amino acids are released which are needed
for the parasite development (Sherman, 1997).

The proteins involved in P. falciparum HCCU are so far not well known, but recent studies reported the
involvement of PfVPS45 and inhibitor studies implicated motor proteins (actin myosin and dynamin)
and SNAREs (Lazarus et al., 2008; Smythe et al., 2008; Zhou et al., 2009; Milani et al., 2015; Jonscher
et al., 2019) in this process. PfVPS45 (Figure 9 A) was the first protein identified to be involved in
HCCU in P. falciparum. The conditional inactivation of PfVPS45 led to the accumulation of PI(3)P
positive HCC-filled vesicles in the parasite cytosol. It is suggested that PfVPS45 is functions during the
late endosomal steps in HCCU (Jonscher et al., 2019). Recently, it was shown that the ART resistance

protein PfKelch13 defines a complex that is involved in endocytosis (Birnbaum and Scharf et al., 2020).
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This study provided evidence that Plasmodium parasites display a unique, clathrin-independet
endocytosis pathway and that Kelch13 as well as the Kelch13-complex proteins UBP1, KIC7, AP2,and
Eps15 are part of the initial steps of HCCU (Figure 9 A) (Birnbaum and Scharf et al., 2020, see 1.6).
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Figure 9. Host cell cytosol uptake in P. falciparum. (A) Schematic illustration of the current model of the endocytosis
trafficking system (not to scale). Structures above the dotted line are only present in late schizont stages. The exact transport
of host cell cytosol filled vesicles to the food vacuole is not fully understood yet (indicated by the question mark).
Abbreviations: DG, dense granules; EE, early endosome; ELC, endosome-like compartment; ER, endoplasmic reticulum; FV,
food vacuole; G, Golgi; L, lysosome; LE, late endosome; M, micronemes; N, nucleus; PR, pre-rhoptries; R, rhoptries; RE,
recycling endosome; SV, secretory vesicles; TGN, trans-Golgi network; VAC, vacuolar-like compartment (modified from
Spielmann et al., 2020). (B) Virtual section from an electron tomogram of a red blood cell showing a cytostome. Size bar: 200
nm. DV, digestive vacuole (Xie et al., 2020).

1.5 Artemisinin resistance

1.5.1 Emergence and distribution of ART resistance

Historically, the Greater Mekong Sub-region (GMS) in Southeast Asia has been the epicenter for the
development of antimalarial drug resistance. The chloroquine resistance in Thailand, Cambodia, Laos,
Myanmar and Vietnam demanded the widespread use of artemisinin since the 1990s. In 2008 first cases
of ART resistant parasites were reported in Cambodia (Noedel et al., 2008). As a molecular marker for
ART resistance, single point mutations in the pfkelchi3 gene (encoding for PfKelch13 (K13)) were
identified and were shown to explain resistance (see section 1.5.3) (Ariey et al., 2014). This was evident
from a delayed parasite clearance in patients with uncomplicated malaria after an extended ART
treatment period of 3 to 7 days (Noedel et al., 2008; Dondrop et al., 2009). Witkowski et al. developed
an in vitro assay to measure this phenomenon, by exposing synchronized early ring stages parasites to a
clinical concentration of dihydroartemisinin (DHA; 700 nM) for six hours and evaluating the parasite

survival rate after a further 66 hours of culturing the parasites (Witkowski et al., 2013). This assay is
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termed ring stage survival assay (RSA) and parasites were defined as ART resistant if the survival rate
(SR) assessed by the RSA was above 1 % compared to not DHA treated parasites (Witkowski et al.,
2013). ART resistance conferring mutations are correlate with a slow parasite clearance rate in clinical
studies and with an elevated RSA survival rate in vitro (WHO, 2017). Kelch13 mutations can mediate
ART resistance only in ring stages (Saralamba et al., 2011; Witkowski et al., 2013; Klonis et al., 2013).
Today, ART resistance is widespread in the Southeast Asia (Figure 10), especially in Thailand, Vietnam,
Myanmar and Laos (Dondrop et al., 2009; Phyo et al., 2012; Ashley et al., 2014). The treatment failure
rates of ACTs among patients with P. falciparum malaria in Southeast Asia is up to 20 % (WHO, 2020).
To date there is only limited evidence that clinical ART resistance is present in Africa. Since 2013, there
were only two case reports from Africa that describe slow parasite clearance in P. falciparum infected
travelers upon ACT treatment. From 2010 to 2019, 562 studies reported ACT treatment failure rates
among patients infected with P. falciparum in African region (WHO, 2020; Diallo et al., 2020). Most
of them (302 studies) documented treatment failures with artemether-lumefantrine (AL) combination
therapies (WHO, 2020). Nevertheless, the total treatment failure rate of ACTs in Africa remains less
than 5 % (WHO, 2020). Therefore, the overall treatment efficacy of ACTs in African countries for P.
falciparum caused malaria still ranges between 98 % and 99.3 %. (WHO, 2019 b).

According to the Kelch13 Artemisinin Resistance Multicenter Assessment (KARMA) study in 2014,
malaria patient samples harboring Kelch13 mutations were found in 70 % in Cambodia and in 3.8 % -
8% in African samples. The nonsynonymous Kelch13 mutations C580Y, R539T, Y493H, and 1543T
are most frequent in Cambodia, Vietnam and Laos, whereas F4461, N458Y, P574L are mostly present
in Thailand, Myanmar and China (Figure 10) (Ménard et al., 2016).

To date, 5 Kelch13 mutations were documented, which are validated to correlate with increased RSA
survival rates rates in vitro and delayed parasite clearance in patients: N458Y, Y493H, R539T, 1543T
and C580Y (Ariey et al., 2013; Amaratunga et al., 2014; Huang et al., 2015; Straimer et al., 2015;
WWARN, 2019; Siddiqui et al., 2020). The mutation C580Y is the most prominent Kelch13 mutation
in Southeast Asia (van der Pluijm et al., 2019). Additionally, pfKelch13C580Y alleles were also found
in Guyana (Chenet et al., 2016) Cameroon (Amato et al., 2016) and Ghana (Aninagyei et al., 2020).
Fifteen additional pfkelchi3 mutant alleles were found in a higher proportion in patients with slow
parasite clearance upon ART treatment (including e.g., E252Q) (Phyo et al., 2016; WWARN, 2019).
The resistance conferring mutations in Kelch13 are most prevelant in Southeast Asia and are considered
to be absent outside of Southeast Asia (WWARN, 2019), but single reports from Papua New Guinea
(C580Y) (Miotto et al., 2020) and Rwanda (P574L and A675V) came up documenting the prevalence
of resistance conferring Kelch13 mutations (WHO, 2019 b; Uwimana et al., 2020). Additionally, the
prevalence and the spread of the resistance conferring Kelchl3 mutation RS61H was recently
documented in Rwanda (Uwimana et al., 2020, Stokes et al., 2021). The Kelch13R561H mutation was
found in samples from an ACT efficacy trial in 19 of 257 patient samples in Rwanda and it was

confirmed by gene editing that K13R561H mediates ART resistance in vitro (Uwimana et al., 2020).
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Figure 10. Frequency distribution of Kelch13 wild-type alleles in Asia (A) and worldwide (B). Sample collection sites in (A)
are indicated with a cross. Grey coloured regions: malaria endemic countries. The color code indicates the frequency of the
wild type allele in % (Ménard et al., 2016).

1.5.2 Proteins associated with ART resistance

Ariey et al. were the first investigating genome differences from ART resistant and ART sensitive
parasites. For this, the group exposed F32 parasites from Tanzania with increasing ART concentrations
over a 5-year time period and performed whole genome sequencing, which was compared to parasites
cultured in the same conditions without ART treatment. They observed the mutation M4761 in the
pfkelchl3 gene, which first associated mutations in the Kelch13 protein with ART resistance. Next, they
analyzed P. falciparum parasites derived from patients with slow parasite clearance upon ART

treatment, and screened them for Kelch13 mutations (Ariey et al., 2014). Interestingly, the in vitro
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discovered M4761 mutation was not found in the patient samples, however the field isolates carried the
resistance conferring Kelch13 mutations C580Y, R539T, 1543T and Y493H (Ariey et al., 2014; Straimer
etal., 2015).

Culture-adapted field isolate parasites from Senegal that were exposed to increasing DHA
concentrations over 4 years obtained parasites, which were resistant to DHA in a standard RSA, and
identified mutations in PfCoronin (encoded by PF3D7 1251200) (Demas et al., 2018).

Additionally, it was shown that ART resistant P. chabaudi parasites, that were selected laboratory
conditions under DHA drug pressure, carried a S160N mutation in the AP-2p protein (Henriques et al.,
2013). Notable, AP-2p has also been linked to reduced sensitivity to other antimalarial drugs like
chloroquine and lumefantrine (Henriques et al., 2015).

Furthermore, studies with culture-adapted P. falciparum field isolates from Thailand and Kenia, which
showed decreased susceptibility to artemisinin treatment, observed polymorphisms in gene encoding

Ubiquitin carboxyl-terminal hydrolase 1 (UBP1) (Borrmann et al., 2013; Henriques et al., 2014).

1.5.3 Kelch13 — the major ART resistance marker protein

Kelch13 is the major molecular marker protein associated with ART resistance (Ariey et al., 2014).
Pfkelchli3 is located on chromosome 13 and encodes a 726 amino acid protein termed Kelch13 (Figure
11). The protein has a molecular weight of 84 kDa and consists of four major domains: A N-terminal
Plasmodium-specific region (PSR), followed by a coiled-coil containing region (CC, amino acids 212 -
341) defined by two helices coiling together (Coppée et al., 2019), a BTB domain (Broad-complex,
Tramtrack and Bric-a-Brac, also known as putative BTB/POZ (Poxvirus and Zinkfinger), amino acids
350 - 437) and six C-terminally located Kelch-repeat domains forming a six-bladed B-propeller (KREP,
amino acids 443 - 726) (Figure 11).

The PSR is predicted to exhibit a random coil conformation (Coppée et al., 2019) with no significant
similarities to other organisms (Tilley et al., 2016; Coppée et al., 2019).

The BTB motif is a protein-protein interaction motif which can mediate binding, homodimerization (Ito
et al.,, 2009) and oligomerization (Pérez-Torrado et al., 2006) in other organisms. BTB domain-
containing proteins are conserved across eukaryotes and are highly sequence divergent (Pérez-Torrado
et al., 2006). Eukaryotic proteins containing a BTB domain were shown to be involved in numerous
cellular functions such as regulating actin in cytoskeletal dynamics (Ziegelbauer et al., 2001) or cell-
cycle control (Melnick et al., 2000) but many BTB domain proteins have in common that they are
substrate-specific adaptors for E3 ubiquitin ligases (van der Heuvel, 2004).

The BACK (BTB and C-terminal Kelch) domain is conserved across BTB-Kelch proteins, but is absent
in PfKelch13 (Tilley et al., 2016). The BACK domain is predicted to be involved in BTB-E3 complex
formation and functions as a binding domain for the E3 ubiquitin ligase cullin 3 (Furukawa et al., 2003)
and it was previously shown that mutations in this region can cause diseases in humans (Friedman et al.,

2009).
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The Kelch propeller can mediate protein-protein interactions and functions as a putative binding site for
numerous proteins in other organisms (Adams et al., 2000; Tilley et al., 2016; Coppée, et al., 2019).
Interestingly, ART resistance-conferring mutations are mainly located in the KREP region of Kelch13

(Tilley et al., 2016).
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Figure 11. Schematic illustration of Kelch13. Kelch13 consist of a N-terminal Apicomplexa-specific region, a coiled coil
containing (CCC) domain, a BTB domain and 6 C-terminal Kelch repeats forming a propeller (KREP), AA: amino acids (modified
from Coppée et al., 2019).

1.5.4 The Kelch repeat superfamily

Kelch proteins include a large number of Kelch-repeat domain containing proteins that are highly
diverse in their function and are part of the Kelch repeat superfamily (Adams et al., 2000; Gupta and
Beggs, 2014). The gene members of the Kelch repeat superfamily are evolutionarily conserved across
diverse organisms including eukaryotes (e.g., plants, fungi, mammals, parasites) and viruses (Prag and
Adams, 2003) and are involved in cytoskeleton organization and actin regulation (Soltysik-Espanola et
a., 1999), glucose metabolism (Murzin, 1992), G-protein control (Harashima and Heitman, 2002) or
regulation of stress induced protein degradation (Tediosiet al., 1999). The Kelch repeat superfamily is
defined by structural similarities among the members and can be categorized into three subfamilies:
KLHL proteins (Kelch-like), KBTBD proteins (Kelch repeat and BTB domain-containing) and KLHDC
proteins (Kelch-domain containing) (see section 1.5.3) (Adams et al., 2000). KLHDC subfamily
members only contain kelch repeats, without a BTB/POZ domain (Gupta and Beggs, 2014). KBTBD
proteins lack the BACK (BTB and C-terminal Kelch) domain (see section 1.5.3) and consist of one
BTB/POZ domain and typically two to four Kelch repeats (Dhanoa et al., 2013). KLHL protein members
are widely distributed and highly conserved in eukaryotes (Dhanoa et al., 2013). Forty-two KLHL
proteins were identified in humans and they generally consist of a BTB/POZ domain, a BACK domain
and five to six Kelch repeats (Dhanona et al., 2013).

1.5.5 Potential ART resistance mechanisms

Kelch13 shares 25 - 30 % sequence identity with the human KEAP1 (Kelch-like ECH-associated

proteinl) (Tilley et al., 2016), which is a negative regulator of Nrf2 transcription factor and regulates an
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oxidative stress response (Zhang et al., 2004). It was hypothesized that Kelch13 has a similar function
to that of KEAP1 in mammals and is involved in stress regulation (Ariey et al., 2014). Based on the
structure of the protein and function of other Kelch repeat proteins, it was suggested that Kelch13
functions as a ubiquitin E3 ligase substrate adaptor which is involved in the unfolded protein response
(UPR) and stress response regulation (Mok et al., 2015; Tilley et al., 2016). The BACK domain is
sufficient in other Kelch repeat proteins to mediate binding of the BTB domain to the substrate E3 (see
section 1.5.3). However, the BACK domain is lacking in PfKelch13 which makes the hypothesis that
Kelch13 might function as an E3 ligase adaptor, unlikely (Tilley et al., 2016).

Moreover, there was evidence that artemisinins are potent inhibitors of Plasmodium falciparum
phosphatidylinositol-3-kinase (PfPI3K). The lipid phosphatidylinositol-3-phosphate (PI3P) is
associated with ART resistance and it was shown that parasites carrying the ART resistance conferring
Kelch13 mutation C580Y have an altered Kelchl13-PI3K interaction, which leads to decreased
ubiquitination and consequently an increase of PI3K and PI3P levels. It was suggested that upregulated
PI3P could mediate downstream amplification of unknown pathways which leads to ART resistance
(Mbengue et al., 2015). Furthermore, PfKelch13 was found in close proximity to the ER which led to
the hypothesis that Kelch13 could influence the ER stress response (Bhattacharjee et al., 2018; Siddiqui
et al., 2020).

It was also postulated that, similar to mammalian cells, increased phosphorylation of the eukaryote
translation initiation factor 2a (elF2a), might result in the upregulation of the translation of stress
response proteins which might lead to altered stress response and parasite survival upon ART treatment
(Zhang et al., 2017). However, the finding, that resistant parasites which are not exposed to ART already
have an increased level of elF2a phosphorylation (Zhang et al., 2017) led to the hypothesis that elevated
elF2a phosphorylation might not be the key factor for ART resistance (Yang et al., 2019).

1.6 Preliminary data on Kelch13 function and its role in ART resistance

Kelch13 is the molecular marker protein associated with ART resistance (Ariey et al., 2014) (see 1.5.3).
However, the cellular function of Kelch13 was unclear (Birnbaum and Scharf et al., 2020; see 1.5.5).
Preliminary and published data established the tools to study Kelchl3 and provided the initial
characterization of Kelch13 (Birnbaum et al., 2017; Birnbaum and Scharf et al., 2020). These findings
are summarized in section 1.6.1 - 1.6.3. The preliminary data and parts of this thesis were published
(Birnbaum and Scharf et al., 2020, including the preliminary data that formed the basis for this thesis
(derived from Birnbaum, 2017 and Jonscher, 2018) but also data generated in this thesis).
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1.6.1 Studying Kelch13 function and role in resistance

For functional analysis and localization studies, pfkelchl3 was tagged N-terminally via the SLI system
(GFP-2xFKBP-Kelch13, termed as K13WT®) (Birnbaum et al., 2017). To investigate the molecular
resistance mechanism of parasites carrying the Kelchl3 resistance conferring mutation C580Y, a
parasite cell line with the mutated Kelch13 was generated using the SLI system (GFP-2xFKBP-Kelch13
C580Y, termed as K13C580Y") (Birnbaum et al., 2017). Furthermore, two parasite cell lines were
established to conditionally inactivate Kelchl3 via knock sideways (KS). For Kelchl3 partial
inactivation (90 % mislocalization of Kelch13) K13WT parasites were co-transfected with a 3XNLS
mislocalizer, for complete inactivation of Kelch13 (100 % mislocalization of Kelch13) K13WTe%®
parasites were co-transfected with a 1XxNLS mislocalizer (Birnbaum et al., 2017). Additionally,
K13WT®® parasites were co-transfected with pSLI_DiCre for conditional excision of the wild type
kelchl3 gene. Inactivation of Kelch13, either with KS or via the DiCre sytstem, resulted in the arrest of

the parasites in rings stages followed by death of these parasites (Birnbaum et al., 2017).

1.6.2 Kelch13 defines an unknown compartment containing multiple unknown

proteins

K13WT was expressed in all intra-erythrocytic stages and was found in foci in close proximity to the
food vacuole and PI(3)P positive structures but did not co-localized with subcellular marker proteins for
the ER or the golgi-apparatus (Birnbaum et al., 2017; Birnbaum and Scharf et al., 2020). This gave first
evidence that Kelch13 is located at an unknown compartment. To gain insight into the Kelchl3
compartment, DIQ-BioID experiments were performed with K13WT®® parasites and proteins in close

proximity to Kelch13 were identified (Figure 12).
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Figure 12. DIQ-BiolD experiment with endogenously tagged K13WTende parasites. (A) Schematic illustration of DIQ-BiolD.
Upon addition of rapalog, the biotin ligase BirA*(biotinylizer: BirA* fused with FRB-mCherry) is conditionally recruited to
Kelch13 (K13) and labelling of proteins in close proximity is initiated. (B) Top-right quadrant of scatter plot of K13WTende D|Q-
BiolD showing enriched proteins identified by mass spectrometry (figure modified from Birnbaum and Scharf et al., 2020).

The top DIQ-BiolD hits were tagged endogenously (via the SLI system) and the localization of the 13

candidates in the Kelch13 defined compartment was validated by co-localization with Kelch13, resulting

in 11 co-localizing proteins (Table 1). These potential Kelch13 interacting candidates (KIC) were

predominantly of unknown function and termed KIC1-KIC9, except for the proteins EPS15, UBP1, and
MCA2 that had been named before (Figure 12, Table 1). KIC10, the only candidate that did not co-

localize with Kelch13 was also retained and used as a control (Table 1). Of particular interest, the DIQ-
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BiolD analysis identified proteins that had already been associated with ART resistance in previous
work: the ubiquitin carboxyl-terminal hydrolase 1 (UBP1), Eps15, MyosinC (MyoC) (not validated to
co-localize with Kelch13 as not in the group of hits with the highest confidence) and KIC6. To functional
analyze the Kelch13 compartment proteins and to assess whether the corresponding genes were essential
for parasite survival, selected-linked integration gene disruption (SLI-TGD) was carried out if possible
(Table 1). Only pfkic7, pfubpl and pfeps15 could not be disrupted with this approach and therefore were

likely essential for parasite survival (Birnbaum and Scharf et al., 2020).

Table 1. Overview of analyzed K13WTende DIQ-BiolD hits. 'K13 coloc' column: co-localization of the indicated proteins with
episomally expressed Kelch13WT; green check mark: candidate co-localized with Kech13; red crosses: candidate did not co-
localize with Kelch13; nd: not done (candidate couldn’t be tagged via SLI). 'SLI-TGD' column: green check marks indicate
successful disruption of the gene; red crosses attempt to disrupt using SLI-TGD were not successful, indicating essentiality of
the corresponding genes (table from Birnbaum and Scharf et al., 2020).

K13 coloc SLI-TGD

KIC1 v 4
KIC2 v v
PFK9 X nd
KIC3 v 4
KIC4 v 4
MCA2 nd 4
Eps15 Vv X
KICS 4 4
KIC6 v v
UuBrP1 v X
KIC7 4 X
KIC8 v v
KIC9 4 4
KIC10 X 4

1.6.3 The role of Kelch13 and Kelch13 compartment proteins in endocytosis

Based on the finding that Epsl15 and also the known endocytosis marker AP2, (as determined in
Birnbaum and Scharf et al., 2020) was part of the Kelch13 defined compartment, it was investigated
whether Kelchl3 and its compartment proteins are involved in endocytosis. Correlative light and
electron microscopy was performed and Epsl5 was detected in close proximity to host cell cytosol -
filled membranous structures (Birnbaum and Scharf et al., 2020; Flemming, 2015). Additionally, it was
shown in a bloated food vacuole assay that inactivation of UBP1, Eps15, AP2,, and KIC7 led to reduced
hemoglobin uptake in trophozoites, whereas inactivation of Kelch13 itself did not influence hemoglobin
uptake in this stage. Experiments with fluorescent dextran showed that endocytosis in P. falciparum
already takes place in ring stages, the ART resistance relevant stage. Importantly, inactivation of
Kelch13 in ring stages (0 - 6 hpi) reduced endocytic uptake of the fluorescent dextran (Figure 13 A). To
test whether less endocytosis and consequently less hemoglobin degradation and ART activation could
be the reason for ART resistance, hemoglobin uptake was measured in K13C580Y*"® parasites. This
demonstrated that resistant parasites endocytose less host cell material (Figure 13 C). To further confirm
the relation between resistance and endocytosis, Kelch13 was conditionally inactivated and a standard

ring stage survival assay (RSA, Witkowski et al., 2013) was performed. Interestingly, inactivation of
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K13WT*® render the parasites resistant against ART (Figure 13 D) and also decreases host cell cytosol
uptake in ring stages (Figure 13 A) (Birnbaum and Scharf et al., 2020). Overall, these findings indicated
that Kelch13 was needed for endocytosis in ring stages and that reducing this Kelch13 mediated function
resulted in ART resistance.
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Figure 13. Kelch13-defined complex is involved in endocytosis and resistance. (A - C) Endocytic uptake was measured in a
fluorescent dextran uptake assay and the internalized fluorescence per cell was determined upon K13 and KIC7 inactivation
(+rapa) compared to the control (- rapa). Quantification of dextran uptake into 3 to-6-hour rings after inactivation (rapa) of
Kelch13 by KS in the 3xNLS line (Birnbaum et al., 2017) (A) or KIC7 (B) compared with control (no rapa) or in the K13mut
parasites compared with wild type (3D7) (C). Each point shows the amount of fluorescence internalized into one cell (arbitrary
fluorescence units). Data pooled from three independent experiments with a total of n = 138, 140, 132, 130, 122, and 114
cells for Kelch13 KS control, rapa, KIC7 control, KIC7 rapa, 3D7, and K13™ut, respectively. Unpaired, two-tailed t test. P values
and percent reduction of the mean are indicated. (D) RSAs after conditionally inactivation of Kelch13 (+rapa) compared with
the controll (- rapa) Unpaired, two-tailed t test with Welch’s correction. Each point indicates an independent experiment
(figure from Birnbaum and Scharf et al., 2020).

To further investigate the role of the Kelchl3 defined compartment in resistance, the Kelchl3
compartment members UBP1, Eps15, AP2,, and KIC7 were inactivated by knock sideway and ART
susceptibility was determined by RSA. Inactivation of these candidates led to ART resistant parasites
(Figure 14). This confirmed the involvement of the Kelch13 compartment in ART resistance. Moreover,
it was also demonstrated that, comparable to the findings with Kelch13, inactivation of KIC7 led to less
hemoglobin uptake in ring stages (Figure 13 B). These findings suggest a role of the Kelchl3

compartment member proteins in resistance and endocytosis (Birnbaum and Scharf et al., 2020).
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Figure 14. The Kelch13 complex proteins are involved in ART resistance. RSAs after inactivation of the indicated proteins via
knock-sideways (+ rapa) compared to the control (- rapa or 3D7). Protein 2102 corresponds to PF3D7_0210200 (Birnbaum et
al., 2017) was used as an essential protein not part of the Kelch13 complex. NaN3 was used as a control to inhibit growth.
Resistance in RSA defined as mean survival above 1 % (green line). Error bars show SD. ns: not significant. Unpaired, two-
tailed t test with Welch'’s correction. Each point indicates an independent experiment (figure from Birnbaum and Scharf et
al., 2020).

1.7 Aims of this thesis

The successes achieved in the fight against malaria in the last decades are threatened by increasing drug
resistances, particularly by the resistance to the first line drug artemisinin and its derivatives. It is
therefore critical to understand the molecular mechanism of artemisinin resistance. The previous and
preliminary data indicate that Kelch13 mediates ART resistance by reducing hemoglobin endocytosis
in ring stage parasites. However, it is not known how mutations in Kelch13 influence this process and
how the different domains of Kelch13 contribute to the function of this protein. This work therefore has
the aim to determine how Kelch13 mediates resistance, to examine the contribution of the different
domains of Kelchl3 to function and resistance and finally, to investigate the role of Kelchl3

compartment proteins in ART resistance.
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2 Material and Methods

2.1 Material

2.1.1 Bacterial and Plasmodium strains

Escherichia coli XL-10 Gold

Plasmodium falciparum 3D7

2.1.2 Chemicals

Tet A(mcrA)183 A(mcrCB-hsdSMRmrr) 173
endAl supE44 thi-1 recAl gyrA96 relAl lac Hte
[F’proAB lacl’ Z AM15 Tnl0 (Tet) Amy Cam']

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

Acetic acid

Roth, Karlsruhe

Acrylamide/Bisacrylamide solution (40 %) Roth, Karlsruhe

Agar LB (Lennox)

Agarose

AlbumaxII

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

Bacto™ yeast extract

Bacto™ Pepton

Biotin

Blasticidin S (BSD)
Bromophenol blue

Calcium chloride (CaCl,)
Desoxynucleotides (ANTPs)
4',6-diamidino-2-phenylindole (DAPI)
Dihydroartemisinin (DHA)
Dihydroethidium (DHE)

Dimethyl sulfoxide (DMSO)

Roth, Karlsruhe
Invitrogen

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

BD, USA

BD, USA

Sigma, Steinheim
Invitrogen, Karlsruhe
Merck, Darmstadt

Sigma, Steinheim

Thermo Scientific

Roche, Mannheim
Adipogen, Switzerland
Cayman, Ann Arbor, USA
Sigma-Aldrich, Steinheim
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Dipotassium phosphate

Disodium phosphate

1,4,-dithiothreitol (DTT)

DSM1

Dulbecco's Phosphate Buffered Saline (DPBS)
Ethanol

Ethidium bromide

Ethylenediaminetetraacetic acid (EDTA)
Ethylene glycol tetraacetic acid (EGTA)

G418 disulfate salt

Gentamycin

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

Glutardialdehyd (25 %)

Glycerol

Glycine

Hoechst33342

(4-(2-Hydoxyethyl)-1-piperazineethanesulfonic acid) (HEPES)

Hydrochloric acid (HCI)

Hypoxanthin

Isopropanol

Magnesium chloride (MgCl)

Manganese(I]) chloride (MnCl,)
3-Mercaptoethanol

Methanol

3-(N-morpholino)propansulfonic acid (MOPS)
Milk powder

Percoll

Phenylmethylsulfonylfluorid (PMSF)
Potassium chloride

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

RPMI (Roswell Park Memorial Institute)-Medium

Saponin

Sodium acetate

Roth, Karlsruhe

Roth, Karlsruhe

Roche, Mannheim

BEI resources

Pan Biotech, Aidenbach
Merck, Darmstadt

Sigma Aldrich, Steinheim
Biomol, Hamburg
Biomol, Hamburg

Sigma Aldrich, Steinheim
Ratiopharm, Ulm

Merck, Darmstadt

Merck, Darmstadt

Roth, Karlsruhe

Merck, Darmstadt
Biomol, Hamburg
Cheomdex, Switzerland
Roche, Mannheim
Merck, Darmstadt
Biomol, Hamburg

Roth, Karlsruhe

Merck, Darmstadt

Merck, Darmstadt

Merck, Darmstadt

Roth, Karlsruhe

Sigma Aldrich, Steinheim
Roth, Karlsruhe

GE Healthcare, Sweden
Sigma Aldrich, Steinheim
Merck, Darmstadt

Roche, Mannheim
Clontech, Mountain View, USA
Sigma Aldrich, Steinheim
Applichem, Darmstadt
Sigma-Aldrich, Steinheim
Merck, Darmstadt
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Sodium chloride

Sodium bicarbonate

Sodium dodecyl sulfate (SDS)
Sodium dihydrogen phosphate
Sodium hydroxide

Sorbitol

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

Tris base
Tris-EDTA (TE)
Triton X-100
Water (Ampuwa)
WR99210

Gerbu, Gaiberg

Sigma Aldrich, Steinheim

Applichem, Darmstadt
Roth, Karlsruhe

Merck, Darmstadt

Sigma Aldrich, Steinheim

Merck, Darmstadt

Roth, Karlsruhe

Invitrogen, Karlsruhe

Biomol, Hamburg

Fresenius Kabi, Bad Homburg

Jacobus Pharmaceuticals,
Washington, USA

2.1.3 DNA- and protein-ladders

GeneRuler™ 1 kbp ladder

PageRuler™ prestained protein ladder

2.1.4 Kits

QIAamp DNA Mini Kit
QIAGEN Plasmid Midi Kit

Thermo Scientific, Schwerte

‘ Qiagen, Hilden

Western Blot ECL-Clarity Detection Kit ‘ Bio-Rad, USA

Western Blot ECL-SuperSignal West

Pico

NucleoSpin. Plasmid
NucleoSpin. Extract 11

2.1.5 Antibodies

Primary antibodies

anti-GFP (mouse)
anti-GFP (rabbit)

anti-RFP (rat)
anti-BIP (rabbit)

Thermo Scientific, Schwerte

Macherey-Nagel, Diiren

1:1000 for Western Blots
1:2000 for Western Blots

1:1000 for Western Blots
1:2000 for Western Blots
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anti-Aldolase (rabbit) 1:2000 for Western Blots  Secondary antibodies
anti-Kelch13_E3 1:200 for IFA David Fidock
anti-mouse-HRP 1:3000 for Western Blots Dianova, Hamburg
anti-rabbit-HRP 1:2500 for Western Blots  Dianova, Hamburg
Secondary antibodies | anj-rat-HRP 1:3000 for Western Blots  Dianova, Hamburg
Streptavidin-HRP 1:1000 for Western Blots Thermo Scientific,
Waltham MA (USA)
Antibody coupled Streptavidin-Sepharose  for protein pulldown GE Healthcare
beads life science

2.1.6 Fluorescence dyes

Hoechst 33342 ‘ Chemodex
Dihydroethidium \ Cayman
DAPI ‘ Roche

2.1.7 Enzymes and polymerases

Restriction Enzymes NEB, Ipswich, USA.
Enzymes . .

T4 DNA-Ligase [3 U/ul] NEB, Ipswich, USA.

FirePol DNA Polymerase [5 U/ul]  Solis Biodyne, Taipei, Taiwan

Phusion. High-Fidelity DNA NEB, Ipswich, USA
Polymerases

Polymerase [2 U/ul]
Taq DNA Polymerase [5 U/ul] NEB, Ipswich, USA

2.1.8 Oligonucleotides

All oligonucleotides were synthesized by Sigma-Aldrich, Steinheim and are shown in Appendix 7.

2.1.9 Plasmids
Plasmid Source
pSLI-TGD (pARL1-GFP-T2A-Neo®) (Birnbaum et al., 2017)
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pSkipFlox

pSLI N_GFP-2xFKBP-Kelch13C580Y (DSM1¥)
nmd3 5’UTR_mCherry-Kelch13 (BSD®)
nmd3 5’UTR_BirA*-2xGGGGS-FRB-mCherry (BSD®)

(BirA-Nb)

nmd3 5’UTR_-mCherry- FRB-2xGGGGS-BirA* (BSD®)

(BirA-C")

crt SidM546-647-linker-GFP

(Birnbaum et al., 2017)
(Birnbaum et al., 2017)
(Birnbaum et al., 2017)

cloned by Kruse (Jonscher et al., 2019)

cloned by Kruse (Jonscher et al., 2019)

cloned by Sven Flemming

2.1.10 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-uStrip Pro 8-Strip
PCR-reaction tube
Nitrocellulose blotting

membrane Protean

One-way canulas
One-way syringe
Parafilm

Pasteur pipettes
Petri dishes
Plastic pipettes
Scalpel

Sterile filter

Transfection cuvettes

Specifications

15 ml, 50 ml

1.6 ml

50 ml

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

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

24 x 65 mm thickness
0.13-0.16 mmm

Amersham 0.45 uym

15 x 60mm / 14x90 mm
5/10/25 ml

0.22 pm
0.2 cm

Manufacturer

Sarstedt, Niimbrecht
Sarstedt, Niimbrecht
Sarstedt, Niimbrecht
Sarstedt, Niimbrecht

Sarstedt, Nimbrecht;
Eppendorf, Hamburg
Sarstedt, Niimbrecht
Sarstedt, Niimbrecht
R. Langenbrinck,
Emmerdingen

Engelbrecht, Edermiinde

Kimtech Science EcoShield

BSN medical

Sarstedt, Niimbrecht

GE Healthcare

Braun, Melsungen
Braun, Melsungen
Bemis, USA

Brand, Wertheim
Sarstedt, Niimbrecht
Sarstedt, Niimbrecht
Braun, Melsungen
Sarstedt, Niimbrecht
Bio Rad, Miinchen
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2.1.11 Software and bioinformatics tools

A plasmid Editor (ApE)

Axio Vision 40 v4.7.0.0

Corel Draw 2018

Corel Photo Paint 2018
Xcellence rt v5.2.0.3554
GraphPad Prism 6.0d

Imagel 64 1.43u

Microsoft Office 2021 v.16.47

Open Source (http://biologylabs.utah.edu/

jorgensen/wayned/ape/)

Zeiss, Jena

Corel Corporation, Ottawa

Corel Corporation, Ottawa

Olympus, Hamburg
GraphPad Software, La Jolla, USA

Open Source (http://rsbweb.nih.gov/ij/)

Microsoft Corporations, Redmond, USA

HHpred https://toolkit.tuebingen.mpg.de/#/tools/hhpred
MotifScan http://myhits.isb-sib.ch/cgi-bin/motif scan
PlasmoDB Plasmodb.org
UbPred http://www.ubpred.org/cgi-bin/ubpred/ubpred.cgi
ProtParam tool — Expasy web.expasy.org/protparam/
NCBI databases https://www.ncbi.nlm.nih.gov/
ClustalOmega https://www.ebi.ac.uk/Tools/msa/clustalo/
BLAST http://blast.ncbi.nlm.nih.gov/Blast.cgi
the Image Lab software (v 5.2.1) Bio Rad
2.1.12 Technical devices

Device Specifications Company

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

Sub Cell GT basic

870

V120

Thermo function line
J2-HS

Avanti J-26S XP
Megafuge 1.0R
5415C

Olympus FV1000
Phase

Gene Pulser X- Cel
Nucleofector II AAD-1001N
LSR II

Axioscope 1
ChemiDoc XRS+
EF 156 casy fit
Acculab Atilon-ATL
Axio Lab Al

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
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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

Orca C4742-95
Micro 750W
Heratherm 1GS400

Epgradient

SevenEasy

Bio Photometer plus
Nano Drop
1-10/200/1000 pl
Matrix Cellmate 11
Pipetboy acu

Power PAC 300

STR6

Max Q4000

Sterile Gard III Advance
Safe 2020
Thermomixer compact

Hamamatsu Phototonics, K.K.
Whirlpool, China

Thermo Scientific,
Langenselbold

Eppendorf, Hamburg
Mettler-Toledo, GieB3en
Eppendorf, Hamburg
Eppendorf, Hamburg

Gilson, Middleton, USA
Thermo Scientific, Schwerte
IBS, USA

VWR, Taiwan

Bio-Rad, Miinchen
Barnstead, Iowa, USA

Baker, Stanford, USA
Thermo Scientific, Pinneberg
Eppendorf, Hamburg

Ultrapure water purification Milli Q Merck, Darmstadt

UV transluminator PHEROIum 289 Biotec Fischer, Reiskirchen
Vacuum pump BVC Contorl Vacuubrand, Wertheim
Vortexer Genie 2 Scientific Industries, USA
Waterbath 1083 GFL, Burgwedel

2.1.13 Solutions and buffers for biochemical experiments

SDS-PAGE and Western Blot

10 x Running buffer

Separating gel buffer

Stacking gel buffer

Separating gel (10 %)

250 mM Tris-Base
1.92 M Glycine

1 % (w/v) SDS

in dH,O

1.5 M Tris-Base
0.4 % SDS
pH 8.8 in dH,O

0.5 M Tris-Base
0.4 % SDS
pH 6.8 in dH,O

2 ml dH,O

1.35 ml separating gel buffer
3.3 ml Acrylamide (30 %)
100 ul APS (10 %)

6 ul TEMED
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Stacking gel

Ammonium persulfate (APS)

6 x SDS sample buffer

10x Western Blot transfer buffer

1x Western Blot transfer buffer

2.95 ml stacking gel buffer
2.17 ml dH,O

830 ul Acrylamide (30 %)
50 ul APS (10 %)

7 ul TEMED

10% (w/v) in dH,O

375 mM tris HCI pH 6.8

12 % (w/v) SDS

60 % (v/v) Glycerol

0.6 MDTT

0.06 % (w/v) Bromophenol blue

250 mM Tris-Base
1.92 M glycerol
0.1 % (w/v) SDS
in dH,O

10 % 10 x Western transfer buffer
20 % Methanol
in deO

2.1.14 Solutions and buffers for microbiological culture

10x LB stock solution

LB working solution

LB Agar plate solution

10 % NaCl

5 % peptone

10 % yeast extract
in dH,0, autoclaved

1 % (w/v) NaCl

0.5 % (w/v) peptone

1 % (w/v) yeast extract
in dH,O

1.5 % Agar-Agar

1x LB medium
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Ampicillin stock solution

Glycerol freezing solution

TFBI buffer

TFBII buffer

\ 100 mg/ml in 70 % ethanol
‘ 50 % (v/v) glycerol in 1x LB medium

30 mM acetic acid

50 nM MnCl 2

100 mM RbCl

10 mM CaCl 2

15 % (v/v) glycerol

pH 5.8 (with 0.2 N Acetic acid)
ad 500 ml H»0

10 mM MOPS

75 mM CaCl 2

10 mM RbCl

15 % (v/v) glycerol
pH 7.0 (with NaOH)
ad 500 ml H»0

2.1.15 Solutions and buffers for molecular biological experiments

Gibson assembly buffers

5x isothermal reaction buffer (6 ml)

Assembly master mixture (1.2 ml)

DNA gel electrophoresis

50x TAE

3ml 1 M Tris-HCI pH 7.5

150 ul 2 M MgCI2

60 ul each of 100 mM dGTP/dATP/dTTP/dCTP
300 ul 1 M DTT

1.5 g PEG-8000

300 ul 100 nM NAD

ad 6 ml dH,O

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

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

ad 1.2 ml dH,O

2 M Tris base
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1 M Pure acetic acid
0.05 M EDTA
pH 8.5

40 % Glycerol (v/v)
2.5 % (w/v) Xylene cyanol

6x Loading buffer
2.5 % (w/v) Bromophenol blue
n deO
DNA precipitation
Sodium acetate ‘ 3 M NaAc, pH 5.2

10 mM Tris-HCI pH 8.0
Tris-EDTA (TE) buffer 1 mM EDTA
pH 8.0

2.1.16 Solutions and buffers for cell biological experiments

P. falciparum in vitro culture

1.587 % (w/v) RMPI 1640
12 mM NaHCOs3

6 mM D-Glucose

0.5 % (v/v) Albumax II
RPMI complete medium 0.2 mM Hypoxanthine

0.4 mM Gentamycin
pH7.2

in dH,O

sterile filtered

5 % (w/v) D-Sorbitol
Synchronization solution in dH,O
sterile filtered

4,2 % (w/v) D-Sorbitol
0,9 % (w/v) NaCl
Parasite freezing solution (PFS) 28 % (v/v) Glycerol

in dH,O

sterile filtered
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Parasite thawing solution (PTS)

Transfection buffer (Cytomix)

Amaxa transfection buffer

WR99210 stock solution

WR99210 working solution

Blasticidin S (BSD) working solution

G418 working solution

DSMI stock solution (50x)

DSM1 working solution

Human red blood cells

59

3,5 % (w/v) NaCl
n deO

sterile filtered

120 mM KCI

150 uM CaCl,

2 mM EGTA

5 mM MgCl,

10 mM K;HPO4 / KH,PO 4
25 mM Hepes

pH 7.6

in dH,O

sterile filtered

90 mM NaPO,
5 mM KCl
0.15 mM CaCl,
50 mM HEPES
pH 7.3

in dH,O

sterile filtered

20 mM WR99210
in DMSO

1:1000 dilution of stock solution in RPMI
complete medium

sterile filtered

5 mg/ml BSD in RPMI complete medium

sterile filtered

50 mg/ml in RPMI complete medium

sterile filtered

187.5 mM DSM1 in DMSO

100 ul DSM1 stock solution
add 5 ml in 95 % DMSO /5 % 1xPBS solution

Bloodgroup 0+, sterile concentrate, Blood bank
Universitétsklinikum Eppendorf (UKE),
Hamburg
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Percoll stock solution

60 % Percoll solution

Parasite lysis buffer

DHE stock solution (10x)

DHE working solution (1x)

Ho33342 stock solution (10x)

Ho33342 working solution (1x)

FACS stop solution

Rapalog (AP21967) stock solution

Rapalog working solution

DHA stock solution

DHA working solution

60

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

6.7 ml Percoll stock solution
3.3 ml RPMI complete medium
0.8 g Sorbitol

sterile filtered

4 % SDS
0.5 % Triton
0.5x PBS

in dH,O

5 mg DHE
in 1 ml DMSO

0.5 mg DHE
in 1 ml DMSO

4.5 mg Ho33342
in 1 ml DMSO

0.45 mg Ho33342
in 1 ml DMSO

0.5 pl Glutaraldehyde (25%)
in 40 ml RPMI complete medium

500 mM in ethanol

1:20 dilution of stock solution

in RPMI complete medium

0.001g DHA
in 11 ml DMSO

100 ul DHA stock solution
in 200 ul DMSO / 1x PBS (1:10)
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2.2 Methods

2.2.1 Microbiological Methods

2.2.1.1 Sterilization of solutions and devices

Working solutions and objects used in the following experiments were sterilized at 121 °C and 1.5 bar
steam pressure. In order to be able to sterilize heat-sensitive liquids, they were sterile filtered using

disposable filters with a pore size of 0.2 pum.

2.2.1.2 Production of competent E. coli

(Hanahan, 1983)

In order to be able to propagate plasmids in molecular biology, they are usually introduced and
propagated in non-pathogenic strains of the intestinal bacterium Escherichia coli. In order to ensure
efficient uptake of the plasmid in the bacteria, the bacterial cell walls and plasma membranes must first
be chemically destabilized using calcium chloride. The cells are then referred to as "competent cells".
For this purpose, a 200 ml LB medium glass flask is first inoculated with 4 ml of an E. coli XL gold
strain overnight culture and incubated at 37 °C in a shaker for about 2 hours. The bacterial culture should
achieve an OD600 of 0.5 - 0.55. The liquid bacterial culture is then centrifuged in pre-cooled 50 ml
Falkon tubes at 2600 g for 20 min at 4 °C. The pelleted bacteria are then carefully resuspended in 15 ml
of ice-cold TFBI solution and incubated on ice for 10 minutes and then pelleted again at 2400 g for 20
minutes at 4 °C. The pellet is again resuspended in a calcium chloride-containing solution (TFBII
solution) and aliquoted in 100 ul units. The competent bacterial cells are then stored at - 80 °C until they

are used.

2.2.1.3 Transformation of chemo-competent E. coli

To transform plasmid DNA into E. coli bacteria, one unit of 100 ul competent bacteria was thawed for
10 min on ice. 0.3 ul of an amplified (via mini preparation) and sequenced plasmid (final concentration
0.5 - 1 ug DNA) was added and incubated in presence of the competent cells on ice for 20-30 min. The
mixture was heat shocked for 30 sec at 42 °C and afterwards immediately cooled down on ice again.
The complete suspension was plated on pre-warmed (37 °C) LB agar plates containing ampicillin as a
selection marker. To ensure growth of plasmid positive bacteria the plate was incubated for 15-20 h at
37 °C.

2.2.1.4 Cultivation and storage of E. coli

After plasmid DNA has been successfully transformed into E. coli bacteria, the bacteria are cultivated
in LB liquid medium or LB agar plates, which contain the antibiotic ampicillin (final concentration of
100 pg / ml). This enables successfully transformed bacteria to be selected which are resistant to

ampicillin due to the plasmid taken up. Insert-positive single colonies are then taken up in LBamp- liquid
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medium and incubated overnight at 37 °C on a shaker at 1000 rpm. The genetically modified E. coli

bacteria can then be treated with 50 % glycerol for permanent storage and stored at -80 °C.

2.2.2 Molecular biological Methods

2.2.2.1 Polymerase chain reaction

The polymerase chain reaction (PCR) is based on in vitro amplifying of specific DNA fragments and
was used to detect DNA fragments and to quantitatively assess its DNA content. The thermos stable
DNA polymerase elongates, and consequently amplifies, single stranded nucleotides. Specific forward
and reverse primer, which flank the DNA target sequence, were designed and the polymerase can
amplify the defined DNA fragment resulting in an exponential increase with every cycle reaction. The
reaction steps are defined as denaturation, annealing and extension. During the denaturation, the
template DNA is heated up to 95 °C leading to the conversion of double to single stranded DNA. In the
second step the temperature decreases leading to the annealing of the oligonucleotides to the
complement sequence of the template DNA (annealing step). The annealing temperature depends on the
melting temperature of the primer. In the last step, called elongation, the temperature is slightly increased
again in order to achieve maximum efficiency of the DNA polymerase. The polymerase attaches
deoxyribonucleotide triphosphates (ANTPs) to the 3’- end of the nucleotides and thus extends the
oligonucleotides, creating a complementary DNA strand to the template DNA. Elongation times depend
on the expected size of the PCR product (usually 1 min per 1000 bp). For amplification of a PCR product
with subsequent cloning a Phusion — high fidelity polymerase (NEB) was used. It has an additional 3 ’-
5’ - exonuclease activity, which means that the incorporation of incorrect nucleotides can be corrected.
For analytical PCRs, like colony screens for the identification of insert positive clones after the

transformation of a plasmid or integration check, FirePol DNA polymerase (Solis Biodyne) was used.

Table 2. PCR mix for FirePol DNA polymerase (10 pl batch).

Reagent Volume [pl]
Ampuwa® H,O 6.4

MgCI2 (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 3. Conditions for analytic PCRs.

Cycle number Denaturation Annealing Elongation

1 2 min, 95°C

2-30 30s, 95°C 30 s, 45-68 °C 1 min/kb, 68-72 °C
31 10 min, 72 °C
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Table 4. PCR mix for Phusion DNA Polymerase (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 5. PCR conditions for preparative purpose.

Cycle number Denaturation Annealing Elongation

1 2 min, 95°C

2-30 30s, 95°C 30s,45-72 °C 0.5 min/kb, 72 °C
31 5 min, 72 °C

2.2.2.2 Agarose gel electrophoresis

(Garoff and Ansorge, 1981)

To separate molecules according to their molecular weight, agarose gel electrophoresis was used. A
size-specific separation of the amplified double-stranded DNA takes place, which is induced by an
electric field. Due to the negative charge of DNA, which is caused by phosphate groups, the DNA
migrates in the electric field towards the anode. Gels with 1 % agarose were used for Agarose is extracted
from seaweed and has a melting temperature of approx. 95 © C. Based on this, the suspension was heated
in a microwave for approx. 1 min until the powder has dissolved and at the same time homogenized
with the buffer. The liquid suspension was cooled down to a moderate temperature, ethidium bromide
(1 ug / ml) was added and the solution was given in a plastic carrier. After 30 min the polymers formed
a solid gel structure. The gel was placed in a gel chamber filled with TAE buffer and 6 pul of the PCR
sample treated with 6 x loading buffer were applied to the pockets. In addition, a DNA size standard
was applied as. The DNA fragments were separated for 30 min at 150 V. DNA molecules only have a
primary and secondary structure and their charge and length correlate, so the size of the fragment from
the distance traveled by the samples can be deduced proportionally. The ethidium bromide contained in
the gel intercalates into the DNA structure during this process, so that the fragments can later be made
visible by means of UV radiation. The gel was analyzed using the ChemiDocTM XRS (Biorad) imager

and the ImageLab software.

2.2.2.3 PCR-product and plasmid purification

In order to be able to remove reagents such as oligonucleotides, salt-containing buffers or restriction

enzymes from a PCR product or to purify a plasmid after digestion steps, the Nucleo Spin Gel and PCR
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Clean-up kit was used as instructed in the manual. The process is based on the binding of the negatively
charged DNA to a silica membrane, which is initiated by adding a binding buffer. Afterwards, salts and
polymerases can be separated from the bound DNA by using a buffer containing ethanol. Next the

purified PCR product or plasmid can be dissolved in 20 — 50 pl elution buffer.

2.2.2.4 Restriction digest

For cloning procedures restriction approaches were conducted with restriction enzymes (NEB) for DNA,
PCR products and vector products. Approximately 50 ul of eluted PCR product was mixed with 0.5 ul
(1.5 U Enzyme/ pg DNA) and 5 pl buffer. During restriction digestion of the DNA sequence, after
amplification of the insert on a plasmid, the generated insert was digested with the enzyme Dpnl. Dpnl
cuts specifically methylated DNA sequences in vectors which have already been expressed in E. coli.
For the preparative digestion of a vector, ~ 1 ug of vector was added to the digestion mixture. The

digestion mix was incubated in both cases at 37 °C for 3 h.

Reagent PCR product digestion (ul) Plasmid digestion (ul)
CutSmart® buffer (10x) 5 2

PCR product / Plasmid DNA 20 1

Enzym 1 1 0,5

Enzym 2 - 0,5

Ampuwa® H,O 24 16

2.2.2.5 Gibson assembly

(Gibson et al., 2009)

Gibson assembly enables the ligation of one up to six inserts into a linearized vector. For the Gibson
ligation, a DNA sequence was amplified with specially designed Gibson primers. The oligonucleotides
that were used had a longer overlap area in the complementary DNA strands, which led to sticky ends
of the same length in the resulting PCR products. The restricted PCR product was inserted into a target
vector. For this, the vector and the insert were brought into solution with an isothermal reaction buffer,
a T5 exonuclease, a DNA polymerase and a DNA ligase (Gibson Assembly Master Mix) in the following

proportion:
Reagent Volume (pl)
Gibson Assembly Master Mix 8
Vector 1
Insert 0,5

The reaction mixture was incubated for 1 h at 50 °C and then transformed into competent E. coli bacteria
by heat shock (30 sec, 42 °C).
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2.2.2.6 Plasmid isolation

To isolate plasmid DNA from transformed E. coli cells, these were first incubated in a 2 ml batch (mini
preparation) or 200 ml batch (midi preparation) overnight at 37 °C while shaking. The suspension was
pelleted for 2 min at 6000 x g (mini preparation) or for 15 minutes at 6000 x g at 4 °C (midi preparation).
The plasmid DNA isolation was then carried out according to the manufacturer's instructions using
commercially available kits (Nucleo Spin Plasmid, Macherey-Nagel for mini preparations or QIAfilter
Plasmid Midi Kit, QIAGEN for Midi preparations). In the last step, the plasmid DNA was eluted with
20 pl in the mini standard or 200 pl in the midi standard with elution buffer and could then be examined

photometrically for concentration determinations.

2.2.2.7 Sequencing of plasmid DNA

In order to examine DNA sequences for possible mutations, the respective DNA fragments were
sequenced. In addition, this procedure was used to confirm the correct insertion of DNA sequences in
vectors. The sample including 200 — 800 ng plasmid DNA and 3 pl of 10 mM sequencing primer was
diluted in 15 pul Ampuwa® H,O and was sent to Seqlab (Sequence Laboratories, Géttingen). The

sequencing results were downloaded the following day from the company's website.

2.2.2.8 DNA precipitation

To precipitate DNA, 20 — 100 ug plasmid DNA was dissolved in sodium acetate (3 M) in a ratio 10:1
and 2.5 volumes of absolute ethanol. The suspension was mixed gently and centrifuged for 15 min at
1800 x g. The precipitated DNA pellet was treated with 100 pl of 70 % ethanol for disinfection,
centrifuged again for 2 in 1800 x g and taken up in 10 — 20 pl TE buffer for further use. The DNA was
stored at 4 °C.

2.2.2.9 Nucleic Acid quantification

For an exact determination of nucleic acid concentration and the assessment of its purity, photometric
analysis was used. This was important for following ligation as well as transfection steps. DNA
concentration determination was carried out using a Nano Drop 2000c spectrometer (Thermo Scientific).
Because of its bases, DNA absorbs a certain wavelength, the absorption maximum being 260 nm (A260),
with maximum absorption values of 280 nm (A280) being determined for proteins. For photometric
quantification, the quotient of A260 to A280 was determined in 1 pl of dissolved DNA and calculated
against a previously determined zero value. Values from 1.8 to approx. 2.0 provided information about

an acceptable purity of the sample.

2.2.2.10 Genomic DNA isolation

To confirm the correct integration of a plasmid into the genomic locus of the target gen, genomic DNA
(gDNA) from transgenic parasite cell lines was isolated using the QIAfilter Plasmid Midi Kit according
to the manufacturer’s protocol. The gDNA was used as a template for integration check PCR, 3D7 wild
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type gDNA fungated thereby as a negative control. For gDNA isolation, transgenic parasite cells were

harvested with at least 1 % parasitemia.

2.2.3 Cell biological Methods

2.2.3.1 Continuous culture of P. falciparum

(Trager and Jensen, 1976)

The P. falciparum parasite was cultivated for proliferation in human erythrocytes. For this purpose, 5
ml of the culture medium RPMI was mixed with erythrocytes of blood group 0 + (transfusion blood,
Universitétsklinikum Hamburg-Eppendorf) in a 5 ml petri dish in order to set a hematocrit value of 5
%. To imitate the natural conditions of the human body as best as possible, the culture dishes were stored
in boxes and incubated at 37 © C. The boxes were previously gassed with a gas mixture (5 % COa, 5 %
0., and 90 % N) for about 30 seconds. Transgenic parasites were selected by adding WR99210 (4 nM),
Blasticidin S (2 pg / ml) and DSM1 (0.9 uM). The selection for knock-in integrants was enabled by the
addition of G418 (Neomycin, 400 ug / ml) to the parasite culture.

To obtain the percentage of infected blood cells (= parasitemia), Giemsa smears were prepared and
checked by microscopy. The parasitemia was kept at approximately 3 % during the cultivation to suit
experimental requirements. For this purpose, the cell culture was diluted by a factor of 1:10 with
preheated RPMI every 48 hours, depending on the growth rate of the parasites. In addition, the full
medium was changed every second day at the latest to ensure a constant supply of the parasites with

sufficient nutrients.

2.2.3.2 Cryo-stabilates of P. falciparum

P. falciparum parasite culture can be stored for time periods of several years either at -80 °C or in liquid
nitrogen. In order to produce cryo-stabilates from a parasite culture, the cells were adjusted to 5 %
parasitaemia in the early ring stage, since later stages do not survive the treatment with croyo-stabilate
solution. The culture was centrifuged at 1800 x g for 3 min and the supernatant was discarded. The
pelleted cells were then taken up in 1 ml Malaria Freezing Solution (MFS), transferred to a labeled

cryogenic vessel and stored at - 80 °C or in a liquid nitrogen tank at — 196 °C.

2.2.3.3 Thawing procedure of P. falciparum cryo-stabilates

For thawing of P. falciparum parasites, the cryo-tube was heated in a water bath at 37 °C for about 1
min. The cell suspension was transferred to a culture tube and was centrifuged (1800 x g for 3 min) at
room temperature. The supernatant was discarded and the cell pellet was resuspended in 1 ml Malaria
Thawing Solution (MTS). This was followed by another centrifugation step at 1800 x g for 3 min, the
supernatant was removed again and the cells were washed in pre-warmed RPMI complete medium. The

washed cells were transferred to a petri dish for cultivation at 37 °C.
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2.2.3.4 Blood smears and Giemsa staining

Preparation and staining of thin blood smears of P. falciparum infected red blood cells were done for
following purposes: to determine the parasitemia, to analyze parsite’s development or to assess the
condition of the cell cultures. For blood smears 0.5 — 1 ul infected erythrocytes were transferred to a
glass slide. The drop was smeared using a second glass slide in a 45 © angle to obtain a single cell layer.
After drying, the smear was fixed in methanol (99 %) for 10-30 sec and transferred in a staining bath
containing Giemsa's azur eosin methylene blue solution (Merck, Darmstadt, Germany) and stained for
10 min. After washing off the staining solution, the slide was dried and analyzed by using an optical

light microscope (Carl Zeiss, Oberkochen, Germany).

2.2.3.5 Transfection of P. falciparum

Transfection is defined by the introduction of foreign DNA into eukaryotic cells. Electroporation is used
for the transfection of P. falciparum. This method ensures the smuggling of the foreign DNA via the
erythrocyte plasma membrane, the parasitophorous vacuole membrane (PV), the parasite plasma
membrane (PPM) and the nuclear cell membrane of the parasite. Permeable pores are formed in the
respective membranes in order to absorb the transgenic DNA.

For P. falciparum transfection, the two following electroporation methods were used.

Segmenter transfection

For the transfection, late schizonts from a synchronized 10 ml parasite culture were isolated using
Percoll (see 2.2.3.8) and taken up in 90 pl of pre-warmed TB-BSF buffer. At the same time, 50 to 100
ug of the plasmid DNA was precipitated with a tenth volume of 3 M sodium acetate and 3 times the
volume of 100 % ethanol and then washed in 70 % ethanol. The DNA was then dissolved in 10 pl of
TE buffer and dried at room temperature. The parasite solution containing schizont stages was then
added to the DNA and the reaction mixture was transferred to an electroporation cuvette and placed in
the Amaxa Biosystems Nucleofector II (Lonza) device. The foreign DNA was introduced into the P.
falciparum parasites using the UO33 program. The cells were then taken up in 200 ul of pre-warmed
RPMI medium and 300 pl of erythrocytes and incubated for 30 min at 37 © C on a thermal shaker. The
batch was then taken up and transferred in a petri dish containing RPMI complete medium and 5 %
hematocrit. The culture medium was changed daily for the following 7 days to ensure nutrient supply.

In addition, transgenic parasites were selected with the respective selection drug.

Ring stage transfection

To transfect ring stage P. falciparum parasites, the BioRad transfection system was used. 10 ml parasite
culture of ring stage parasites with a parasitemia of 5 — 10 % was spinned down for 3 min at 2800 x g.
Meanwhile, plasmid DNA was precipitated (see segmenter transfection) and 100 pg of DNA was solved
in 20 pl TE buffer. 380 pl Cytomix was added to the solved DNA, mixed with 200 pl of the pelleted
infected erythrocytes, and transferred to an electroporation cuvette (2 mm, Biorad). The electroporation
was performed using a Gene Pulser Xcell (Biorad; conditions: 310 V, 950 uF, «o Q). The batch was then
taken up and transferred in a petri dish containing RPMI complete medium and 5 % hematocrit. The
culture medium was changed daily for the following 7 days to ensure nutrient supply. In addition,

transgenic parasites were selected with the respective selection drug.
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2.2.3.6 Selection for transgenic parasite cell lines using SLI

To select for integrants carrying the episomal plasmid, the SLI system was used (Birnbaum et al., 2017).
Therefore, the selective drug WR99210 was applied, followed by adding G418 to a final concentration
of 400 pg / ml to the parasite culture with 4 — 10 % parasitemia in 10 ml RPMI complete medium.
Parasites, carrying a plasmid with yDHODH as SLI resistance marker, 1.5 uM DSM1 was added instead
of G418. After supplying the selective drug, the culture medium was changed daily for a time period of
7 days. Afterwards the medium was changed every second day until parasites were obtained. The
cultures were maintained for a maximum of 100 days, if no parasites appeared the culture was discarded.
To monitor parasite appearance during the selective process, Giemsa smears were made every second
day, but the latest every third day. In the case of parasite growth, genomic DNA was isolated with the
QIAamp DNA Mini Kit to check for correct integration of the plasmid in the genomic locus of the target
gene using integration check PCR. If original wild type locus was detected, WR99210 was supplied for

two more weeks before the correct integration was checked again.

2.2.3.7 Sorbitol synchronization of P. falciparum

In order to synchronize infected blood cells with P. falciparum in the ring stage, the parasite culture was
treated with D-sorbitol. With this method, the resulting osmotic pressure selects the parasites at ring
stages of up to 18 hpi.

For this, the infected erythrocytes were centrifuged at 1800 x g for 3 min and the resulting pellet was
resuspended in a five-fold volume of a sterile and pre-warmed (37 °C) 5% D-sorbitol solution. The cell
suspension was then incubated for 10 min at 37 °C and centrifuged again at 1800 x g for 3 min for
sedimentation. The cell pellet, which now contained uninfected erythrocytes as well as erythrocytes
infected with ring stages, was then washed once with RPMI medium and taken up again in culture

medium incubated at 37 °C for further cultivation.

2.2.3.8 Percoll gradient of P. falciparum infected erythrocytes

In order to be able to transfect wild-type 3D7 cells with DNA in segmenter stages and carry out stage-
specific investigations in P. falciparum, the parasite culture was synchronized using a Percoll solution.
Furthermore, parasites were selected for the schizont stage in order to be able to carry out controlled
invasion of young ring stage parasites in erythrocytes.

For this, 5 or 10 ml of an asynchronized culture were added to 4 ml of 60 % Percoll, so that the Percoll
solution was slowly covered and a clear separating layer emerged between the two solutions. This was
followed by a centrifugation step at 2800 x g for 6 min, so that a gradient between the Percoll solution
and the overlying culture medium emerged. The enriched schizonts are clearly recognizable as a dark
ring structure between the two solutions. Uninfected erythrocytes and earlier stages of the parasite could
be recognized as a pellet on the bottom of the falcon tube. In order to be able to isolate the schizonts
from the suspension, the medium stored above was removed and the parasite ring was taken up with a
pipette and washed with 10 ml of RPMI. The synchronous schizonts could then be recultivated or used

for further experiments.
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2.2.3.9 Saponin lysis of P. falciparum infected erythrocytes

(Umlas and Fallon, 1971)

The isolation of the parasite from the RBC has to be performed to analyze parasite’s proteins. Saponin
is a detergent that lyses the membrane of the erythrocyte as well as the parasitophorous vacuole
membrane (PVM) but keeps the integrity of the parasite plasma membrane (PPM). 10 ml of parasite
culture with a parasitemia of 5 — 10 % was harvested and centrifuged for 5 min 11.000 x g. The
supernatant was discarded and the cells were washed once with 10 ml 1 x PBS to remove medium left
overs. After centrifugation, the supernatant was removed and the pellet was mixed carefully. Next, 10
pellet volumes of ice-cold and fresh prepared 0.03 % saponin in PBS was added, gently mixed with the
cells and incubate on ice for 10 min. The suspension was centrifuged for 5 min at 11.000 x g at 4 °C and
the supernatant was removed. From now on the procedure was continued on ice and if necessary, in
cooled centrifuges. The lysed cells were transfered into a 2 ml tube and centrifuged for 3 min at 1800 x
g followed by washing steps with ice cooled 1 x PBS until no hemoglobin is visible in the supernatant
anymore. Next, depending on the size of the pellet 1 - 5 ul of 25 x protease inhibitor cocktail and 1 mM
PMSF was added and mixed with the pellet. The suspension was resuspended in 50 - 150 ul SDS - lysis
buffer (depending on the size of the pellet) for 5 min to lyse the PVM. After centrifugation for 3 min at
1800 x g the proteins remained in the supernatant, which is transferred gently into a new tube without
disrupting the pellet at the bottom of the reaction tube. The mixture can be stored at -20 °C for further
use. To avoid protein degradation, the lysate was immediately mixed with 90 °C heated 4 x blue dye (15
ul 4 x blue dye per 50 ul supernatant) and was used for SDS-PAGE (see 2.2.4.1) for further analysis.

After adding the blue dye, the samples can’t be stored on ice anymore.

2.2.3.10 Biotin labeling of proteins using DIQ-BiolD

To perform dimerization induced quantitative BiolD (DIQ-BiolID, Birnbaum and Scharf et al., 2020)
experiment proximate proteins of the target proteins needed to be biotinylated. For this purpose, the
biotin ligase BirA* tagged with FRB-FRB-mCherry C- as well as N-teminally (Birnbaum and Scharf et
al., 2020) was expressed on a genomic parasite background modified with SLI (Birnbaum et al., 2017).
It was necessary to provide a huge amount of cell material for mass spectrometry analysis for which
reason the biotin labelling was performed twice with 150 ml parasite culture with approximately 5 %
parasitemia (3 x 50 ml culture bottles per condition).

Asynchrony parasite culture was splitted into 6 x 50 ml culture bottles. 3 bottles were treated with 250
nM rapalog to induce dimerization, the other 3 bottles fungated as a control with no dimerization.
Simultaneously, 50 uM biotin was added to all culture bottles for 24 h. The cultures were fed every 8 h
to ensure nutrient supply.

After 24 h incubation the culture was centrifuged (6000 x g, 20 min) and the supernatant discarded. The
parasites were lysed with saponin as already described (see 2.2.3.9). During the saponin lysis TBS was
used instead of PBS. The samples were transferred to a 2 ml reaction tube and washed two times with
DPBS Next, the cells were lysed in 2 ml lysis buffer for mass spectrometry analysis. The reaction tubes
were sealed with parafilm and two times frozen (at -80 °C) and thawed (on ice) to increase cell lysis.
The cell leftovers were centrifuged at 16000 x g for 10 min and the supernatant was transferred to a 15
ml falcon and diluted 1:2 with TrisHCI (50 mM, pH 7.5), 2 x protease inhibitor cocktail and 1 mM
PMSF. Next, 50 ul of Streptavidin-Sepharose was equilibrated with TrisHCL (50 nM, pH 7.5), added
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to the samples and incubated overnight rotating head over head at 4 °C. The beads were sedimented by
centrifugation at 1600 x g for 1 min, transferred in a 1.5 ml reaction tube and washed twice with 500 pl
lysis buffer, once in 500 pl ice cooled ¢H,O (Ampuwa®™), two times in 500 pl ice cooled TrisHCI (50
mM, pH 7.5) and three times in 500 ul cold TEAB (100 mM). During each washing step the samples
were incubated rolling and centrifuged at 1600 x g for 2 min afterwards.

The sepharose was then re-suspended in 50 ul TEAB (100 mM) and the samples were sent on ice for
mass-spectrometry analysis to our collaboration partner (Bartfai lab, Radboud Institute, Nijmegen,

Netherlands) where stable-isotope dimethyl labelling was used for quantification.

2.2.3.11 Flow cytometry growth assay

(Boersema et al., 2009)

To determine parasite's growth rate and parasitemia over a defined time window, Flow cytrometry
analysis was performed using the LSRII flow cytometer (Malleret et al., 2011). Growth assays were
performed with asynchron parasite cultures using a defined start parasitemia that was observed for either
5 or 7 following days. To avoid overgrowing of the culture, the start parasitemia was adjusted between
0.05 — 0.3 % and the parasites were fed every day with RPMI complete medium. For staining of the
cells, 20 ul cell suspension was transferred in a FACS tube and mixed with a 80 ul of RPMI medium
containing Hoechst 33342 (4.5 ul / ml) and dihydroethidium (DHE, 0.5 pg/ml) for 20 min at room
temperature in a dark box. Next, 400 ul FACS staining stop solution (0,003 % glutaraldehyde) was
added to stop the staining reaction. 100.000 events were counted per sample and analyzed with
FACSDiva.

2.2.3.12 Stage specific experiments upon knock sideways induction

Knock sideways (KS) experiments were performed to observe stage specific impact of target protein

inactivation due to mislocalisation on the parasite development.

KS induction in rings

For KS induction in rings, 10 ml parasite culture with 4 — 6 % mature schizonts was purified with 60 %
percoll (see 2.2.3.8). The cells were washed once with RPMI medium and transferred in a 1.5 ml tube
containing 100 pl fresh erythrocytes and 50 pul RPMI, followed by rupturing of the mature stages and
controlled invasion of ring stages parasites in RBCs (30 min, 37 °C, 800 rpm). The cells were
recultivated for 8 hours using standard culture conditions and were then synchronized with 1 ml pre-
warmed 5 % sorbitol at 37 °C for 10 min to obtain 0 — 8 hour old rings. The young rings were washed
three times with RPMI, resuspended in RPMI and splitted into two culture dishes. 250 nM rapalog was
added to one dish to induce the KS in ring stages, the other culture dish served as a control. The culture
medium was changed every day and new rapalog (250 nM) was added each time to the cells cultivated
in the presence of rapalog. Giemsa smears were made every 8 hours. If the parasitemia was too high the
culture was diluted to avoid overgrowing.

KS induction in trophozoites

For KS induction in trophozoite stages, the parasites were synchronized as describes above for rings

stage induction. 0 — 8 h Ring stage parasites were grown at 37 °C for 16 more hours before inducing KS
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by adding rapalog to one of the culture dishes. The following procedure was the same as described for

ring stage induction.

Furthermore, KS with the 3xNLS-FRB-mCherry mislocalizer was performed to observe ring stage
development in Kelch13 deficient parasites. The induction of the KS was performed 12 hours before
purifying 10 ml asynchron parasite culture, containing 4 — 6 % mature schizonts, using 60 % percoll
(see 2.2.3.8). The cells were washed once with RPMI medium and transferred in a 1.5 ml tube containing
100 pl fresh erythrocytes and 50 pul RPMI, followed by rupturing of the mature stages and controlled
invasion of ring stages parasites in RBCs (30 min, 37 °C, 800 rpm). The cells were recultivated for 2.5
hours in a petri dish and synchronized with 1 ml pre-warmed 5 % sorbitol at 37 °C for 10 min to obtain
0 — 3 hour old rings. The young rings were washed three times with RPMI and transferred into 5 culture
dishes reflecting the different sample probes for each time point. This setup allows continuous culturing
of each sample without disturbing the culture process for making smears. Simultaneously as a negative
control, a proportion of the same cells which were cultivated without rapalog were treated and cultivated

the in the same setup.

2.2.3.13 In-vitro ring stage survival assay’>" (RSA)

(Witkowski et al., 2013)

In order to determine the survival rate of P. falciparum parasites after a dihydroartemisinin (DHA) pulse,
10 ml asynchron parasite culture, containing 4 — 6 % mature schizonts, was purified using 60 % percoll
(see 2.2.3.8). The cells were washed once with RPMI medium and transferred in a 1.5 ml tube containing
100 pl fresh erythrocytes and 50 pul RPMI, followed by rupturing of the mature stages and controlled
invasion of ring stages parasites in RBCs (30 min, 37 °C, 800 rpm). The cells were recultivated for 2.5
hours in a petri dish and synchronized with 1 ml pre-warmed 5 % sorbitol at 37 °C for 10 min to obtain
0 — 3 hour old rings. The young rings were washed three times with RPMI, resuspended in 4 ml RPMI
and splitted into two 2 ml culture dishes. Next, 11.2 pl freshly prepared DHA (final concentration 700
nM) was added to one of the dishes, the cells in the second petri dish were not challenged with DHA,
and both samples were incubated at 37 °C for 6 h. After 6 hours DHA was removed, the cells were
transferred in a 1.5 ml tube and washed three times with RPMI. The parasites were then grown for 66
hours at 37 °C and fed after 48 hours. To assess the parasite survival rate Giemsa smears were made and
analyzed with microscopy via counting survived parasites after DHA treatment compared to the
parasitemia of the control without DHA treatment.

2.2.3.14 Immunofluorescence assay (IFA) of transgenic parasites

Wet aceton IFA

The immunofluorescence analysis is based on the antigen - antibody binding and is used for the
visualization and analysis of target proteins. In contrast to fluorescence microscopy (see 2.2.5.1), the
cells were fixed using acetone.

300 pl of parasite culture was transferred into a 1.5 ml reaction tube and centrifuged for 30 sec at 9000
x g. The supernatant was discarded and the cells were washed once with 1 x PBS. An eight-well glass

slide was coated with ConcanavalinA in 4H,O (ConA, 0.5 mg / ml, 20 pl per well) in a humid chamber
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for 30 min at 37 °C (Spielmann et al., 2003). ConA was washed off three times with 1 x PBS and 50 —
100 pl cells were applied to each well. The immobilized cells were washed three times with 1 x PBS to
remove unbound cells, the liquid layer was removed and the cells were fixed on the glass slide for 30
min in 100 % acetone. The slide was dried at room temperature for 1 min and re-hydrated and washed
with 1 x PBS. The fixed cells were incubated with 20 pl primary antibody in 3 % BSA in 1 x PBS for 1
h at room temperature. For co-localization experiments, two primary antibodies produced in different
animals were mixed. The primary antibody was removed and the cells were washed two times with 1 x
PBS, followed by incubation of the cells in the presence of 20 ul secondary antibody in 3 % BSA in 1 x
PBS, containing 1 pg / ml DAPI, for 1 h at room temperature in a dark chamber. 5 Washing steps with
1 x PBS were following and 4 drops of DAKO fluorescent mounting medium were added and carefully
covered with a cover slip to avoid air bulbs. To fixate the cover slip, nail polish was used at the outer

area of the slide and dried at room temperature. The IFA was analyzed using fluorescence microscopy.

2.2.3.15 Knock sideways induction

For functional analysis of essential proteins, the target gene was tagged endogenously with GFP and
FKBP domains using the SLI system (see 2.2.3.6) and the integrant cell line was transfected with an
episomal plasmid expressing a mislocalizer fused to FRB domains and mCherry under a nmd3 promoter
(Birnbaum and Scharf et al., 2020) was used. The episomal plasmid was selected with 2 pg/ml
blasticidin S (Invitrogen). To induce the dimerization based mislocalization, the parasite culture was
split into two identical cultures. One culture served as a negative control and the other one was treated
with 250 nm rapalog (AP21967, Clontech). The knock sideways was inspected with fluorescence

microscopy.

2.2.3.16 DiCre induction

For rapalog induced gene excision, the plasmid pSLI-N-GFP-2xFKBP-loxP (Birnbaum et al., 2017) was
used for genomic integration whereby the target gene was flanked with loxP. A second plasmid
pSkipFlox was transfected carrying separated Cre recombinase fragments. Upon addition of 250 nm
rapalog (AP21967, Clontech), the Cre dimerization was induced which led to the excision of the loxP
flanked region. The inducible knockout was analyzed using fluorescence microscopy and FACS

analysis.

2.2.4 Biochemical Methods

2.2.4.1 Western Blot analysis

2.2.4.1.1 Sodium dodecyl sulfate polyacrylamide gel electrophorese (SDS PAGE)

(Laemmli, 1970)

SDS PAGE was used to separate proteins according to their molecular weight. For this purpose, P.
falciparum infected erythrocytes were treated with saponin as described in 2.2.3.9 and were applied to

a Sodium dodecyl sulfate polyacrylamide gel consisting of two parts. The upper third of the gel consists
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of a large-pored stacking gel in which the proteins are first concentrated before they then run through
an applied electric field into the fine-meshed separating gel, where they are separated according to their
molecular weight.

Depending on the expected size of the analyzed fusion protein, the separation gel was used with different
concentrations.

The mixture was pipetted into a gel chamber to polymerize and covered gently with 200 ul isopropanol
to form a straight. After incubation for 30 minutes at room temperature, the gel has polymerized,
isopropanol was removed, and the separation gel was covered with the liquid stacking gel.

In addition, a plastic comb was positioned in the liquid layer so that the samples could later be applied
separately.

As described in 2.2.3.9, the isolated proteins were denatured and linearized and mixed with SDS loading
buffer before being applied to the SDS-PAGE. Dithiothreitol (DTT) in the SDS loading buffer led to the
cleavage of disulfide bridges by a reduction reaction and the cleavage of secondary and tertiary
structures of proteins.

5 - 15 ul of the protein pellet were loaded onto the polyacrylamide gel, which was clamped together
with a running buffer in an electrophoresis chamber. An electric field of 80 V was then applied for 10
min and was then increased to 150 V for 1 h, as a result of which the negatively charged molecules
migrated towards the anode and the samples were separated according to molecular weight. In addition
to the sample, a size standard (PageRuler Prestained Protein Ladder) was also applied to the gel in order

to determine the exact size of the target proteins.

2.2.4.1.2 Western Blot
(Kyhse-Andersen, 1984)

The separated proteins were transferred to a nitrocellulose membrane using the Western blot method.

For this purpose, the acrylamide gel was clamped from both sides with Whatman papers (three-ply) and
plastic sponges soaked in transfer buffer in a holder cassette. This was positioned in a tank blotter for
protein transfer. In addition, a nitrocellulose membrane was placed on one side between the gel and
Whatman papers. The holder cassette was aligned in the blot system in such a way that the proteins
migrate towards the anode when an electrical field is applied and are thereby transferred to the
membrane. The protein transfer is based on hydrophobic interactions, which lead to the binding of the
proteins in the gel to the nitrocellulose membrane and took place at 299 V and 390 mA for 1 h 30 min.
The Western blot transfer chamber was filled with ice cooled transfer buffer and kept cold with a cooling

system at 4 °C during the process in order to avoid overheating.

2.2.4.1.3 Detection of proteins

To ensure that subsequent treatment with antibodies does not lead to unspecific bindings with free
epitopes of the proteins, the membrane was then incubated for 1 h at room temperature with 5% milk
powder in PBS. A primary antibody, specific to the protein's fluorochrome tag, was diluted in the
appropriate dilution in 2 % milk and incubated with the membrane rolling at 4 °C overnight. After
incubation with the primary antibody, the cellulose membrane was washed 3 times with PBS and then
treated for 1 h with a secondary antibody in the appropriate dilution at room temperature. The secondary
antibody was linked to the enzyme horseradish peroxidase (HRP), that the antibody-protein binding
could be visualized after adding a substrate due to the enzymatic activity of the HRP. This reaction is

based on the conversion of luminol into an oxidized form, which can be observed and documented in
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the form of chemiluminescence using a gel documentation device. After adding the second antibody,
the membrane was washed again 3 times with PBS-Tween (0.1 % Tween), 3 times with and once with
¢H2O (5 min per washing step at RT). The two solutions of the SuperSignal West Pico
chemiluminescence kit were then applied to the membrane in a ratio of 1: 1 and incubated in the dark
for 1 min. The signal of the enzymatic activity of the HRP was then detected and recorded with a
ChemiDoc XRS + system from Biorad.

2.2.4.1.4 Quantitative Western Blot analysis

For quantification of wild type and mutated Kelch13 relative protein levels, serial dilutions of protein
extracts derived from parasites expressing either KI3WT® or K13C580Y"® with an identical N-
terminal GFP fusion from the endogenous locus (Birnbaum et al., 2017) were compared on the same
immunoblot. The same blots were re-probed for aldolase. The average GFP signal of wild type Kelch13
and Kelch13C580Y was normalized to the average aldolase signal of the respective samples of the blot
and used to determine the relative levels of wild type Kelch13 and Kelch13C580Y by measuring the
signal intensity using the Image Lab software v 5.2.1 (Bio Rad) with lane background subtraction (disc
size 10). Three independent biological replicas were done.

Protein extracts from episomal espressed constructs (complementation constructs overexpressed on
K13C580Y°"® parasites) were analyzed with an anti-RFP antibody using Western Blot analysis. The
same immunoblot was re-probed with an anti-BIP antibody as a loading control. The intensity of the
appropriate protein bands was determined using the Image Lab software (v 5.2.1, Bio Rad). The mean
RFP intensity signal (corresponding to K13WT®' and the construct to be investigated, respectively) was
normalized to the corresponding mean BIP signal intensity and the intensity ratios were calculated. The
intensity ratios for the investigated episomal contruct were divided by the ratios of K13WT' to obtain
the abundance of the investigated episomal construct relative to K13WT' and the signal intensity was
measured using the Image Lab software v 5.2.1 (Bio Rad) with lane background subtraction (disc size
10).

2.2.5 Microscopy

2.2.5.1 Live cell and fluorescence microscopy

To analyze proteins of P. falciparum the target genes were genetically modified and tagged with
different fluorochromes such as GFP (green fluorescent protein) or mCherry. This enabled the detection
after expression in the cell and the proteins were visualized by fluorescence microscopy.

For this purpose, 500 pl of the parasite culture were initially stained for 3 min with 1 pg/ ml DAPI (4 °,
6-diamidino-2-phenylindole) in order to recognize the parasitic nucleoli. The cells were centrifuged for
1 min at 1800 x g and the pallet was resuspended in one third of the supernatant. For examination by
fluorescence microscopy, 2.5 ul of the suspension was placed on a slide and covered with a cover slip,
on which 1 drop of immersion oil was placed. The living intracellular parasites were examined with a
100x oil objective for detailed images and with a 64x oil objective for overview images. To avoid
movement of the cells during microscopy, it was also possible to smear 1 pl of the cells on a glass slide
and detect them without covering with a cover slip. In this case the immersion oil was placed directly

on the smeared cells.
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GFP-labeled proteins have an absorption maximum at a wavelength of 395 /475 nm, with a wavelength
of 509 / 540 nm being emitted. The fluorochrome mCherry, has an absorption / emission spectrum at
587 and 610 nm. By stimulating the transgenic cells with the respective wavelengths, the labeled
proteins can be assigned temporally and locally to an expression in different stages of development of
the P. falciparum. The DAPI staining can contribute to the visualization of the cell nuclei when excited
with UV light.

For co-localization studies, parasites were smeared and dried on a glass slide and GFP and mCherry
fluorescence was immediately imaged.

To measure fluorescence intensity of foci in living parasites (trophozoites and ring stages) parasites were
selected based on the DIC channel and images were taken with identical acquisition settings for the GFP
channel. ImageJ was used to measure the mean fluorescence intensity of Kelch13 foci after background
fluorescence subtraction.

Images were edited with Corel Photo Paint x10, brightness and intensity were adjusted.
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3 Results

3.1 Functional analysis of Kelch13 compartment proteins

3.1.1 Ring stage survival assays with KIC-TGDs

To further analyze the proteins of the Kelchl3 compartment, it was assessed whether Kelchl3
interaction candidates (KICs, Birnbaum and Scharf et al., 2020) play a role in resistance. For this, cell
lines with nonessential disrupted KICs (KIC-TGD) were tested in a ring stage survival assay (RSA,
Witkowski et al., 2013, Figure 15 A). RSAs were carried out with synchronized ring stages (0 — 3 h) in
3 to 5 independent experiments. The cells were treated with a Dihydroartemisinin (DHA) pulse (700
nM) for 6 hours and then cultured for 66 more hours to determine the parasite survival rate (SR) after
DHA treatment. Resistance to DHA was previously defined as an RSA survival rate above 1 %
(Witkowski et al., 2013, Ariey et al., 2014). One of the KICs (KIC10) did not co-localize with Kelch13
and was used as an extra control beside 3D7 wild type parasites.

Tested in a standard RSA parasites with a KIC1-TGD showed a mean survival rate of 0.3 % (SD = 0.1%,
n = 4), KIC2-TGD parasites showed a mean survival of 0.4 % (SD = 0.4 %, n = 3), KIC3-TGD parasites
showed a mean survival of 0.03 % (SD = 0.1 %, n = 3), KIC6-TGD parasites showed a mean survival
0f 0.0 % (SD = 0.0 %, n = 3), KIC8-TGD parasites showed a mean survival of 0.3 %, (SD = 0.4 %, n =
3), KIC9-TGD parasites showed a mean survival of 0.1 % (SD = 0.2 %, n = 3) and parasites with a
KIC10-TGD showed a mean survival of 0.0 % (SD = 0.0 % n = 3) (Figure 15 A), indicating that the
disruption of any of these genes did not lead to a decreased susceptibility to ART. MCA2-TGD parasites
showed a mean SR of 5.4 % (SD = 2.5 %, n = 4), KIC4-TGD parasites of 1.4 % (SD = 0.4 %, n = 3)
and KIC5-TGD parasites of 12.0 % (SD = 7.3 %, n = 5), which indicates that the disruption of these
genes decreased the susceptibility to DHA (Figure 15 A). As a positive control ART resistant
K13C580Y*"® knock-in parasites (GFP-2xFKBP-Kelch13“°*Y Birnbaum et al., 2017) and as a negative
control 3D7 wild type parasite were tested under the same conditions as KIC-TGD parasites. As
expected, the negative control showed a mean SR below 1 % (SR =0.16 %, SD = 0.4 %, n = 6, Figure
15 A) and resistant K13C580Y"® parasites show a mean SR of 24.5 % (SD = 11.1 %, n = 7, Figure 15
B). Taken together, it can be concluded that the disruption of a subset of Kelch13 compartment proteins
(KIC4-TGD, KIC5-TGD and MCA2-TGD) led to a reduced susceptibility to DHA.
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Figure 15. Ring stage survival Assay with KIC-TGD parasites. (A) RSA survival rate (% DHA-treated to untreated parasites;
RSA: Witkowski et al., 2013) for the parasite cell lines with targeted gene disruptions (TGDs) of the proteins indicated. Each
point corresponds to an independent RSA. 3D7: negative control (fully susceptible parasites), n=3; TGD: targeted gene
disruption (TGD) of potential Kelch13 interacting candidates (KICs) and metacaspase2 (MCA2), n = 3 - 5. (B) RSA with
K13C580Yende knock in parasites (GFP-2xFKBP-Kelch13¢58%Y, Birnbaum et al., 2017) was used as positive control. Each point
corresponds to an independent RSA, n = 7. The green line marks 1 % survival. Error bars show SD. P values are indicated
(unpaired, two tailed t test with Welch’s correction).

3.1.2 Impact of KIC-TGDs on parasite growth

In order to assess if the RSA results (see 3.1.1) were influenced by potential growth defects and to test
if any of the gene disruptions affected parasite growth, the SLI-TGD cells lines were analyzed in a FACS
based growth assay over 2 development cycles (Figure 16) (Malleret et al., 2011; Birnbaum et al., 2017).
For this, the KIC-TGD parasite cultures were adjusted to 0.05 % start parasitemia and the growth of
these cell lines was then compared to that of 3D7 wild type parasites which were analyzed in the same
manner. KIC10-TGD, which is not associated with the Kelchl3 compartment, was used as an extra
control beside 3D7 wild type parasites.

The growth rate of the MCA2-TGD and KIC5-TGD parasites was significantly reduced compared to
the 3D7 control (Figure 16). The targeted disruption of KIC1, KIC2, KIC3, KICS, and KIC10 resulted
in a milder but still significant growth defect. No significant reduction in growth compared to 3D7 was
observed with the KIC4-TGD and KIC6-TGD parasites. The growth defect of MCA2-TGD and KIC5-
TGD parasites indicate that these candidates are important for parasite growth. As MCA2-TGD and
KIC5-TGD parasites showed reduced susceptibility to ART (Figure 15 A), this might indicate that there
is a correlation between reduced susceptibility to ART and a defect in growth in the MCA2-TGD and
KIC5-TGD parasites (Figure 16). There was only a slight evidence for a correlation between resistance
and growth for the other KIC-TGDs, with exception for KIC10-TGD. The disruption of KIC10 did not
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lead to reduced susceptibility to ART but resulted in significant growth defect compared to 3D7
parasites. This excludes the possibility that resistance is dependent on the growth rate of the KIC-TGDs.
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Figure 16. FACS based growth analysis with KIC-TGD parasites. Data points indicate growth rate for the indicated TGD lines
in three to six independent experiments (TGD: targeted gene disruption; KIC: Kelch13 interacting candidate; MCA2:
metacaspase2). 3D7 wild type parasites were used as a control. Error bars show SD. P values (determined using an unpaired,
two tailed t test with Welch’s correction) are indicated, n.s. = not significant.

3.1.3 Stage-specific phenotype after Kelch13, UBP1 and KIC7 inactivation

To determine detailed stage-specific phenotypes after inactivation of Kelch13, UBP1 and KIC7, 250
nM rapalog was added to synchronized knock in parasites (GFP-2xFKBP-Kelch13, UBP1-2xFKBP-
GFP-2xFKBP, KIC7-2xFKBP-GFP-2xFKBP; Birnbaum et al., 2017; Birnbaum and Scharf et al., 2020)
episomally expressing a mislocalizer (1xXNLS or 3xNLS) in ring (0 — 8 hpi) or in trophozoite (16 — 24
hpi) stages to initiate the knock sideways of Kelch13, UBP1 or KIC7. The parasites were monitored for
56 hours after the induction of the knock sideways by generating Giemsa smears every 8 hours and the
development stages of the parasites were determined. The stages distribution was then compared to the
same parasites grown without rapalog (control). Kelch13, UBP1 and KIC7 were grown in parallel to
increase comparability and in order to gain more information about the similarities of the function of
these proteins in the development stages. The growth experiments of UBP1 and KIC7 (up to the

preparation of Giemsa smears) was kindly performed by Jakob Birnbaum.
3.1.3.1 Stage-specific impact on parasites development upon inactivation of KIC7

Inactivation of KIC7 in rings (Figure 17 A) led to an arrest of the parasites in ring stages after 16 — 24
hours, a time point when a small proportion of control parasites already developed to young

trophozoites. This effect was observed even more clearly 24 — 32 hours post induction (hpi). Only a
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minor proportion of parasites of the KIC7 knock sideways parasites developed to young trophozoites,
and the majority of the parasites arrested in rings (Figure 17 A). The arrest in ring stages was also
observed during the following three time points (32 — 40, 40 — 48 and 48 — 56 hpi), with limited
progression of the parasites to the trophozoite stage (Figure 17 A). Furthermore, pycnotic parasites were
observed in increasing numbers over time. Interestingly, the parasites which developed to trophozoites
showed less hemozoin crystal formation compared to the control (Figure 17 B). The control parasites,
harboring an active KIC7 protein, developed normally from rings, to trophozoites and schizonts
followed by reinvasion (Figure 17 A).

Inactivation of KIC7 in early trophozoites (Figure 17 C) allowed further progression to late trophozoites
but prevented the development of the parasites into schizont stages. Thirty-two hours post inactivation
of KIC7 in trophozoites, first pycnotic or dead parasites were observed in Giemsa smears (Figure 17 C).
The control developed as expected. These results suggest an essential function of KIC7 in ring as well

as in trophozoite stages.
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Figure 17. Stage-specific phenotypes after inactivation of KIC7. Knock sideways with KIC7 knock in parasites (KIC7-2xFKBP-
GFP-2xFKBP, Birnbaum and Scharf et al., 2020) expressing an episomal mislocalizer (1xNLS) upon the addition of rapalog
(+rap) in rings (A) or in trophozoites (C). Giemsa smears were made at the indicated time points. —rap: control; hpi: hours
post invasion; aberrant: dead or non-typical parasites. One of two representative independent biological replicas are shown.
Replicas are shown in Appendix 1. (B) Representative Giemsa smears of an early (upper row) and a late trophozoite (lower
row). -: control; +: rapalog treated; Red arrows show hemozoin crystals.
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3.1.3.2 Stage-specific impact on parasites development upon inactivation of UBP1

Inactivation of UBP1 in rings led to an arrest of the parasites in ring stages after 16 — 24 h, whereas
control parasites developed to young trophozoites (Figure 18 A). This was also observed 24 — 32 hours
post knock sideways induction and during the following three time points (32 — 40, 40 — 48 and 48 — 56
hpi) (Figure 18 A). Only some parasites developed to trophozoites after UBP1 inactivation. Pycnotic
and dead parasites were observed 32 hours after inactivation of UBP1. Control parasites developed
normally, as expected (Figure 18 A).

Inactivation of UBP1 in trophozoites (Figure 18 B) resulted in a delay in trophozoite stages, followed
by parasite death. Already 8 hours after rapalog was added (and also in the following time points),
aberrant cells were detected, whereas the control parasites developed normally and completed the cycle
in the red blood cells (Figure 18 B). These results indicated a function of UBP1 in ring as well as in
trophozoite stages. The observed phenotype is comparable with the phenotype that was observed after
the inactivation of KIC7 (Figure 17). This supports a similar function of UBP1 and KIC7 in parasite

development.
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Figure 18. Stage-specific phenoty|
GFP-2xFKBP, Birnbaum and Scha
(+rap) in rings (A) or in trophozoites (B). Giemsa smears were made at the indicated time points. —rap: control; hpi: hours

post invasion; aberrant: dead or non-typical parasites. One representative of two independent biological replicas is shown.
Replicas are shown in Appendix 1.

pes after inactivation of UBP1. Knock sideways with UBP1 knock in parasites (UBP1-2xFKBP-
rf et al., 2020) expressing an episomal mislocalizer (1xNLS) upon the addition of rapalog
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3.1.3.3 Stage-specific impact on parasites development upon inactivation of Kelch13

To gain more insight into stage specific essentiality of Kelchl3, rapalog was added to endogenously
tagged Kelch13 (GFP-2xFKBP-Kelch13) parasites episomally expressing the 1xNLS mislocalizer
(Birnbaum et al., 2017) in ring (Figure 19 A, 0 — 8 hpi) as well as in trophozoite stages (Figure 19 B, 16
— 24 hpi) to induce the knock sideway of Kelch13. 16 hours after the addition of rapalog in rings (Figure
19 A, time point 16 — 24 hpi) the parasites showed a delay in ring stages (as apparent by failure to
progress to trophozoites), followed by a permanent arrest of the parasites in the ring stage. Only few
parasites progressed to the trophozoite stage. This was also observed in the following time points (Figure
19 A, time points 24 — 32, 32 — 40, 40 — 48 and 48 — 56 hpi).

In contrast to the phenotype that was observed upon inactivation of KIC7 and UBP1 in trophozoites,
there was no phenotype observed in trophozoite stages when Kelch13 was inactivated (Figure 19 B).
The parasites progressed normally to late trophozoites (time point 32 — 40 hpi) and completed the intra-
erythrocytic cycle, comparable to the controls. Forty hours after full mislocalization of Kelch13 in
trophozoites (time point 64 — 72 and 72 — 80 hpi), an arrest in the subsequent ring stages was observed
(Figure 19 B). Control parasites without an inactivation of Kelchl3 progressed as expected and
completed the asexual cycle (Figure 19 A and B, —rap). This suggests that Kelch13 is dispensable in
trophozoites and highlights the essential role of Kelch13 in ring stages.
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Figure 19. Stage-specific phenotypes after full inactivation of Kelch13 (1xNLS). Knock sideways with Kelch13 knock in
parasites (GFP-2xFKBP-Kelch13, Birnbaum et al., 2017) expressing an episomal mislocalizer (1xNLS) upon the addition of
rapalog (+rap) in rings (A) or in trophozoites (B). Giemsa smears were made at the indicated time points. —rap: control; hpi:

hours post invasion; aberrant: dead or non-typical parasites. One representative of two independent biological replicas is
shown. Replicas are shown in Appendix 1.
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Partial inactivation of Kelch13 using an episomally expressed 3xNLS mislocalizer (Birnbaum et al.,
2017) in rings (0 — 8 hpi) led to a comparable, but much milder, phenotype than that observed upon full
inactivation of Kelchl3 (Figure 20 A). 16 hours after knock sideways induction, a delay in the
development of ring stages was observed. In the following time points the parasites developed further
into trophozoite stages and were able to complete the cycle (40 — 48 hpi), comparable to the control
(Figure 20 A).

Partial inactivation of Kelchl3 in trophozoites (Figure 20 B) had no noticeable effect in the
corresponding stage but led to a mild delay in the following ring stages (Figure 20 B, time point 72 — 80
hpi). Nevertheless, the parasites were able to complete the intra-erythrocytic cycle. Hence, compared
with the phenotype that was observed after full inactivation of Kelch13 (1xNLS) (Figure 19), partial
inactivation with the 3xNLS mislocalizer had a comparable but much milder effect, resulting in a delay

in rings rather than a growth defect (Figure 20).
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Figure 20. Stage-specific phenotypes after partial inactivation of Kelch13 (3xNLS). Knock sideways with Kelch13 knock in

., 2017) expressing an episomal mislocalizer (3xNLS) upon the addition of
rapalog (+rap) in rings (A) or in trophozoites (B). Giemsa smears were made at the indicated time points. —rap: control; hpi:
hours post invasion; aberrant: dead or non-typical parasites. One representative of two independent biological replicas is
shown. Replicas are shown in Appendix 1.
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3.1.4 KIC7 inactivation leads to increased numbers of PI4P positive circular

structures

To further analyze the function of KIC7, KIC7 was inactivated using knock sideways and the effect on
membranous structures in the parasite was analyzed. For this purpose, the P4AM domain of SidM (Balla
et al., 2013; Hammond et al.,, 2014) was used. This domain detects membrane associated
Phosphatidylinositol-4-phosphate (P14P) and in mammalian cells marks the plasma membrane, the golgi
and late endosomal and lysosomal structures (Hammond et al., 2014). KIC7 knock in parasites (KIC7-
2xFKBP-GFP-2xFKBP, Birnbaum and Scharf et al., 2020) were co-transfected with an episomally
expressed 1XxNLS-L-FRB-2xmyc-T2A-SidM-L-mCherry plasmid (the plasmid to PCR amplify the
region encoding amino acid 546 — 647 of SidM was a kind gift of Tamas Balla; SidM was initially
cloned by Sven Flemming).

In contrast to the mislocalizer used for other knock sideways experiments (see 3.1.3), this plasmid
version did not contain a fluorescent tag on the mislocalizer. This made it possible to specifically detect
the mCherry tagged SidM. KIC7 inactivation was initiated (using 250 nM rapalog) in young trophozoite
stages. To determine the time after initiation of the knock sideways when KIC7 was efficiently
mislocalized, this was examined by fluorescence microscopy in preliminary experiments at 2, 4 and 6
hours after the addition of rapalog (Figure 21 A). As KIC7 translocation to the nucleus was complete in
94 % of the examined cells after 6 hours incubation in the presence of rapalog (Figure 21 A) this time
point was used in the following experiments. In control parasites, fluorescence microscopy showed that
SidM was detected in circular accumulations (in the following defined as SidM positive foci, Figure 21
B, yellow arrows, control) that located at the PM, in the cytosol or close to likely vesicular structures
(based on the DIC image) (Figure 21 B, control). As expected, SidM was also found at the PM but this
was not obvious in all cells (Figure 21 B, pink arrows, control). In some cells, small rings of SidM signal
were observed (white arrow, defined as circular structures (CS), Figure 21 B, control). In the cells which
were grown in the presence of rapalog for 6 h, SidM showed a similar phenotype (Figure 21 B, +rapa).
However, in DIC larger vesicular structures (Figure 21 B, orange arrows, +rapa) were apparent (see
below).
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Figure 21. Localisation of SidM positive structures upon KIC7 knock sideways. (A) Quantification (based on fluorescence
microscopy) of KIC7 mislocalisation at 2, 4 and 6 hours after the addition of rapalog to KIC7-2xFKBP-GFP-2xFKBP (Birnbaum
and Scharf et al., 2020) parasites episomally expressing 1xNLS-L-FRB-2xmyc-T2A-SidM-L-mCherry (2h: n total scored cells =
26, n cells with complete KIC7 translocation = 21, n cells with partial KIC7 translocation = 5; 4h: n total scored cells = 26, n
cells with complete KIC7 translocation = 21, n cells with partial KIC7 translocation = 2; 6h: n total scored cells = 33, n cells with
complete KIC7 translocation = 31, n cells with partial KIC7 translocation = 2). (B) Representative fluorescence live cell images
of the cell line indicated in (A). Parasites were grown in the presence (+rapa) or absence (control) of rapalog for 6 hours.
Colored arrows show examples of focal structures quantified in figure 22. Scale bar 5 um, DIC: differential interference
contrast; GFP: green fluorescent protein; mCh: mCherry red fluorescent protein; merge: GFP and mCherry channels merged.

As no immediate difference in the SidM signal was observed after KIC7 inactivation, the phenotype
was more carefully quantified. To assess whether the inactivation of KIC7 increased the number of SidM
positive foci (Figure 21 B, yellow arrows) in the cell, the number of SidM positive foci was determined
6 h after addition of rapalog (+rapa) und compared to the control (control) (Figure 22 A). The number
of SidM foci per cell upon KIC7 inactivation (mean = 3.2, SD = 1.6) was similar to the control (mean =
2.9, SD = 1.6) (Figure 22 A). In contrast, the number of SidM positive circular structures (CS) in the
cytosol of the parasite (Figure 21 B, white arrows) increased upon KIC7 inactivation (mean = 0.7, SD
= (0.2) compared to the control (mean = 0.2, SD = 0.08), although this was not statistically significant
(Figure 22 B). This shows that inactivation of KIC7 leads to a slight increase of unknown PI4P positive
membranous structures in the cytosol of the parasite.

It was also investigated whether vesicle-like structures, independent of the SidM signal, differ to the
control when KIC7 was inactivated. For this, vesicle-like structures visible in the DIC images (Figure
21 B) were classified into: vesicles that were detected in the parasite cytosol (Figure 21 B, green arrow),
vesicles that were at the PM (Figure 21 B, light blue arrow), large vesicles that were either in the parasite
cytosol or attached to the PM (Figure 21 B, orange arrows), vesicles that had a tube-like shape (Figure
21 B, dark blue arrow) and vesicles detected in close proximity to the food vacuole (Figure 21 B, purple
arrows). Interestingly, 6 hours after the addition of rapalog the number of all of these vesicular structures
increased slightly, although only the number of tubes and large vesicles increased significantly
compared to the control (Figure 22 C—F) (vesicles in cytosol: control: mean = 0.13, SD = 0.06, +rapa:
mean = 0.54, SD = 0.36; vesicles at PM: control: mean = 0.53, SD = 0.34, +rapa: mean = 1.89, SD =
1.79; large vesicles: control: mean = 0.01, SD = 0.02, +rapa: mean = 0.34, SD = 0.08; tubes: control:
mean = 0.03, SD = 0.03, +rapa: mean = 0.12, SD = 0.02) with exception of vesicles close to the food
vacuole, which decreased slightly, although this was not statistically significant (Figure 22 G) (vesicles
at FV: control: mean = 1.48, SD = 0.86, +rapa: mean = 0.96, SD = 0.32).
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Figure 22. Consequences on PI4P-positive membranes and vesicular structures after inactivation of KIC7. KIC7-2xFKBP-GFP-
2xFKBP (Birnbaum and Scharf et al., 2020) parasites episomally expressing 1xXNLS-L-FRB-2xmyc-T2A-SidM-L-mCherry were
grown in the presence (+rapa) or absence (control) of rapalog for 6 hours. (A) Number of SidM positive foci per cell. (B)
Number of SidM positive circular structures (CS) per cell. (C) Number vesicle-like structures in the cytosol per cell as
determined by inspection of the DIC images. (D) Number of vesicles at the plasma membrane (PM) per cell. (E) Number of
large vesicles per cell. (F) Number of tube-like vesicles per cell. (G) Number of vesicles close to the food vacuole (FV) per cell.
(A) and (B) Control: n analyzed cells = 89; +rapa: n analyzed cells = 91. (C) — (G) Control: n analyzed cells = 71; +rapa: n analyzed
cells = 75. Data points of the same color are from the same experiment. Each data point represents the average of the total
number of each type of structure per cell. n=3. Error bars show SD. P values (determined using an unpaired, two tailed t test
with Welch’s correction) are indicated, n.s. = not significant.

3.2 Investigation of the resistance causing mechanism

3.2.1 DIQ-BioID with ART resistant K13C580Y*"% parasites

To further investigate the resistance causing mechanism and to assess how mutations in the Kelch13
protein influence ART resistance, it was determined whether a changed interaction profile of mutated
Kelch13 parasites could lead to resistance. To test this, dimerization induced quantitative BiolD (DIQ-
BiolD, Birnbaum and Scharf et al., 2020) experiments were performed using K13C580Y"* knock in
parasites (GFP-2xFKBP-Kelch13“°*Y, Birnbaum et al., 2017). The DIQ- BiolD approach is based on
inducible heterodimerization which relies on the FKBP-FRB system to recruit the promiscuous biotin
ligase BirA* to a target of interest so that it will biotinylate proteins in close proximity (Birnbaum, 2018;
Jonscher, 2017, Birnbaum and Scharf et al., 2020). The biotinylated proteins can be purified by
streptavidin beads and analyzed by mass spectrometry as done for conventional BiolD (Roux et al.,
2012; Kim et al., 2016; Blancke-Soares, 2016; Kosh-Naucke, 2018).

To carry out DiQ-BioID with the K13C580Y*® parasites, they were co-transfected with an episomally
expressed mCherry-FRB-BirA* plasmid (BirA*-N“, Birnbaum and Scharf et al., 2020). Fluorescence
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microscopy confirmed the expression of mCherry-FRB-BirA* in the cytosol of the parasite (Figure 23,
control). To induce dimerization of FKBP and FRB, rapalog was added to the cells which resulted in
the recruitment of mCherry-FRB-BirA* to K13C580Y"® (Figure 23, +rapa).

control

+ rapa

Figure 23. Inducible dimerization of K13C580Ye"de with mCherry-FRB-BirA*. Representative live cell images (n > 3
fluorescence microscopy sessions, with at least 20 inspected cells per session) of knock-in cell line of GFP 2xFKBP-Kelch13¢580Y
(Birnbaum at al., 2017) with mCh-FRB-BirA* with (+rapa) or without (control) rapalog. Scale bar 5 um, DIC: differential
interference contrast; GFP: green fluorescent protein; mCh: mCherry red fluorescent protein; merge: GFP and mCherry
channels merged.

The DIQ-BiolD experiment was carried out as described in 2.2.3.10 and was performed in two biological
replicas. The samples were analyzed by mass spectrometry by Christa Toenhake (Bartfai lab, Radbound
University, Netherlands). To analyze the enrichment of proteins, the false discovery rate (FDR) was
determined and the analysis of the enrichment of the dimerization induced sample (+rapa) compared to
the control was displayed in scatter plot (Figure 24). The color code of the plotted hits correlates with
the significance (according to FDR) of the enrichment (Figure 24, red: highly significant). The results
are plotted as log2-normalized ratio on the x (experiment 1) and y (experiment 2) axis (Figure 24) and
only proteins, in total 22 proteins, enriched with FDR < 1 % are shown as labelled dots, all the other hits
are shown as grey dots (Figure 24). Successful dimerization and hence recruitment of the BirA* ligase
to the K13C580Y " target was confirmed as Kelch13 itself is the most significantly enriched protein
identified in this experiment (FDR < le-10) (Figure 24). The high confidence hits included KICs and
other proteins identified to be found at the Kelch13 compartment before using DiQ-BiolDs with wild
type Kelch13 and Epsl5. Besides Kelch13, 11 other hits were highly enriched (FDR < 1e-10), one
protein was identified with an FDR < 1e-9, one with an FDR < 1e-6 and one with an FDR < 1e-5 (KIC4).
The identified candidates with the numbers 16 — 22 had an FDR < le-3 or FDR < 1e-2 (Figure 24).

91



Results

© 4 K13C580Y“"“+BirA*-N

<
E. FDR: <1e-2/ / 4/[1e-5/
E= 1e-6/ / /1e-9/ 1e-10
8
g <1
& 2
4 3 @
- &
P e 6. PFK9
® 6 Y4 = WIS
k ¢ o o
g 0 o %15 o0
2 o g * 11 12
N | 18, g
g 2’0~19 .
3] v 22 nAuF
& 21 14. PF3D7_1142100(DNAJ)
& 15. KIC4
&
E v v v
& —2 2 4 6
<3
!

18. PF3D7_0109000, 19. PF3D7_0822900

. 20. PF3D7 1329500, 21. ARF-GAP
= 22. PF3D7 0405700
N4 A. PF3D7 1212400

Experiment 1: normalized log2-ratio ( rapaleg / control )

Figure 24. Scatter plot of K13C580Yende D|Q-BiolD. Plotted are the log2-ratios from two independent experiments (x and y
axis). The experiments were conducted with GFP-2xFKBP-Kelch13¢580Y parasites (Birnbaum et al., 2017) episomally expressing
BirA*-N. The color code indicates the false discovery rate (FDR) which defines the significance of the hits as defined in the
legend on the top. The upper right quarter of the scatter plot shows the enriched hits with numbers and their corresponding
ID at the right (all data are shown in Appendix 2).

3.2.2 Interactome comparism of K13WT"% and K13C580Y "

To assess whether resistance of K13C580Y*"® parasites could be influenced or based on a different
interactome profile compared to of K13WT™% parasites, the hits identified by the DIQ-BiolD
experiments of the wild type (Birnbaum and Scharf et al., 2020) and the mutant Kelch13 (see 3.2.1)
were compared and the enrichment of the top hits of both experiments was clustered (using K-means
clustering) and displayed in a heat map (analysis kindly carried out by Christa Toenhake, Barfai lab,
Radbound University, Netherlands) (Figure 25). Interestingly, 20 of the 22 identified top hits using
K13C580Y*® as the target were also significantly enriched in DIQ-BiolD experiments using
K13WT% as the target protein (Birnbaum, 2017; Birnbaum and Scharf et al., 2020). None of the highly
enriched proteins was found to be exclusively enriched in KI3WT% and not in K13C580Y"®, except
for KIC10, a protein not co-localizing with Kelch13 (Birnbaum and Scharf et al., 2020) which was
highly enriched in KI3WT®® but only significantly enriched in K13C580Y"® in one of the two
experiments (Figure 25). Taken together, the interaction profile of K13C580Y"® and K13WT** show
no notable differences which indicates that mutating Kelch13 does not change a specific interaction of

the protein.
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Figure 25. Interactome comparison of K13WTendo and K13C580Yende, Heatmap of K13WTende and K13C580Yende DIQ-BiolD
experiment hits. K-means clustering into two clusters highlights overlap of K13WTende gnd K13C580Yende, Hits were chosen
based on a significance of FDR < 1 % in 2 or more out of 4 (K13WTende) or 2 (K13C580Yende) experiments or filtered for a
significance of FDR < 1 % in at least 1 experiment. Color intensities range from the 2" - 98th percentile of log2 rapalog /
control normalized ratios of all hits in this analysis. Grey blocks indicate not identified or no ratio due to missing label. Red
font marks protein used as target for DIQ-BiolD.

3.2.3 Kelch13 abundance in K13C580Y*"% parasites is reduced compared to

K13WT® parasites

As the interactome study of K13C580Y*"® parasites showed no clear difference to K13WT% parasites
(see 3.2.2), it was hypothesized that a reduced protein level of the mutant could lead to resistance. To
investigate if this could be the resistance causing mechanism, it was tested whether mutant parasites
harbor less Kelch13 protein than wild type parasites. To test this hypothesis, quantitative Western Blot
analysis was performed using K13WT* and K13C580Y** knock in parasites (Birnbaum et al., 2017).
For this, the parasite cell lines expressing KI3WT™* and K13C580Y* were grown under the same

conditions and were harvested at a parasitemia of approximately 3 — 5 %. For quantification the resulting
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parasite protein extracts were diluted in serial dilutions and quantitative immunoblot analysis was
conducted (see 2.2.4.1.4). The amount of KI13WT® and K13C580Y*"® was analyzed with an anti-GFP
antibody with the protein extracts of the respective cell lines on the same immunoblot. The same
immunoblot was re-probed with an anti-aldolase antibody as a loading control and the mean GFP
intensity of the KI3WT™® and K13C580Y"® signal was normalized to the corresponding mean
aldolase signal to calculate the intensity ratios (Figure 26). The experiment was repeated in three
independent biological replicas and band intensity analysis was conducted using the Image Lab software
(v 5.2.1, Bio Rad). This demonstrated that the ratio of the GFP intensity to the aldolase intensity is
higher in K13WT®% parasites than in K13C580Y*"® parasites (Figure 26 A), indicating that mutant
Kelch13 parasites harbor less Kelch13 protein compared to wild type parasites: K13C580Y " parasites
were found to contain 41.6 %, 54.8 % and 68.5 % (mean = 54.0 %, SD = 13.5%, n = 3) of the amount
of Kelch13 protein found in K13WT®® parasites (Figure 26 B). These findings indicated that the

resistance conferring mutation led to a reduced level of Kelch13 in the cell (Figure 26 B).
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Figure 26. Quantitative Western Blot analysis of K13WTende and K13C580Yendo, (A) Amounts of Kelch13 protein in K13WTendo
and K13C580Yendo (GFP-2xFKBP-Kelch13WT and GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) expressing parasite cell lines.
A representative band pair of the Kelch13 signals and aldolase signals (top) from three independent experiments is shown
(immunoblots used for quantification are shown in Appendix 3). Bottom, graphical representation of the band intensities of
this example. Blue bar: GFP/aldo ratio of K13WTendo parasites, red bar: GFP/aldo ratio of K13C580Yende parasites. (B) Graph
showing quantification of Western Blot from serial dilutions (of which one band pair is shown in A). Each point defines the
average of serial dilution of the protein extracts calculated as GFP/aldo ratio of K13C580Yende divided by the ratio of K13WTendo
(n=3). Bars show SD, mean is indicated.

To detect, whether the change of the protein levels can also be observed in intact and living parasites,
the intensity of Kelch foci was analyzed in KI13WT% and K13C580Y"® parasites. Images of the two
parasite cell lines were taken in living cells and the fluorescence intensities of the GFP signal of the
Kelch13 foci were measured in trophozoite (Figure 27 A) and in ring stages (Figure 27 B). The images
were taken with identical settings (see 2.2.5.1) in three independent experiments. The mean fluorescence
intensity per focus of K13C580Y" trophozoites and ring stages (mean = 7387.1, SD = 2423.6 and
mean = 3386.5, SD = 1136.2, respectively) was significantly lower compared to parasites expressing
K13WT*® trophozoite and ring stages (mean = 10529.6, SD = 4669.1 and mean = 5299, SD = 1349.7,
respectively). This demonstrates that K13C580Y " parasites harbor 29.73 % less Kelch13 protein than
K13WT® parasites in trophozoite stages and 36.77 % less in ring stages (Figure 27) in good agreement
with the Western Blot results.
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Figure 27. Fluorescence intensity quantification of K13WTende and K13C580Yende foci. Plot showing fluorescence per focus of
K13WTendo and K13C580Yende (GFP-2xFKBP-Kelch13WT and GFP-2xFKBP-Kelch13¢58%Y, Birnbaum et al., 2017). Parasites
expressing the indicated constructs were imaged under the same conditions in trophozoite (A) and in ring (B) stages. Each
point shows fluorescence intensity of a focus from three independent experiments (K13C580Yende: trophozoites: n analyzed
cells = 102; rings: n analyzed cells = 51; K13WTendo; trophozoites: n analyzed cells = 105; rings: n analyzed cells = 47). Images
in (B) show a representative examples of fluorescence images in ring stages. Mean reduction in % is indicated. Scale bar 5
um. Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction. P values are indicated.

3.3 Functional analysis of Kelch13

3.3.1 Kelch13 protein level influences resistance

To test whether less Kelch13 protein levels in resistant parasites (see 3.2.3) directly influence resistance,
it was determined if increasing Kelch13 abundance in resistant parasites changes the level of resistance.
In order to test this, the ART resistant K13C580Y"* knock in parasites (GFP-2xFKBP Kelch13*%Y,
Birnbaum et al.,, 2017) were co-transfected with a plasmid overexpressing mCherry-L-K13WT
(K13WT*) (Figure 28 A). Fluorescence microscopy was used to investigate the localization of
K13C580Y°"® and K13WT'. This showed that the overexpressed construct was found in the same foci
as endogenously expressed K13C580Y in ring, trophozoite and schizont stages (Figure 28 B, live). To
confirm that small differences in the location of the two signals was due to parasite movement (in rings)
or movement of foci (as previously documented, Jonscher, 2018) during live cell microscopy rather than
a true difference in location, the parasites were also imaged after smearing and drying on a glass slide
(see 2.2.5.1). This enables an exact localization of target proteins without the confounder that the
Kelch13-defined foci might have moved between the times the different image channels were recorded.
This analysis confirmed that K13C580Y*"® and K13WT co-localize (Figure 28 B, dried), which was
already observed in previous studies (Birnbaum, 2017). To evaluate the integrity of the mCherry-L-
KI3WT®' - fusion protein, Western Blot analysis (see 2.2.4.1) was conducted using an anti-RFP
antibody. The construct was detected in two bands with a migration consistent with the expected
molecular weight of 101 kDa. The same immunoblot was re-probed with an anti-BIP antibody as a
loading control (Figure 28 C). The doublet of mCherry-L-K13WT bands consistently detected in eight
independent experiments. To test whether the increased expression of Kelch13 protein could influence
the resistance level of the mutant K13 background, the K13C580Y® parasites overexpressing

K13WTe were challenged in four independent experiments with 700 nM DHA for 6 hours in a standard
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ring stage survival assay (RSA, Witkowski et al., 2013) (Figure 28 D, see 2.2.3.13). Surprisingly,
expression of KI3WT® on the resistant background rendered the resistant parasites fully sensitive to
DHA (mean = 0.1 % SR, SD = 0.1 %, n = 4) while the parent K13C580Y*"* knock in parasites without
an episomally expressed Kelch13 were resistant to DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16).
These data indicated that the expression of K13WT® on the resistant background was sufficient to revert

resistance and provides evidence that Kelch13 protein levels alone influences resistance.
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Figure 28. Functional analysis of endogenous K13C580Yende parasites episomally expressing K13WTeri, (A) Schematic
illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-K13WTeri (PSR: Plasmodium specific
region; CC: coiled coil region; BTB: BTB/POZ domain; Kelch domains: Kelch propeller domain consisting of six Kelch motif
repeats; mCh: mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images of parasites indicated in (A).
Parasites were imaged using fluorescence microscopy in the indicated development stages on at least three independent
occasions. Ring, early trophozoites (early troph) and late trophozoites (late troph) were imaged after smearing on a glass slide
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(dried); schizont stage show live cells (live). Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent
protein; mCh: mCherry red fluorescent protein; merge: GFP and mCherry channels merged. (C) Immunoblot with protein
extracts of the cell line expressing the constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW:
molecular weight. (D) RSAs with the respective cell lines expressing the constructs indicated (four independent experiments,
each data point represents one experiment). Equally colored data points represent data required in the same round of
experiments. K13C580Yende: mut (n = 16). Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction.
P values are indicated.

To further investigate the correlation between Kelchl3 protein level and resistance, it was analyzed,
whether the loss of resistance due to the episomal expression of K13WT¢ on the resistant background,
could be attributed due to an additional property of Kelchl13 wild type parasites that are lacking in
Kelch13 mutant parasites. To test this, resistant K13C580Y"® parasites were co-transfected with an
episomally expressed plasmid carrying the resistance-conferring C580Y mutation (mCherry-L-
K13C580Y (K13C580Y), Figure 29 A). For the epsiomal construct a different codon usage was
used for K13C580Y (termed codon usage 2) than that of the codon adjusted K13C580Y sequence of the
K13C580Y inserted into the genome (defined as codon usage 1 in this study, Birnbaum et al., 2017).
The sequence was re-codonized (Geneskript) to avoid unintentional integration of the episomal plasmid
into the modified genomic K13C580Y*® locus. Fluorescence microscopy confirmed the identical
localization of K13C580Y*"® and K13C580Y*" (Figure 29 B). Using smeared and dried parasites again
confirmed that small differences in the location of the two signals was due to movement of foci or
parasites during live cell microscopy (Figure 29 B). The KI13C580Y* knock in parasites
overexpressing the mCherry-L-K13C580Y" construct were challenged in three independent
experiments with 700 nM DHA for 6 hours in a standard ring stage survival assay (RSA, Witkowski et
al., 2013) (Figure 29 C, see 2.2.3.13). Interestingly, parasites overexpressing K13C580Y*" on the
resistant K13C580Y"® background were sensitive to DHA (mean = 0.3 % SR, SD = 0.0 %, n = 3) while
the parental K13C580Y"® knock in control parasites without an episomally expressed Kelchl3
construct were resistant to DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16) (Figure 29 C). This confirmed

the assumption that Kelch13 protein levels influences resistance.

97



Results

A = C580
[NGFPIN  Kelch13C580Y W | endo. + (L] PSR | BTB| Kelch domainsfl | epi.
B
£
DIC/merge
L
Q
£
>
g
o
2
©
£
Q
o
°
©
€
IS
=
@
Cc
0,0015
40+
9
— 301 °
©
2 o
b=
@ 20-
2
? *
‘“_, 10_ o0
Q
0 T ¥
mut mut endogenous
. ”;Q} episomal
L6
*
.
S
K7
b,

Figure 29. Functional analysis of endogenous K13C580Yed parasites episomally expressing K13C580Yeri, (A) Schematic
illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-K13C580Yeri (PSR: Plasmodium
specific region; CC: coiled coil region; BTB: BTB/POZ domain; Kelch domains: Kelch propeller domain consisting of six Kelch
motif repeats; mCh: mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images of parasites indicated in
(A). Parasites were imaged using fluorescence microscopy in the indicated development stages on at least three independent
occasions. Ring, early trophozoites (early troph), late trophozoites (late troph) and schizont stages were imaged after
smearing on a glass slide (dried). Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent protein; mCh:
mCherry red fluorescent protein; merge: GFP and mCherry channels merged. (C) RSAs with the respective cell lines expressing
the constructs indicated (three independent experiments, each data point represents one experiment). Equally colored data
points represent data required in the same round of experiments. K13C580Yendo: mut (n = 16). Bars show SD, mean is
indicated. Unpaired, two-tailed t test with Welch's correction. P values are indicated.

Next, K13C580Y*"® parasites were co-transfected with a plasmid mediating the expression of mCherry-
L-K13R539T (Figure 30 A), a version of Kelchl3 also conferring resistance (Ariey et al., 2013).
Analysis by fluorescence microscopy confirmed that K13C580Y"* and K13R539T co-localized in
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foci in ring, trophozoite and schizont stages (Figure 30 B). Using smeared and dried parasites again
confirmed that small differences in the location of the two signals was due to movement of foci or
parasites during live cell microscopy (Figure 30 B). To evaluate the integrity of the mCherry-L-
K13R539T — fusion protein, Western Blot analysis (see 2.2.4.1) was conducted using an anti-RFP
antibody. The construct was detected at a molecular weight corresponding well with the predicted
molecular weight of 101 kDa. The construct was detected in two bands with a migration consistent with
the expected molecular weight of 101 kDa. The same immunoblot was re-probed with an anti-BIP
antibody as a loading control (Figure 30 C). The K13C580Y*"® parasites overexpressing the mCherry-
L-K13R539T construct were challenged in three independent ring stage survival assays (RSAs,
Witkowski et al., 2013) (Figure 30 D, see 2.2.3.13). Parasites expressing K13R539T on the resistant
K13C580Y°™* background were sensitive to DHA (mean = 0.7 % SR, SD = 0.5 %, n = 3), while the
K13C580Y*™® knock in control parasites without an overexpressed Kelch13 construct were resistant to
DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16). Hence, also the overexpression of a Kelch13 with a
different resistance-conferring mutation than that in the parasite background resulted in a loss of

resistance to DHA.
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Figure 30. Functional analysis of endogenous K13C580Yed° parasites episomally expressing K13R539Teri, (A) Schematic
illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢s80Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-K13R539Teri (PSR: Plasmodium
specific region; CC: coiled coil region; BTB: BTB/POZ domain; Kelch domains: Kelch propeller domain consisting of six Kelch
motif repeats; mCh: mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images of parasites indicated in
(A). Parasites were smeared on a glass slide and imaged using fluorescence microscopy in ring, early trophozoites (early
troph), late trophozoites (late troph) and schizont stages on at least three independent occasions. Scale bar 5 um, DIC:
differential interference contrast; GFP: green fluorescent protein; mCh: mCherry red fluorescent protein; merge: GFP and
mCherry channels merged. (C) Immunoblot with protein extracts of the cell line expressing the constructs indicated in (A)
probed with anti-RFP and anti-BIP antibodies. MW: molecular weight. (D) RSAs with the respective cell lines expressing the
constructs indicated (three independent experiments, each data point represents one experiment). Equally colored data
points represent data required in the same round of experiments. K13C580Yendo: mut (n = 16). Bars show SD, mean is
indicated. Unpaired, two-tailed t test with Welch's correction. P values are indicated.
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Furthermore, resistant GFP-2xFKBP-Kelch13%Y (K13C580Y*"®, Birnbaum et al., 2017) parasites
were co-transfected with a plasmid mediating the expression of Kelch13 with the resistance conferring
K13E252Q mutation (mCherry-L-K13E252Q°) (Figure 31 A). Analysis by fluorescence microscopy
confirmed that K13C580Y"® and K13E252Q°" co-localize in foci in ring, trophozoite and schizont
stages (Figure 31 B). Using smeared and dried parasites again confirmed that small differences in the
location of the two signals was due to movement of foci or parasites during live cell microscopy (Figure
31 B). To evaluate the size of the mCherry-L-K13E252Q° - fusion protein, Western Blot analysis (see
2.2.4.1) was conducted using an anti-RFP antibody. The construct was detected at a molecular weight
corresponding well with the predicted molecular weight of 101 kDa. The construct was detected in two
bands with a migration consistent with the expected molecular weight of 101 kDa. The same
immunoblot was re-probed with an anti-BIP antibody as a loading control (Figure 31 C). The
K13C580Y°"® parasites overexpressing the mCherry-L-K 13E252Q construct were challenged in three
independent ring stage survival assays (RSAs, Witkowski et al., 2013) (Figure 31 D, see 2.2.3.13).
Parasites expressing K13E252Q°" on the resistant K13C580Y*"* background were sensitive to ART
(mean = 0.2 % SR, SD = 0.1 %, n = 3), while the K13C580Y*"* knock in control parasites without an
overexpressed Kelch13 construct were resistant to DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16). This
indicated that the extra expression of also this resistance conferring Kelch13 protein (K13E252Q°) was

sufficient to revert resistance.
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Figure 31. Functional analysis of endogenous K13C580Yende parasites episomally expressing K13E252Q¢ri, (A) Schematic
illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-K13E252Q¢P" (PSR: Plasmodium
specific region; CC: coiled coil region; BTB: BTB/POZ domain; Kelch domains: Kelch propeller domain consisting of six Kelch
motif repeats; mCh: mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images of parasites expressing
the constructs indicated in (A). Parasites were imaged using fluorescence microscopy in the indicated development stages on
at least three independent occasions. Early trophozoite (early troph) and late trophozoite (late troph) stages were imaged
after smearing on a glass slide; ring and schizont stage show live cells. Scale bar 5 um, DIC: differential interference contrast;
GFP: green fluorescent protein; mCh: mCherry red fluorescent protein; merge: GFP and mCherry channels merged. (C)
Immunoblot with protein extracts of the cell line expressing the constructs indicated in (A) probed with anti-RFP and anti-BIP
antibodies. MW: molecular weight. (D) RSAs with the respective cell lines expressing the constructs indicated (three
independent experiments, each data point represents one experiment). Equally colored data points represent data acquired

in the same round of experiments. K13C580Yendo: mut (n = 16). Bars show SD, mean is indicated. Unpaired, two-tailed t test
with Welch's correction. P values are indicated.
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Taken together, episomal expression of K13C580Y*", K13R539T" and K13E252Q" on resistant
K13C580Y® parasites demonstrated, that the observed sensitivity to DHA of resistant parasites
episomally expressing K13WT (Figure 28 D) is not based on an additional property of Kelch13 wild
type parasites that is lacking in resistant parasites and that rather Kelch13 abundance might influences

resistance.

3.3.2 Functional analysis of the Kelch13 domains

To analyze the function of individual domains of Kelch13 and to investigate which domain of Kelch13
promotes resistance, different Kelchl3 domain combinations were expressed on the resistant
background. The importance of the domains for the function of the protein was then dissected by
determining ART sensitivity with ring stage survival assays (RSAs, Witkowski et al., 2013, see
2.2.3.13). As it was already shown that sensitivity to ART is restored when a functional Kelch13 copy
is expressed on a resistant background (see 3.3.1), it was expected that this analysis provides insight into
the mechanistic function of the Kelchl3 domains. The Kelch13 protein consists of an N-terminal
Plasmodium specific region (PSR) followed by a coiled coil region (CC), a BTB domain and 6 Kelch

motif repeats (Kelch propeller domain, from now on described as Kelch domains, KD, Figure 32).

[ PSR _ BTB | Kelch domains [

Kelch13

Figure 32. Schematic illustration (not to scale) of the domains of Kelch13. PSR: Plasmodium specific region; CC: coiled coil
region; BTB: BTB/POZ domain; Kelch domains: Kelch propeller domain consisting of six Kelch motif repeats.

To assess the function of the C-terminus of Kelch13, an episomal construct expressing only the BTB
and Kelch domains (mCherry-L-BTB-KD®: BTB-KD®') was co-transfected on GFP-2xFKBP-
Kelch13°%%Y (K13C580Y*"®, Birnbaum et al., 2017) parasites (Figure 33 A). Fluorescence microscopy
was used to assess the localization of BTB-KD' in ring, trophozoite and schizont stages (Figure 33 B).
Using smeared and dried parasites confirmed that small differences in the location of the two signals
was due to movement of foci or parasites during live cell microscopy (Figure 33 B). This analysis
showed, that BTB-KD is located in the cytosol of the parasite and was not found at the typical Kelch13
foci. This indicates that the N-terminus of Kelch13 is needed for the correct localization of the protein.
To confirm the integrity of the mCherry-L-BTB-KD®' -fusion protein, Western Blot analysis (see
2.2.4.1) was conducted using an anti-RFP antibody. The construct was detected at approximately 60
kDa, below the expected molecular weight of 71 kDa. The same immunoblot was re-probed with an
anti-BIP antibody as a loading control (Figure 33 C). To dissect the importance of BTB-KD®' to
maintain the function of the protein, the parasites were challenged with DHA using RSAs (Figure 33 D,
see 2.2.3.13). Episomal expression of BTB-KD® did not change the overall resistance level of the
parasites (mean = 14.7 % SR, SD = 3.4 %, n=3), while K13C580Y*"* knock in control parasites without
an overexpressed Kelch13 construct were resistant to DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16).
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This indicates that that the C-terminal part consisting of BTB and KD is not sufficient to maintain the
function of Kelch13.
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Figure 33. Functional analysis of endogenous K13C580Yende parasites episomally expressing mCherry-L-BTB-KDeri. (A)
Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-BTB-KD®r! (BTB: BTB/POZ domain;
Kelch domains: Kelch propeller domain consisting of six Kelch motif repeats; mCh: mCherry red fluorescent protein; L: linker).
(B) Fluorescence microscopy images of parasites expressing the constructs indicated in (A). Parasites were imaged using
fluorescence microscopy in the indicated development stages on at least three independent occasions. Ring, early
trophozoite (early troph) and schizont stages were imaged after smearing on a glass slide; late trophozoite (late troph) stage
shows a living cell. Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent protein; mCh: mCherry red
fluorescent protein; merge: GFP and mCherry channels merged. (C) Immunoblot with protein extracts of the cell line
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expressing the constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW: molecular weight. (D) RSAs with
the respective cell lines expressing the constructs indicated (three independent experiments, each data point represents one
experiment). Equally colored data points represent data acquired in the same round of experiments. K13C580Yendo: mut (n =
16). Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction. P values are indicated.

Next, resistant GFP-2xFKBP-Kelch13“%Y (K13C580Y*"®, Birnbaum et al., 2017) parasites were co-
transfected with a plasmid overexpressing mCherry-L-Linker-BTB-KD®' (Linker-BTB-KD®', Figure
34 A). The flexible linker region (7xGGGGS, Birnbaum et al., 2017) was used as a placeholder before
the BTB domain to add distance between the mCherry tag and the BTB domain, which is usually
provided by the presence of the PSR in the Kelchl3 protein. Fluorescence microscopy was used to
investigate the localization of Linker-BTB-KD' in ring, trophozoite and schizont stages (Figure 34 B).
This analysis showed, that Linker-BTB-KD® is located in the cytosol of the parasite but not at the
Kelch13 foci (Figure 34 B). To evaluate the integrity of the mCherry-L-Linker-BTB-KD' -fusion
protein, Western Blot analysis (see 2.2.4.1) was conducted using an anti-RFP antibody. The construct
was detected at approximately 60 kDa, below the expected molecular weight of 73 kDa. The same
immunoblot was re-probed with an anti-BIP antibody as a loading control (Figure 34 C). The
K13C580Y°"® parasites overexpressing the mCherry-L-Linker-BTB-KD®' construct were challenged
with DHA using standard RSAs (Figure 34 D, see 2.2.3.13). These experiments showed that parasites
expressing mCherry-L-Linker-BTB-KD®' on the resistant background were still resistant to ART (mean
=134 % SR, SD = 1.6 %, n = 3), while K13C580Y*"® knock in control parasites without an
overexpressed Kelch13 construct were resistant to DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16). This
shows that the additional linker before the BTB-KD did not restore the mechanistic function of Kelch13
and that the mCherry-L-Linker-BTB-KD construct was non-functional in respect to resistance-

conferring activities.

105



Results

A
GFP 1 Kelch13C580Y W | endo. + ~___[BTB["Kelch domains | epi.
B
2
L
=
Q.
e
>
8
[0
2
=
Q.
g
: .
©
.
E
8
£
3
&
©
o % L
& 2
S
OQJ% \'>(\
DNV
c LY D
& n.s.
180— 40- -
130— _
i X
100 = 30; .
70— g .
55—- 3 201
o-RFP 2
40— g 10] ojo ® %
3
35—
0 T T
mut mut endogenous
25— -
- 2 episomal
(o)
15— <.
%
70— === o-BIP 4‘@,:
S
expected MW mCh-L-Linker-BTB-KD*": 73 kDa Qﬁb

Figure 34. Functional analysis of endogenous K13C580Yed° parasites episomally expressing mCherry-L-Linker-BTB-KDeri,
(A) Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢58%Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-Linker-BTB-KDeri (BTB: BTB/POZ
domain; Kelch domains: Kelch propeller domain consisting of six Kelch motif repeats; mCh: mCherry red fluorescent protein;
L: linker). (B) Fluorescence microscopy images of parasites expressing the constructs indicated in (A). Living parasites were
imaged using fluorescence microscopy in ring, early trophozoite (early troph), late trophozoite (late troph) and schizont stages
on at least three independent occasions. Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent
protein; mCh: mCherry red fluorescent protein; merge: GFP and mCherry channels merged. (C) Immunoblot with protein
extracts of the cell line expressing the constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW:
molecular weight. (D) RSAs with the respective cell lines expressing the constructs indicated (three independent experiments,
each data point represents one experiment). K13C580Yendo: mut (n = 16). Bars show SD, mean is indicated. Unpaired, two-
tailed t test with Welch's correction. P values are indicated.
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To investigate, whether the BTB domain alone is sufficient to provide the function of Kelch13, resistant
GFP-2xFKBP Kelch13*%Y (K13C580Y*"*, Birnbaum et al., 2017) parasites were co-transfected with
a plasmid overexpressing mCherry-L-BTB® (BTB®", Figure 35 A). Fluorescence microscopy was used
to investigate the localization of mCherry-L-BTB in ring, trophozoite and schizont stages (Figure 35
B). This analysis showed, that BTB” is located in the cytosol of the parasite and was not found at the
typical Kelch13 foci. This indicates that the BTB domain of Kelch13 is not sufficient to maintain the
correct localization of the protein. To evaluate the integrity of the mCherry-L-BTB® — fusion protein,
Western Blot analysis (see 2.2.4.1) was conducted using an anti-RFP antibody. The construct was
detected in three bands, a faint band consistent with the expected molecular weight of 39 kDa (Figure
35 C, arrow) and two strong bands at approximately 28 kDa and 34 kDa (Figure 35 C, asterisks). The
same immunoblot was re-probed with an anti-BIP antibody as a loading control (Figure 35 C). These
findings indicated that BTB®" was processed or degraded. The K13C580Y*® parasites overexpressing
the mCherry-L-K13BTB®" construct were challenged in three independent ring stage survival assays
(RSAs, Witkowski et al., 2013) (Figure 35 D, see 2.2.3.13). Episomal expression of the BTB®* domain
has a slight but no significant impact on the resistance level of Kelch13 mutant parasites (mean = 9.6 %
SR, SD = 4.3 %, n = 3), while the K13C580Y*"® knock in control parasites without an overexpressed
Kelch13 construct were resistant to DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16). Overall, these
findings indicate that the mCherry-L-BTB® construct was instable or proteolytically processed, which
might also implicate that the fluorescence signal detected in the parasite originated from degraded
protein and complicates the interpretation of the data. However, it can be concluded that at least the
small amount of full length BTB domain construct alone was not sufficient to maintain the function of

Kelchl13.
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Figure 35. Functional analysis of endogenous K13C580Yende parasites episomally expressing mCherry-L-BTBeri, (A)
Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢58%Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-BTBer! (BTB: BTB/POZ domain; mCh:
mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images of living parasites expressing the constructs
indicated in (A). Parasites were imaged using fluorescence microscopy in the indicated development stages on at least three
independent occasions. Ring, early trophozoite (early troph), late trophozoite (late troph) and schizont stage show living cells
(live). Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent protein; mCh: mCherry red fluorescent
protein; merge: GFP and mCherry channels merged. (C) Immunoblot with protein extracts of the cell line expressing the
constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW: molecular weight. Arrow shows band at the
expected MW of the fusion protein indicated in (A). Asterisks show lower bands not consistent with the expected MW of the
indicated fusion protein (D) RSAs with the respective cell lines expressing the constructs indicated (three independent
experiments, each data point represents one experiment). Equally colored data points represent data acquired in the same

round of experiments. K13C580Yende: mut (n = 16). Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's
correction. P values are indicated.
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For further analysis resistant GFP-2xFKBP-Kelch13%%%Y (K13C580Y"®, Birnbaum et al., 2017)
parasites were co-transfected with a plasmid overexpressing mCherry-L-CC-BTB-KD®' (CC-BTB-
KD, Figure 36 A). Fluorescence microscopy was used to investigate the localization of CC-BTB-KD"!
(Figure 36 B, live). Using smeared and dried parasites again confirmed that small differences in the
location of the two signals was due to movement of foci or parasites during live cell microscopy (Figure
36 B, dried). This indicated that the CC domain of Kelch13 is important for bringing the C-terminus of
the protein to the correct location in the cell. To evaluate the integrity of the mCherry-L-CC-BTB-KD"!
— fusion protein, Western Blot analysis (see 2.2.4.1) was conducted using an anti-RFP antibody. The
construct was detected at approximately 70 kDa, below the expected molecular weight of 89 kDa. The
same immunoblot was re-probed with an anti-BIP antibody as a loading control (Figure 36 C). The
K13C580Y°"® parasites overexpressing the mCherry-L-CC-BTB-KD®" construct were challenged in
three independent ring stage survival assays (RSAs, Witkowski et al., 2013) (Figure 36 D, see 2.2.3.13).
Parasites expressing CC-BTB-KD® on the resistant K13C580Y*"® background were sensitive to ART
(mean = 12.7 % SR, SD = 3.4 %, n = 16), while the K13C580Y*"® knock in control parasites without
an overexpressed Kelch13 construct were resistant to DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16).
This demonstrates that CC-BTB-KD®" led to the correct localization of the construct in Kelch13 foci

and restored the function of the protein.
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Figure 36. Functional analysis of endogenous K13C580Yende parasites episomally expressing mCherry-L-CC-BTB-KDeri, (A)
Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-CC-BTB-KDepi (CC: coiled coil region;
BTB: BTB/POZ domain; Kelch domains: Kelch propeller domain consisting of six Kelch motif repeats; mCh: mCherry red
fluorescent protein; L: linker). (B) Fluorescence microscopy images of parasites expressing the constructs indicated in (A).
Parasites were imaged using fluorescence microscopy in the indicated development stages on at least three independent
occasions. Ring stages were imaged after smearing on a glass slide (dried); early trophozoite (early troph), late trophozoite
(late troph) and schizont stage show living cells. Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent
protein; mCh: mCherry red fluorescent protein; merge: GFP and mCherry channels merged. (C) Immunoblot with protein
extracts of the cell line expressing the constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW:
molecular weight. (D) RSAs with the respective cell lines expressing the constructs indicated (three independent experiments,
each data point represents one experiment). Equally colored data points represent data acquired in the same round of
experiments. K13C580Yende: mut (n = 16). Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction.
P values are indicated.
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Next, it was analyzed if the coiled coil region combined with the BTB domain was sufficient to maintain
the function of Kelch13. To test this, resistant GFP-2xFKBP-Kelch13%*%Y (K13C580Y*", Birnbaum
et al., 2017) parasites were co-transfected with a plasmid overexpressing mCherry-L-CC-BTB® (CC-
BTB®', Figure 37 A). Fluorescence microscopy was used to investigate the localization of CC-BTB"!
(Figure 37 B, live). Using smeared and dried parasites again confirmed that small differences in the
location of the two signals was due to movement of foci or parasites during live cell microscopy (Figure
37 B, dried). This analysis showed, that CC-BTB*" was not sufficient for the correct localization of the
protein. To evaluate the integrity of the mCherry-L-CC-BTB® — fusion protein, Western Blot analysis
(see 2.2.4.1) was conducted using an anti-RFP antibody. The construct was detected at approximately
50 kDa, below the expected molecular weight of 57 kDa. The same immunoblot was re-probed with an
anti-BIP antibody as a loading control (Figure 37 C). The K13C580Y*"® parasites overexpressing the
mCherry-L-CC-BTB® construct were challenged in three independent ring stage survival assays
(RSAs, Witkowski et al., 2013) (Figure 37 D, see 2.2.3.13). Interestingly, episomal expression of CC-
BTB®' reduced the resistance level of the K13C580Y*"® parasites but was not sufficient to revert the
resistant parasites back to full sensitivity (mean=3.0 % SR, SD = 1.2 %, n = 3), while the K13C580Y*"%
knock in control parasites without an overexpressed Kelch13 construct were resistant to DHA (mean =
12.7 % SR, SD = 3.4 %, n = 16). This indicated that CC-BTB" at least partially sustains the function
of Kelch13. This finding was unexpected, because this construct did not appear to correctly localize. To
investigate the hypothesis whether CC-BTB® might localize in Kelch13 foci that are not visible due to
the dominant cytosolic distribution of the construct in the cell, the cells were fixed with formaldehyde
in order to lyse the PPM to release the cytosolic pool of CC-BTB®. The cells were then stained with
DAPI and analyzed by fluorescence microscopy (Figure 37 E). Interestingly, fixing the cells with 0.1 %
or 0.5 % formaldehyde revealed a partial co-localization of endogenously tagged K13C580Y"® with
the episomal construct CC-BTB®' (Figure 37 E). This suggests that at least a small population of CC-
BTB®! is found at the localization typical for Kelch13.
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Figure 37. Functional analysis of endogenous K13C580Yende parasites episomally expressing mCherry-L-CC-BTBeri, (A)
Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-CC-BTBe? (CC: coiled coil region; BTB:
BTB/POZ domain; mCh: mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images of parasites
expressing the constructs indicated in (A). Parasites were imaged using fluorescence microscopy in the indicated development
stages on at least three independent occasions. Ring stages were imaged after smearing on a glass slide (dried); early
trophozoite (early troph), late trophozoite (late troph) and schizont stage show living cells (live). (C) Immunoblot with protein
extracts of the cell line expressing the constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW:
molecular weight. (D) RSAs with the respective cell lines expressing the constructs indicated (three independent experiments,
each data point represents one experiment). K13C580Yendo: mut (n = 16). Bars show SD, mean is indicated. Unpaired, two-
tailed t test with Welch's correction. P values are indicated. (E) Fluorescence microscopy with formaldehyde fixed parasites
indicated in (A). Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent protein; mCh: mCherry red
fluorescent protein; merge: green and red channels merged; DAPI: nuclei.

To further investigate the function of the Kelchl3 domains, resistant GFP-2xFKBP-Kelch13“*%Y
(K13C580Y°™®, Birnbaum et al., 2017) parasites were co-transfected with a plasmid overexpressing
mCherry-L-PSR-CC-BTB®" (PSR-CC-BTB®, Figure 38 A). Fluorescence microscopy was used to
investigate the localization of PSR-CC-BTB®' in ring, trophozoite and schizont stages. This analysis
showed a cytosolic distribution of PSR-CC-BTB®" with an additional partial co-localization of PSR-
CC-BTB*' and K13C580Y*"® (Figure 38 B). To evaluate the integrity of the mCherry-L-PSR-CC-
BTB — fusion protein, Western Blot analysis (see 2.2.4.1) was conducted using an anti-RFP antibody.
The construct was detected at a molecular weight corresponding well with the predicted molecular
weight of 81 kDa. The same immunoblot was re-probed with an anti-BIP antibody as a loading control
(Figure 38 C). The K13C580Y® parasites overexpressing the mCherry-L- PSR-CC-BTB* construct
were challenged in three independent ring stage survival assays (RSAs, Witkowski et al., 2013) (Figure
38 D, see 2.2.3.13). Episomal expression of PSR-CC-BTB did not render the resistant parasites
sensitive to DHA (mean = 27.7 % SR, SD = 9.3 %, n = 3), but unexpectedly increased the resistance
level significantly compared to K13C580Y" knock in control parasites without an episomally
expressed Kelch13 construct (mean = 12.7 % SR, SD = 3.4 %, n = 16). This indicates that PSR-CC-
BTB® is not sufficient to maintain the function of Kelch13. The relevance of the increased resistance
in this cell line is unclear, as there is often considerable variation in the resistance levels measured in
the K13C580Y** knock in control parasites and this finding would therefore need to be confirmed with

more replicas.

113



Results

A
Kelch1 Y endo. + [L] PSR | epi.
B
(2]
£
merge
£
[=%
e
=
3
<
Q.
o| £
Z| @
=
¥
Q.
2]
°
s
merge DIC/merge
€
8
¥ =t
@
S
o
<y
‘o(bQQ(OQ
(@7
NI
c & D
180— 00079
130— 50+
100— g 404 —
- g 30 "
'S 304 °
55— 3 ° ]
40— o-RFP o 204
8 = —
35— g 101 .ot
= 0 T T
25 mut mut endogenous
- ’/)CB episomal
15— %%
70— === o-BIP %‘o
Q,
expected MW mCh-L-PSR-CC-BTB*" 81 kDa G)&%

Figure 38. Functional analysis of endogenous K13C580Yende parasites episomally expressing mCherry-L-PSR-CC-BTBeri, (A)
Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢s80Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-PSR-CC-BTBeP' (PSR: Plasmodium
specific region; CC: coiled coil region; mCh: mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images
of parasites expressing the constructs indicated in (A). Parasites were imaged using fluorescence microscopy in the indicated
development stages on at least three independent occasions. Ring, early trophozoite (early troph), late trophozoite (late
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troph) and schizont stage show living cells (live). Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent
protein; mCh: mCherry red fluorescent protein; merge: GFP and mCherry channels merged. (C) Immunoblot with protein
extracts of the cell line expressing the constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW:
molecular weight. (D) RSAs with the respective cell lines expressing the constructs indicated (three independent experiments,
each data point represents one experiment). Equally colored data points represent data acquired in the same round of
experiments. K13C580Yendo: mut (n = 16). Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction.
P values are indicated.

Next, the function of the PSR was further dissected by fusing only the second half of it with CC and
BTB. For this, resistant GFP-2xFKBP-Kelch13“**Y (K13C580Y*"®, Birnbaum et al., 2017) parasites
were co-transfected with a plasmid overexpressing the last 107 amino acids (aa) of the PSR fused to the
CC and BTB (mCherry-L-PSR107aa-CC-BTB®': PSR107aa-CC-BTB®") (Figure 39 A). Fluorescence
microscopy was used to investigate the localization of PSR107aa-CC-BTB®" and using smeared and
dried parasites again confirmed that small differences in the location of the two signals was due to
movement of foci or parasites during live cell microscopy (Figure 39 B). This analysis showed that
PSR107aa-CC-BTB® is located in the cytosol of the parasites. To evaluate the integrity of the mCherry-
L-PSR107aa-CC-BTB® — fusion protein, Western Blot analysis (see 2.2.4.1) was conducted using an
anti-RFP antibody. The construct was detected at approximately 85 kDa, above the expected molecular
weight of 68 kDa. The same immunoblot was re-probed with an anti-BIP antibody as a loading control
(Figure 39 C). The K13C580Y™® parasites overexpressing the mCherry-L-PSR107aa-CC-BTB®"
construct were challenged in three independent ring stage survival assays (RSAs, Witkowski et al.,
2013) (Figure 39 D, see 2.2.3.13). Episomal expression of PSR107aa-CC-BTB*" did not change the
overall resistance level of the parasites (mean = 12.0 % SR, SD = 4.2 %, n = 3), while the K13C580Y*"%®
knock in control parasites without an overexpressed Kelch13 construct were resistant to DHA (mean =
12.7 % SR, SD = 3.4 %, n = 16) (Figure 39 D). This indicates that PSR107aa-CC-BTB' cannot fulfil
the function of the intact Kelch13. In conclusion, the analysis of the episomally expressed PSR-CC-
BTB®! and PSR107aa-CC-BTB®' constructs indicate, that the combination of these three domains
without the KD is not sufficient to complement the resistant K13C580Y** background and
consequently to carry out the function of Kelch13.
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Figure 39. Functional analysis of endogenous K13C580Yende parasites episomally expressing mCherry-L-PSR107aa-CC-
BTBeri. (A) Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢s80Y,  Birnbaum et al.,, 2017) and episomally expressed mCherry-L-PSR107aa-CC-BTBe*' (PSR:
Plasmodium specific region; CC: coiled coil region; BTB: BTB/POZ domain; aa: amino acids; mCh: mCherry red fluorescent
protein; L: linker). (B) Fluorescence microscopy images of parasites expressing the constructs indicated in (A). Parasites were
imaged using fluorescence microscopy in the indicated development stages on at least three independent occasions. Ring
stages were imaged after smearing on a glass slide (dried). Early trophozoite (early troph), late trophozoite (late troph) and
schizont stage show living cells (live). Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent protein;
mCh: mCherry red fluorescent protein; merge: GFP and mCherry channels merged. (C) Immunoblot with protein extracts of
the cell line expressing the constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW: molecular weight.
(D) RSAs with the respective cell lines expressing the constructs indicated (three independent experiments, each data point
represents one experiment). Equally colored data points represent data acquired in the same round of experiments.

K13C580Yendo: mut (n = 16). Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction. P values are
indicated.
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To further investigate the function of the N-terminus of Kelch13, resistant GFP-2xFKBP-Kelch13°%Y
(K13C580Y°™, Birnbaum et al., 2017) parasites were co-transfected with a plasmid overexpressing
mCherry-L-PSR-CC® (PSR-CC®, Figure 40 A). Fluorescence microscopy was used to investigate the
localization of PSR-CC*'. Using smeared and dried parasites again confirmed that small differences in
the location of the two signals was due to movement of foci or parasites during live cell microscopy
(Figure 40 B). The construct consisting of the PSR-CC® was partially located in the cytosol of the
parasites and partially in foci that co-localized with K13C580Y*"®. This indicated that the PSR-CC®" is
at least partially promotes the correct localization of the construct to the site Kelch13 is typically found.
To evaluate the integrity of the mCherry-L-PSR-CC®" — fusion protein, Western Blot analysis (see
2.2.4.1) was conducted using an anti-RFP antibody. The construct was detected at a molecular weight
of approximately 65 kDa, below the expected molecular weight of 70 kDa. The same immunoblot was
re-probed with an anti-BIP antibody as a loading control (Figure 40 C). The K13C580Y*" parasites
overexpressing PSR-CC® were challenged in three independent ring stage survival assays (RSAs,
Witkowski et al., 2013) (Figure 40 D, see 2.2.3.13). Interestingly, episomal expression of PSR-CC® on
the resistant background was partially sufficient to reduce the resistance level to DHA (mean = 3.6 %
SR, SD =2.1 %, n = 3). As expected, K13C580Y"® control parasites were resistant to DHA (mean =
12.7 % SR, SD = 3.4 %, n= 16). Hence, these results suggest that the N-terminus of Kelch13, consisting
of the PSR and CC alone, is at least partial functional. It therefore appears that PSR-CC' can partially

maintain the function of Kelch13.
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Figure 40. Functional analysis of endogenous K13C580Yende parasites episomally expressing mCherry-L-PSR-CCeri. (A)
Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-PSR-CCe?' (PSR: Plasmodium specific
region; CC: coiled coil region; mCh: mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images of
parasites expressing the constructs indicated in (A). Parasites were imaged using fluorescence microscopy in the indicated
development stages on at least three independent occasions. Ring and schizont stages were imaged after smearing on a glass
slide (dried); early trophozoite (early troph) and late trophozoite (late troph) stage show living cells (live). Scale bar 5 um, DIC:
differential interference contrast; GFP: green fluorescent protein; mCh: mCherry red fluorescent protein; merge: GFP and
mCherry channels merged. (C) Immunoblot with protein extracts of the cell line expressing the constructs indicated in (A)
probed with anti-RFP and anti-BIP antibodies. MW: molecular weight. (D) RSAs with the respective cell lines expressing the
constructs indicated (three independent experiments, each data point represents one experiment). K13C580Yendo: mut (n =
16). Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction. P values are indicated.
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Next, a construct mediating the expression of a Kelch13 version that lacked the BTB domain (mCherry-
L-PSR-CC-L-KD®: PSR-CC-L-KD®") was transfected into resistant GFP-2xFKBP-Kelch13“%%"Y
(K13C580Y°"*, Birnbaum et al., 2017) parasites (Figure 41 A). K13C580Y*® parasites overexpressing
PSR-CC-L-KD' were smeared on a glass slide (see 2.2.5.1) and dried parasites were used to determine
the localization of the indicated constructs in ring, trophozoite and schizont stages by fluorescence
microscopy (Figure 41 B, dried). This showed, that PSR-CC-L-KD®' and K13C580Y*"® co-localized,
indicating that PSR-CC-L-KD®' can promote the localization of the protein to the Kelchl3
compartment. To evaluate the integrity of the mCherry-L-PSR-CC-L-KD' — fusion protein, Western
Blot analysis (see 2.2.4.1) was conducted using an anti-RFP antibody. The construct was detected in
three bands at a molecular weight between 100 and 120 kDa, above the expected molecular weight of
93 kDa. The same immunoblot was re-probed with an anti-BIP antibody as a loading control (Figure 41
C). The K13C580Y " parasites overexpressing the mCherry-L-PSR-CC-L-KD® construct were
challenged in three independent ring stage survival assays (RSAs, Witkowski et al., 2013) (Figure 41
D, see 2.2.3.13). Interestingly, episomal expression of PSR-CC-L-KD®' on the resistant background
partially reduced the resistance level to DHA (mean = 2.3 % SR, SD = 1.0 %, n = 3), while the
K13C580Y*"® knock in control parasites without an overexpressed Kelch13 construct were resistant to
DHA (mean = 12.7 % SR, SD = 3.4 %, n = 16) (Figure 41 D). This demonstrates that PSR-CC-L-KD"!

is at least partial sufficient to restore the function of Kelch13.
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Figure 41. Functional analysis of endogenous K13C580Yende parasites episomally expressing mCherry-L-PSR-CC-L-KDei, (A)
Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C580Yendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCherry-L-PSR-CC-L-KDeP (PSR: Plasmodium
specific region; CC: coiled coil region; Kelch domains: Kelch propeller domain consisting of six Kelch motif repeats; mCh:
mCherry red fluorescent protein; L: linker). (B) Fluorescence microscopy images of parasites indicated in (A). Parasites were
imaged using fluorescence microscopy on the indicated development stages on at least three independent occasions. Ring,
early trophozoites (early troph), late trophozoites (late troph) and schizont stages were imaged after smearing on a glass slide
(dried). Scale bar 5 um, DIC: differential interference contrast; GFP: green fluorescent protein; mCh: mCherry red fluorescent
protein; merge: GFP and mCherry channels merged. (C) Immunoblot with protein extracts of the cell line expressing the
constructs indicated in (A) probed with anti-RFP and anti-BIP antibodies. MW: molecular weight. (D) RSAs with the respective
cell lines expressing the constructs indicated (three independent experiments, each data point represents one experiment).
Equally colored data points represent data required in the same round of experiments. K13C580Yendo: mut (n = 16). Bars show
SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction. P values are indicated.
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Next it was investigated whether after N-terminal integration of the SLI plasmid that was used for

endo

homologous recombination in the genomic locus of Kelchl3 to obtain K13C580Y" parasites
(Birnbaum et al., 2017) the homology region is sufficient to fulfill the function of Kelchl3 in
combination with the disrupted protein. This was tested as the construct mCherry-L-PSR-CC®' (see
Figure 40) appeared to be functional and reverted resistance of the K13C580Y*" background, but this
contradicted the fact that the K13C580Y®" integrant alone was resistant. To test for the possibility that
after N-terminal integration, the disrupted Kelch13 fused to a 2xmyc tag as well as loxP and a skip
peptide (T2A) would be functional it was here tested by expressing it episomally in the resistant
K13C580Y® parasites. The corresponding construct, mCherry-L-PSR-CC-2aaBTB-2xmyc-loxP-
T2A, was identical to the N-terminal truncated fragment except for the fact that it was N-terminally
tagged with mCherry (Figure 42 A). To assess the localization of mCherry-L-PSR-CC-2aaBTB-2xmyc-
loxP-T2A, the cells were smeared and dried on a glass slide (see 2.2.5.1) and fluorescence microscopy
was performed in ring, trophozoite and schizont stages (Figure 42 B). The construct consisting of
mCherry-L-PSR-CC-2aaBTB-2xmyc-loxP-T2A® was located in the cytosol with a small proportion
co-localizing with endogenous K13C580Y " in the foci typical for Kelch13 compartment proteins. To
evaluate the integrity of the mCherry-L-PSR-CC-2aaBTB-2xmyc-loxP-T2A°" — fusion protein, Western
Blot analysis (see 2.2.4.1) was conducted using an anti-RFP antibody. The construct was detected at
approximately 68 kDa, below the expected molecular weight of 76 kDa. The same immunoblot was re-
probed with an anti-BIP antibody as a loading control (Figure 42 C). The K13C580Y"® parasites
overexpressing the mCherry-L-PSR-CC-2aaBTB-2xmyc-loxP-T2A%" construct were challenged in
three independent ring stage survival assays (RSAs, Witkowski et al., 2013) (Figure 42 D, see 2.2.3.13).
Episomal expression of mCherry-L-PSR-CC-2aaBTB-2xmyc-loxP-T2A®" did not change the overall
resistance level of the parasites (mean = 14.7 % SR, SD = 3.4 %, n = 3), while the K13C580Y*"* knock
in control parasites without an overexpressed Kelch13 construct were resistant to DHA (mean = 12.7 %
SR, SD =3.4 %, n=16) (Figure 42 D). This indicated that mCherry-L-PSR-CC-2aaBTB-2xmyc-loxP-
T2A is not sufficient to maintain the function of Kelch13. Consequently, it is unlikely that the
disrupted Kelchl3 is functional after the integration of pSLI GFP-2xFKBP-Kelch13**Y in the
genomic locus. Nevertheless, these data show that a small proportion of the mCherry-L-PSR-CC-
2aaBTB-2xmyc-loxP-T2A® molecules were found at the Kelch13 compartment, indicating that this

construct partially maintains the correct localization.
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Figure 42. Functional analysis of endogenous K13C580Yend° parasites episomally expressing mCh-L-PSR-CC-2aaBTB-2xmyc-
loxP-T2Aeri, (A) Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo)
K13C580Yende (GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) and episomally expressed mCh-L- PSR-CC-2aaBTB-2xmyc-
loxP-T2Aeri (PSR: Plasmodium specific region; CC: coiled coil region; BTB: BTB/POZ domain; aa: amino acids; mCh: mCherry
red fluorescent protein; L: linker; T2A: skip peptide). (B) Fluorescence microscopy images of parasites expressing the
constructs indicated in (A). Living parasites were imaged using fluorescence microscopy (live) in ring, early trophozoite (early
troph), late trophozoite (late troph) and schizont stages on at least three independent occasions. Scale bar 5 um, DIC:
differential interference contrast; GFP: green fluorescent protein; mCh: mCherry red fluorescent protein; merge: GFP and
mCherry channels merged. (C) Immunoblot with protein extracts of the cell line expressing the constructs indicated in (A)
probed with anti-RFP and anti-BIP antibodies. MW: molecular weight. (D) RSAs with the respective cell lines expressing the
constructs indicated (three independent experiments, each data point represents one experiment). Equally colored data
points represent data acquired in the same round of experiments. K13C580Yendo: mut (n = 16). Bars show SD, mean is
indicated. Unpaired, two-tailed t test with Welch's correction. P values are indicated.
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In conclusion these data show that increased expression of Kelch13 in resistant parasites can lead to the
reduction or loss of resistance (as evident from expression of K13WT®, K13C580Y*", K13R539T"
and K13E252Q%" on the resistant background). Furthermore, the results indicate that the mechanistic
function of Kelch13 is dependent on Kelch13 domain combinations (a side-by-side comparison of the
RSA results of all complementation cell lines are shown in Figure 43). Interestingly, episomally
expressed constructs containing the CC with only either C- or N-terminal fusion to another Kelch13
domain can at least partially maintain the function of Kelch13 (CC-BTB-KD®', CC-BTB*', PSR-CC*"
and PSR-CC-L-KD®). The other tested constructs (BTB-KD, L-BTB-KD®, BTB*', PSR 107aa-CC-
BTB®!, PSR-CC-BTB®, PSR-CC-2aaBTB-2xmyc-loxP-T2A%") seem not to be sufficient to render
resistant parasites sensitive to DHA (Figure 43).
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Figure 43. Side-by-side comparison of RSA results of endogenous K13C580Yend° parasites episomally expressing different
K13 domain constructs. The RSA data from Figures 28-31 and 33-42 were plotted in the same graph. Endogenous (endo)
K13C580Yende (GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) episomally expressing the indicated constructs. Control
parasites (parent endogenous K13C580Yende without an episomal plasmid, indicated by the dash) were tested in n = 16 RSAs.
Green marked constructs rendered the resistant parasites fully or partially sensitive to DHA. PSR: Plasmodium specific region;
CC: coiled coil region; BTB: BTB/POZ domain; Kelch domains: Kelch propeller domain consisting of six Kelch motif repeats; L:
linker. WT: Kelch13WTeri, Each data point represents one experiment. Bars show SD, mean is indicated.

3.3.3 Influence of individual domains of Kelch13 for its abundance in the cell

As previous data showed that endocytosis and resistance is regulated by Kelch13 abundance (see 3.3.1,

Birnbaum and Scharf et al., 2020), it was hypothesized that this might be due to a change in protein
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stability that is regulated by individual domains of Kelchl3. To investigate the impact of different
Kelch13 domains on the abundance of the Kelch13 construct they are part of different K13 domain
combinations were episomally expressed in resistant K13C580Y*"® parasites (GFP-2xFKBP-
Kelch13“%*Y Birnbaum et al., 2017) and the abundance of the episomal constructs was measured and
quantified using immunoblot analysis. To determine the influence of K13 lacking the BTB and the Kelch
domain region (i.e., a construct consisting only of the PSR and CC), K13C580Y*"% parasites were co-
transfected with mCherry-L-PSR-CC® (PSR-CC*"). As a control, K13C580Y*"® parasites were co-
transfected with mCherry-L-K13WT®' (hereafter referred to as KI13WT®"). Protein extracts from
K13WT® and PSR-CC™ parasites were analyzed with an anti-RFP antibody using Western Blot
analysis (see 2.2.4.1). The same immunoblot was re-probed with an anti-BIP antibody as a loading
control. The intensity of the appropriate protein bands was determined using the Image Lab software (v
5.2.1, Bio Rad). The mean RFP intensity signal (corresponding to K13WT® and PSR-CC™,
respectively) was normalized to the corresponding mean BIP signal intensity and the intensity ratios
were calculated (Figure 44 B). The intensity ratios for PSR-CC® were divided by the ratios of K13WT
to obtain the abundance of PSR-CC®" relative to KI3WT'. This analysis indicated that the levels of
PSR-CC® were 6.7 % (SD = 2.3 %, n = 2) of KI3WT. The same experiment was carried out for
mCherry-L-CC-BTB®' (CC-BTB®') which showed 5.3 % (n = 1) of the abundance of K13WT* and for
mCherry-L-PSR-CC-BTB®" (PSR-CC-BTB*) which showed 6. 9 % (SD = 1.8 %, n = 3) of the
abundance of K13WT® (Figure 44 B). In contrast to these constructs that all lacked the Kelch propeller
domain, mCherry-L-PSR-CC-L-KD®' (PSR-CC-L-KD*") showed a more than 5-fold higher mean
abundance (mean = 624.2 %, SD = 329.4 %, n = 2) compared to K13WT®', PSR-CC-BTB*"' showed
33.4 % (SD = 12.7 %, n = 2) of the abundance of K13WT! (Figure 44 B). It therefore appears, that the
constructs lacking the Kelch propeller domain (KD) (PSR-CC®?, CC-BTB®*' and PSR-CC-BTB) show
a strongly reduced abundance in the cell compared to constructs containing the KD or K13WT¢'. This

indicated that K13 protein levels are influenced by the presence or absence of the KD.
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Figure 44. Western Blot based quantification of the abundance of different Kelch13 domain constructs. (A) Schematic
illustration (not to scale) of Kelch13 (PSR: Plasmodium specific region; CC: coiled coil region; BTB: BTB/POZ domain; Kelch
domains: Kelch propeller domain consisting of six Kelch motif repeats). (B) Graph showing protein abundance of the indicated
constructs episomally expressed in GFP-2xFKBP-Kelch13¢580Y knock in parasites (Birnbaum et al., 2017). Protein abundance
was measured using quantitative immunoblot analysis- The protein extracts for quantification were run on the same SDS gel.
Bars show SD for n =2 or n = 3, mean is indicated. (C) Representative Western Blots of the indicated episomal constructs and
BIP (all immunoblots that were used for quantification are shown in Appendix 4). mCh: mCherry. mut: K13C580Yendo,

As these data indicated that the C-terminal Kelch domain region of Kelch13 regulate the stability of the
N-terminal Kelch13 part, the Kelch domain region of Kelch13 was replaced with an mDHFR domain
to enable the regulation of Kelch13 abundance by taking advantage of the property of this domain to
result in a strongly folded structure if a ligand such as WR99210 (WR) is present (Eilers and Schatz,
1986; Gehde et al., 2009; Griiring et al., 2012; Mésen-Ramirez et al., 2016). In its folded form (i.e., in
presence of WR), the mDHFR domain can be assumed to be more stable (Eilers and Schatz, 1986;
Gehde et al., 2009), permitting the regulation of protein abundance depending on the presence of WR.
To detect, whether the fusion of PSR-CC-BTB with mDHFR could already influence the levels of
Kelch13 in the absence of the ligand WR, fluorescence microscopy was performed with K13C580Y "%
knock in parasites (Birnbaum et al., 2017) episomally expressing either mCherry tagged PSR-CC-BTB
(mCherry-L-PSR-CC-BTB*) or mCherry tagged PSR-CC-BTB-mDHFR (mCherry-L-PSR-CC-BTB-
mDHFR®") (Figure 45 A). Images of the two parasite cell lines were taken in living cells and
fluorescence intensities of the mCherry signal of the Kelch13 foci were measured in ring stages (Figure
45 B). The images were taken with identical settings (see 2.2.5.1) in three independent experiments. The
mean fluorescence intensity per focus of PSR-CC-BTB-mDHFR® (mean = 1702.3, SD = 220.4) was
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significantly higher compared to parasites expressing PSR-CC-BTB® (mean = 968.4, SD = 328.0). This
indicated that C-terminal tagging of PSR-CC-BTB with mDHFR already stabilizes the Kelch13 - fusion
protein and this might be due to taking over the stabilizing function of the Kelch domain region.

To further investigate these findings, quantitative Western Blot analysis was performed with parasites
expressing PSR-CC-BTB® and PSR-CC-BTB-mDHFR® (Figure 45 B). For this, the parasite cell line
expressing PSR-CC-BTB-mDHFR® was split into two culture dishes of which one served as control (-
WR) and to the other WR99210 was added (4 nM) for 24 hours (+WR) to stabilize the mDHFR fusion
part. As a control, K13C580Y*"® parasites episomally expressing K13WT were used. Protein extracts
from K13WT®, PSR-CC-BTB®", PSR-CC-BTB-mDHFR® ~-WR and PSR-CC-BTB-mDHFR®' +WR
parasites were analyzed with an anti-RFP antibody using Western Blot analysis (see 2.2.4.1). The same
immunoblot was re-probed with an anti-BIP antibody as a loading control. The intensity of the
appropriate protein bands was determined using the Image Lab software (v 5.2.1, Bio Rad). The mean
RFP intensity of the Kelch13WT®, PSR-CC-BTB®, PSR-CC-BTB-mDHFR®* ~-WR and PSR-CC-
BTB-mDHFR® +WR signal was normalized to the corresponding mean BIP signal to calculate the
intensity ratios (Figure 45 B). The intensity ratios relative to BIP for PSR-CC-BTB*", PSR-CC-BTB-
mDHFR® —WR and PSR-CC-BTB-mDHFR®" +WR were divided by the ratios of KI3WT®' to BIP.
PSR-CC-BTB® showed 6.9 % (SD = 1.8 %, n = 3) of KI3WT*, PSR-CC-BTB-mDHFR*" ~-WR 253.1
% (SD = 105.8 %, n = 3) and PSR-CC-BTB-mDHFR® +WR 255.8 % (SD = 72.6 %, n = 3) of the
abundance of K13WT'. Consistent with the finding reported in 3.3.1, KI3WT was detected as two
bands between 110 and 130 kDa (expected molecular weight of the fusion protein: 101 kDa). The
mCherry-L-PSR-CC-BTB - fusion protein migrated at a height congruent with the expected molecular
weight of 81 kDa, the mCherry-L-PSR-CC-BTB-mDHFR — fusion protein with and without WR at the
approximately 110 kDa, above the expected molecular weight of 96 kDa (Figure 45 D). While these
data confirm the finding observed with fluorescence microcopy that the mDHFR domain fused to PSR-
CC-BTB led to an increase of Kelch13 protein levels, this was independent of the presence or absence
of WR and the difference was much more profound than measured in the imaging based assay. This
suggests, that the mDHFR domain alone already provides stability to PSR-CC-BTB®" which results in
a higher K13 protein level and that mCherry-L-PSR-CC-BTB-mDHFR®" is much more stable in protein
extracts compared to mCherry-L-PSR-CC-BTB*"",
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Figure 45. Effect of mMDHFR domain on relative cellular abundance of episomal Kelch13 constructs lacking the Kelch domain.
(A) Schematic illustration (not to scale) of the modifications of the used parasite line: endogenous (endo) K13C58QYendo
(GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017) with episomally (epi) expressed mCherry-L-PSR-CC-BTBe?' or mCherry-L-PSR-
CC-BTB-mDHFReri (PSR: Plasmodium specific region; BTB: BTB/POZ domain; mCh: mCherry red fluorescent protein; L: linker).
(B) Superplot (Lord et al., 2020) showing fluorescence intensity quantification of parasites expressing the constructs indicated
in (A). Parasites were imaged under the same conditions in ring stages in four different experiments. Each point shows
fluorescence intensity of a focus. Points of the same color derive from foci imaged in the same experiment and the larger and
darker point represents the mean of these measurements. The wider central bar shows the mean derived from the mean of
the 3 experiments, bars represent SD. Total number of quantified foci: mCherry-L-PSR-CC-BTB-mDHFReri: n = 88; mCherry-L-
PSR-CC-BTBeri: n = 80 (C) Protein amount of the indicated episomally expressed constructs. The ratio of the RFP to the BIP
signal was calculated (construct/BIP) and divided by K13WTeri/BIP. The protein extracts of K13 wild type and mutant parasites
were run on the same SDS gel. n=3. Bars show SD, mean is indicated. Points of the same color derive from the same
experiment. (D) Representative example of the immunoblot analysis with the samples indicated in (C) (all blots used for

quantification are shown in Appendix 5). The marker was cut out and overlaid onto the blot. The arrow shows the faint band
of mCherry-L-PSR-CC-BTBePi. mut: K13C580Yende,
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3.4 Functional analysis of a new K13C580Y*"% integration cell line with

a shortend homology region

In this study, an established parasite cell line with endogenously tagged K13C580Y*"* (GFP-2xFKBP-
Kelch135*Y Birnbaum et al., 2017) was used for many experiments. K13C580Y was N-terminally
tagged via the SLI system. The length of the Kelchl3 homology region (HR) that was used for
homologous recombination into the genomic locus of Kelch13, was chosen so that the restored gene
fragment downstream of the integration site would not contain a large part of the region encoding the
N-terminus of Kelch13 (Birnbaum et al., 2017). Based on all the SLI lines established since, this
precaution is not necessary, as so far there was no evidence of expression of this promoterless
downstream gene-fragment and the current strategy is to place homology regions further upstream but
block them with a stop codon in the reading frame.

In the previously established K13C580Y*®cell line, integration of the plasmid in the genomic locus of
Kelch13 results in two expressed protein products: truncated Kelch13 fused with myc-loxP-T2A and
the codon changed functional copy of Kelch13 N-terminally tagged with GFP-L-2xFKBP-L (Figure 46
A). The length of the disrupted copy of Kelchl3 is defined by the length of the homology region of
Kelch13 (base pair: bp 515 — 1058) with addition of the N-terminal region of Kelch13 that is located in
front of the chosen HR (base pair: bp 1 — 515). As the data shown in 3.3.1 indicate that the N-terminal
part of Kelch13 (PSR-CC) alone might already be sufficient to maintain the function of Kelch13, it was
investigated, whether the truncated Kelch13 - fusion protein might be functional in K13C580Y** knock
in parasites. While these experiments (see 3.3.1) indicated that this concern was unfounded, the new cell
line with a shorter truncated fragment was already being generated and would also enable to confirm
that there is no influence of the disrupted Kelch13 on the phenotypes associated with K13C580Y ",
Consequently, this second K13C580Y"® knock in cell line was generated using SLI with a shorter and
more N-terminal homology region was generated (GFP-L-2xFKBP-L-Kelch13“°**¥ HR260; in the
following named as K13C580Y HR260°", Figure 46 B). The new homology region for homologous
recombination into the genomic locus of Kelch13 consisted of the sequence encoding 260 base pairs of
the PSR (bp 53 —313).

128



Results

A ]

hDHFR
51‘5 1058 2
5 <2
=% HR 3 2A [yDHODH 2A [TGFP[K] 2xFKBP recod. Kelch13™ {3
-
%
DG
A i 4
genomic locus 7—W Kelch13 m,,,
. integration
1 2 515 2181
modified Iocus——m‘LT disr. Kelch13 |G 2A [yDHODH 2A [TGFP 2xFKBP W] recod. Kelch13 ™ 3% — --ng‘t—--
expressed products [ disr. Kelch13 loxPETN [ GFP 2xFKBP recod. Kelch13_#
B T [hDHFR
53 313 2
5 22
={x nr B 2A [yDHODH| 2A [TGFP 2xFKBP recod. Kelch13™ —{I8% =
N\ A
%
1.7\ 4
genomic locus  —— W Kelch13 }W =S
' integration
A 5 53 2181
g —_——r = = mut = 1 -
modified locus TR disr. Kelch13JlIISRG 2A [yDHODH| 2A [TGFP [E] 2xFKBP [W] recod.Kelch13 ™ 4 [IG— 3 3
expressed products | disr. Kelch13] 3 2A [ eFpP 2xFKBP recod. Kelch13_%

Figure 46. Integration strategy for N-terminal tagging of K13C580Yendo, (A), (B) Schematic illustration (not to scale) shows
the episomal plasmids for integration which integrate via single crossover homologous recombination (black crossed lines)
of a homology region (HR) into the genome (SLI, Birnbaum et al., 2017). (A) HR: encoding bp 515 — 1058 and (B) HR: encoding
base pair (bp) 53 —313. The target gene is disrupted (disr. Kelch13) and a codon optimized N-terminally tagged Kelch13 copy
(recod. Kelch13) is provided. The transgenic parasites can then be selected via the yDHODH resistance marker. L3 and L4:
linkers (Varnai et al., 2006); 2A: T2A skip peptide; Asterisk: stop codon; yDHODH: yeast dihydroorotate dehydrogenase gene;
arrows: promotors; human dehydrofolate reductase (hDHFR): episomal resistance marker; GFP: green fluorescence protein.
Figure modified from Birnbaum et al., 2017.

The correct integration of pSLI_GFP-L-2xFKBP-L-Kelch13“°*"¥ HR260 into the genomic locus of
Kelch13 was confirmed by PCR (Figure 47 A). To evaluate the integrity of the GFP-L-2xFKBP-L-
Kelch13“%*®Y HR260 — fusion protein, Western Blot analysis (see 2.2.4.1) was conducted using an anti-
RFP antibody. The construct was detected at a molecular weight corresponding well with the predicted
molecular weight of 138 kDa. The same immunoblot was re-probed with an anti-BIP antibody as a
loading control (Figure 47 B). Analysis by fluorescence microscopy showed that K13C580Y HR260°"%
localized in foci in a pattern typical for Kelchl3 compartment proteins (Figure 47 C). The
K13C580Y HR260°® parasites were challenged in three independent ring stage survival assays (RSAs,
Witkowski et al., 2013) (Figure 47 D, see 2.2.3.13). Interestingly, K13C580Y HR260°"® parasites were
sensitive to DHA (mean = 0.6 % SR, SD = 0.2 %, n = 4) while K13C580Y*"* knock in control parasites

were resistant to DHA (mean = 12.7 % SR, SD =3.4 %, n = 16).
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Figure 47. Functional analysis of endogenously tagged K13C580Y_HR260ed° parasites. (A) Agarose gel showing PCR
products of diagnostic PCR to confirm the correct integration of the GFP-L-2xFKBP-L-K13¢580Y_HR260end° plasmid into the
kelch13 locus. PCR was performed using the genomic DNA (gDNA) of the transgenic parasites or the parent (3D7) as a
template and PCR products were applied on an agarose gel. The primers that were used are indicated in figure 46. 5": primer
combination 1+2, 3": primer combination 3+4. Original locus: primer combination 1+4 was used to show that original Kelch13
locus was only found in 3D7 wild type gDNA and not in the knock in parasites (KI). The sizes of the marker bands are indicated.
(B) Immunoblot with protein extracts of the cell line expressing the constructs indicated in (A) probed with anti-GFP antibody.
MW: molecular weight. (C) Fluorescence microscopy images of parasites indicated in (A). Parasites were imaged using
fluorescence microscopy in the indicated development stages on at least three independent occasions. Scale bar 5 um, DIC:
differential interference contrast; GFP: green fluorescent protein; merge: GFP and DIC channels merged. (D) RSAs with the
respective cell lines expressing the constructs indicated (four independent experiments, each data point represents one
experiment). Equally colored data points represent data acquired in the same round of experiments. K13C580Yendo; control
(n =16). Bars show SD, mean is indicated. Unpaired, two-tailed t test with Welch's correction. P values are indicated.

Next, it was investigated whether the sensitivity to ART could be explained by a localization of
Kelch13C580Y in the K13C580Y HR260°™ parasites that is different to that in K13C580Y*"%®
parasites. To test this, K13C580Y HR260°® parasites were co-transfected with a plasmid mediating
the episomal expression of mCherry-L-K13WT® (K13WT®"). Analysis by fluorescence microscopy
confirmed that K13C580Y HR260°™° and K13WT® co-localized in foci in ring, trophozoite and
schizont stages (Figure 48 A). Next, K13C580Y HR260™ knock in parasites were fixed with acetone
and immunofluorescence assays (IFA, see 2.2.3.14) were performed using anti-GFP antibodies and

previously investigated monoclonal antibodies raised against Kelchl3 (kindly provided by David

130



Results

Fidock, Figure 48 B). This confirmed the correct localization of K13C580Y HR260°®, leading to the
suggestion that the DHA sensitivity of K13C580Y HR260°™ knock in parasites is not influenced by a
different localization in the cell.

A

early troph

dried

late troph

merge

schizont

merge

Figure 48. Localization of endogenously tagged K13C580Y_HR260°, (A) Fluorescence images of smeared and dried GFP-L-
2xFKBP-L-Kelch13¢580Y_HR260ende (K13C580Y_HR260end0) parasites episomally expressing mCherry-L-K13WTeri, Parasites
were smeared on a glass slide for microscopy (dried) and images were taken at the indicated development stages; troph:
trophozoite. (B) IFA with acetone fixed GFP-L-2xFKBP-L-Kelch13C580Y_HR260¢end° parasites using anti-GFP mouse antibodies
and monoclonal antibodies raised against Kelch13 (E3). Scale bar 5 um, DIC: differential interference contrast; GFP: green
fluorescent protein; mCh: mCherry red fluorescent protein; merge: GFP and mCherry channels merged; DAPI (nuclei).

For functional analysis, K13C580Y HR260°® knock in parasites were co-transfected with pSkipFlox
(Birnbaum et al., 2017) and the excision of the mutated kelchl3 gene was induced by the addition of
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rapalog (Figure 49 A). Thereafter parasite growth was observed using FACS based (Figure 49 B)
determination of parasitemia (see 2.2.3.11) for the following five days and Giemsa smears were made
to investigate the development of the parasites (Figure 49 C). As a control, the same parasites were
cultured without rapalog (control). The excision of kelchi3 led to reduced growth of the parasites
compared to the control which was manifested by an accumulation of ring stages (suggesting an arrest
in this stage) and the formation of aberrant and pyknotic parasites. In contrast, the control parasites
developed as expected (Figure 49 C). The delayed response of the phenotype in the conditional knock
out in the K13C580Y HR260°® parasites was comparable to that previously observed in Kelch13"®
conditional knock out parasites using the diCre system and likely was due to the time it took for the
Kelch13 protein levels to drop under the threshold supporting growth (which was here not analyzed but
observed before, Birnbaum et al., 2017). In conclusion, K13C580Y HR260°"* knock in parasites
resembled K13C580Y"* parasites in respect to the localization of K13C580Y HR260°"%
K13C580Y*and in respect to the phenotype after removal of the gene (Birnbaum et al., 2017) but
differed in respect to resistance because these parasites remained DHA sensitive.
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Figure 49. Functional analysis of K13C580Y_HR260°"d° parasites. (A) Schematic illustration (not to scale) of pSkipFlox (top)
and of the conditional excision of the mutated kelch13 gene in K13C580Y_HR260¢end parasites using the diCre system
(bottom). The target gene is disrupted (disr. Kelch13) and a codon optimized N-teminal K13C580Y copy (recod. Kelch13) is
provided. The transgenic parasites can then be selected via the yDHODH resistance marker; BSD: Basticidin resistance marker
to select for parasites carrying the episomal plasmid; arrows: promotors; NLS nuclear localisation signal; Cre 60-343 and Cre
19-59: two diCre fragments. L3 and L4: linkers (Varnai et al., 2006); 2A: T2A skip peptide; Asterisk: stop codon; yDHODH: yeast
dihydroorotate dehydrogenase gene; asterisks: stop codon; GFP: green fluorescence protein; myc: myc tag (modified from
Birnbaum et al., 2017). (B) Shown is parasite growth as determined by flow cytometry of the K13C580Y_HR260ed° parasites
grown in the presence (+rapa) and absence (ctrl) of rapalog. One representative of two independent experiments is shown

(replica is shown in Appendix 6). (C) Representative Giemsa smears of the parasite cell lines indicated in (B) at the indicated
time points (days after the addition of rapalog).
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To investigate whether DHA sensitivity of K13C580Y HR260°™® knock in parasites might correlate
with increased Kelchl3 protein levels compared to the K13C580Y" parasite line, fluorescence
microscopy was performed with K13C580Y HR260°™* and K13WT** and K13C580Y"* knock in
parasites. As it was observed that K13C580Y" parasites that were cultured for extended periods of
time showed an increased RSA survival rate, K13C580Y"® parasites were differentiated to parasites
that had been cultured continuously for approximately 4 years (K13C580Y*"® long-term-cultured) and
parasites that were cultured for approximately three months (K13C580Y"®_short-term-cultured).

Images of living parasites from these cell lines were taken and fluorescence intensities of the GFP signal
of the Kelch13 foci were measured in ring stages (Figure 50). The images were taken with identically
settings (see 2.2.5.1) in three independent experiments. K13C580Y HR260°® parasites showed a mean
fluorescence intensity of 4016.8 (SD = 4880.6, n = 3), KI3WT® of 4092.6 (SD = 4919.1, n = 3),
K13C580Y°® long-term-cultured of 2904.6 (SD = 3514.3, n = 3) and K13C580Y*"® short-term-
cultured of 3045.4 (SD = 3788.6, n = 3). This demonstrated, that K13C580Y HR260°® parasites had
significantly higher Kelch13 protein levels compared to K13C580Y®, and similar Kelch13 protein
levels to KI3WT® (Figure 50). Fluorescence intensity of the Kelchl3 foci in K13C580Y*"® long-
term-cultured and K13C580Y°"®_short-term-cultured parasites did not differ noticeable. This indicated
that the higher resistance level of Kelch13“°*Y Jong-term-cultured parasites (unpublished, data are not
shown in this thesis) is not due to an increased Kelch13 protein abundance although there is a trend for
lower amounts in the long-term-cultured cells (Figure 50). It is therefore possible that smaller changes
that can't be measured with 3 replicas are the reason for the increased resistance after long-term culture.
Moreover, these results show that the DHA sensitivity of K13C580Y HR260°* knock in parasites
likely is due to a failure of the Kelch13 mutation in these parasites to decrease Kelch13 abundance,
which was similar to that in K13WT® parasites. The reason for this remains unclear but must be due
to the shorter N-terminal truncated fragment, as this is the only known difference between the two

parasite lines.
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Figure 50. Fluorescence intensity quantification of Kelch13 foci of different cell lines with endogenously tagged Kelch13.
Superplot (Lord et al., 2020) showing fluorescence intensity quantification of parasites expressing K13C580Yende |ong-
termed-cultured, K13C580Yende_short-termed-cultured, K13WTende gnd K13C580Y_HR260e"d°, Parasites were imaged under
the same conditions in ring stages in three different experiments. Each point shows fluorescence intensity of a focus. Points
of the same color derive from foci imaged in the same experiment and the larger and darker point represents the mean of
these measurements. The wider central bar shows the mean derived from the mean of the 3 experiments, bars represent SD.
Total number (n) of quantified foci: K13C580Yende_|ong-termed-cultured: n = 56; K13C580Yende_short-termed-cultured: n =
50; K13WTendo: n = 49; K13C580Yendo; n = 49,

135



Discussion

4 Discussion

4.1 Kelch13 complex proteins are involved in resistance and endocytosis

Single point mutations in the Kelch13 protein confer ART resistance in P. falciparum parasites. Recent
experiments have shown the involvement of Kelch13 and its compartment neighbors in endocytosis but
the function of Kelchl13 itself as well as its involvement in this process is poorly understood. It was
described in Birnbaum and Scharf et al. that Kelch13 defines a novel compartment (Figure 52) that
contains the typical endocytosis marker proteins of other organisms AP-2u (Kadlecova et al., 2017,
Kaksonen and Roux et al., 2018) and Eps15 (Tebar et al., 1996; McMahon et al., 2011; Birnbaum and
Scharfet al., 2020) but also UBP1, a protein that had previously been suspected in ART resistance (Hunt
et al., 2007; Hunt et al., 2010; Borrmann et al., 2013; Henriques et al., 2014; Cerqueira et al., 2017). To
better understand the involvement of the Kelchl3-defined complex in ART resistance it was first
assessed if other Kelch13 interacting candidates (KICs) were also involved in resistance which would
substantiate their involvement in the Kelch13 pathway. This is particularly important for those proteins
that were previously found not to be essential, as their function in endocytosis was unclear. The
disruption of KIC4, KIC5 and MCA-2 led to reduced susceptibility to ART (see 3.1.1). Together with
the findings that inactivation of UBP1, Eps15 and KIC7 resulted in decreased susceptibility of the
parasites to DHA in a standard RSA (Birnbaum and Scharf et al., 2020) it can be concluded that the
Kelch13 compartment is involved in ART resistance and that inactivation of these proteins or disrupting
of the corresponding genes renders the parasite resistant to DHA. It was also observed that inactivation
of KIC7 leads to less hemozoin crystals in the DV (see 3.1.3.1), which indicates that less hemoglobin
reached the DV congruent with an endocytosis defect. This indicates an involvement of KIC7 in
endocytosis. This result fits with previous findings that conditional inactivation of KIC7 decreases host
cell cytosol uptake (Birnbaum and Scharf et al., 2020). Additionally, inactivation of KIC7 resulted in a
similar phenotype to that of UBP1 inactivation when stage-specific parasite development was monitored
using Giemsa smears, in support of a similar function of these proteins in parasite development.
Interestingly, it was shown that, different to Kelch13, KIC7 and UBP1 are also essential for parasite
survival in trophozoite stages (see 3.1.3). In accordance with this idea, Gimesa smear-based monitoring
of parasite development after inactivation of Kelch13 in trophozoites did not show a phenotype in these
stages. Control parasites and parasites with inactivated Kelch13 in trophozoites showed comparable
development in whereas the development in the following cycle again showed the expected arrest
towards the end of the ring stage (see 3.1.3.3). These experiments highlighted the already described
essentiality of Kelch13 in the ART resistance relevant ring stage (Birnbaum et al., 2017). These data
might give evidence that different Kelch13 complex proteins are involved in different parasite
development steps (Birnbaum and Scharf et al., 2020).

Besides Kelch13, AP-2u, Eps15 and UBP1 only VPS45 was so far found to be directly involved in
endocytosis (Figure 51) (Jonscher et al., 2019). The late endolysosomal transport (Figure 51, Late) in P.
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falciparum seems to be partially conserved compared to eukaryotic cells, but the initiation of
endocytosis (Figure 51, Early) seems to be unique in P. falciparum (Spielmann et al., 2020). For the
understanding of the parasite-specific part of hemoglobin endocytosis, it is necessary to identify the
proteins that are involved during the early step of formation of the endocytic vesicle and how this leads

to endolysosomal transport to the DV.

EPS15 )
Kelch13
UBP1
KIC1-9
/

Figure 51. Host Cell Cytosol Uptake (HCCU) in P. falciparum. Shown are structures involved in endolysosomal transport and
proteins that are known or suspected (indicated by the question mark) to be involved in this process. Of the indicated KICs,
only KIC7 has been demonstrated to be directly involved in HCCU. Early: early endocytosis. Late: late endocytosis. Rab5x:
Rab5b or Rab5c. PPM: parasite plasma membrane; PVM: parasitophorous vacuolar membrane; C: cytostome; V: HCC-
containing vesicle; DV: digestive vacuole (modified from Spielmann et al., 2020)

As KIC7 co-localizes with Kelch13 (Birnbaum and Scharf et al., 2020) and because KIC7 likely is part
of the early endolysosomal pathway in P. falciparum (Figure 51), functional analysis of this candidate
might give insights into the initial step of endocytosis in P. falciparum. In contrast to Kelch13, KIC7 is
not only essential for parasite development in ring stages, but also in trophozoite stages (see 3.1.3.1)
which makes it easier to functional analyze KIC7 than Kelch13. KIC7 therefore seems to be a good
candidate to study early endocytic processes in P. falciparum. For functional analysis, the knock-
sideways system was chosen to effectively and conditionally mislocalize KIC7 from its site of action.
To investigate endolysosomal processes upon KIC inactivation, KIC7 was co-localized with the PI4P
marker SidM (Balla et al., 2013) upon rapalog induced inactivation of KIC7 to observe membrane
derived structures upon KIC7 inactivation. The number of SidM positive circular structures slightly
increased after KIC7 was inactivated (see 3.1.4). It is likely that these circular structures are due to the
impairment of host cell cytosol endocytosis and may even represent hemoglobin-filled vesicles

disturbed in further transport to the digestive vacuole, although this was not specifically tested. This
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interpretation is supported by the finding that KIC7 inactivation leads to slight (but not significant)
increased vesicle formation or accumulation in the parasite and at the plasma membrane but not at the
digestive vacuole. Overall, this is congruent with the hypothesis that endolysosomal transport of vesicles
to the digestive vacuole is impaired after KIC7 inactivation. Taken together, these findings provide
further evidence that endocytic processes are negatively influenced by KIC7 inactivation. However, it
is still unclear how the observed PI4P positive structures connect to later endolysosomal transport. Based
on immunofluorescence studies using Kelchl3-specific monoclonal antibodies (E3) it was recently
claimed that Kelch13 is found in proximity with the late endosome marker Rab7 in Cam3.II cell lines
(Gnadig et al., 2020). However, it needs to be noticed that this association was assumed based on the
calculation of a Pearson Correlation Coefficient (PCC) of 0.6, which does not confirm direct co-
localization. Similar co-localization levels for Kelch13 were also observed to other Rabs, such as Rab5a,
Rab5b and Rab5c (Gnédig et al., 2020). Assuming that these Rabs are found in different compartments,
this might indicate that Kelch13 and the different Rab proteins do not co-localize but label different
proximal compartments with similar small spatial separation. This could indicate that Kelch13 and the
Rabs are involved in different endocytic steps (Figure 51). However, at least for Rab5a it was shown
that it is not involved in endocytosis (Birnbaum et al., 2017). Hence, there is a need to better define the
function and location of these compartment markers and for further investigations of the interaction and
spatial arrangement of Kelchl3 complex proteins (which are associated with the initiation of

endocytosis) and those of later endocytosis steps such as VPS45 (Figure 51).

Endocytosis in P. falciparum seems to be unusual when compared to endocytosis in model organisms
(Aikawa et al., 1966; Francis et al., 1997; Abu Baker et al., 2010; Henrici et al., 2019; Spielmann et al.,
2020). It is clathrin-independent, but includes other proteins typically involved in clathrin-dependent
endocytosis in other organisms such as AP-2p. Epsl5 is a further protein typical for functioning in
endocytic processes in other organisms (Tebar et al., 1996; McMahon et al., 2011) but most of the other
Kelch13 compartment proteins are Plasmodium specific (designated as KICs, Figure 52) (Birnbaum and
Scharf et al., 2020). It remains unclear how these proteins mechanistically mediate endocytosis. It is
also unclear how endocytosis is regulated in malaria parasites and moreover, it is unclear how Kelch13
is involved in this process. The AP-2 complex is also involved in clathrin-independent endocytosis in
the Aspergillus (Martzoukou et al., 2007). Based on their homology to proteins in other organisms,
Kelch13 and UBP1 might not be mechanistic endocytosis proteins and might therefore regulate
endocytosis (Figure 52, Birnbaum and Scharf et al., 2020). In further experiments DIQ-BiolD could be
performed with other Kelch13 complex proteins which are potentially involved in endocytosis such as

UBP1 or MCA2.
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Figure 52. Model of artemisinin resistance. Asterisk: inactivation of Kelch13 impairs endocytosis exclusively in ring stages.
nd: not determined (Birnbaum and Scharf et al., 2020).

4.2 Reduced Kelch13 protein level leads to resistance

It has been shown that K13C580Y"® is less abundant in the cell compared to K13WT% (see 3.2.3).
This might be due to diminished stability and resulted in less endocytosis, potentially indicating a
regulatory role of Kelch13 (Figure 52). The finding that increased Kelchl13 protein level in resistant
parasites can lead to the loss of resistance (see 3.3.1) provided evidence that Kelch13 protein levels
alone influence resistance. This seems to be independent of Kelch13 mutations as overexpression of
K13C580Y", K13E252Q%" and K13R539T* also renders resistant parasites to sensitive (see 3.3.1).
This demonstrates that sensitivity to ART is not based on an additionally property exclusively held by
Kelch13 wild type parasites.

The hypothesis that abundance rather than a qualitative change in mutated Kelch13 is the reason for
resistance is also supported by the finding that parasites with mutated Kelch13 have the same interaction
profile as parasites harboring KI3WT% (see 3.2.2). These findings indicate that mutated Kelch13 may
simply reduce Kelch13 overall activity.

The finding that K13C580Y™ parasites harbor less Kelch13 protein than K13WT® parasites (see
3.2.3) is consistent with previous studies (Siddiqui et al., 2017; Yang et al., 2019; Silva et al., 2019)
from e.g., Siddiqui et al., showing an approximately 2-fold decrease in Kelch13 abundance in resistant
field isolates (Cam3.11***") compared to isogenic wild type parasites in ring stages (Siddiqui et al.,
2017). Less Kelch13 protein abundance in resistant parasites was recently also confirmed by Gnidig et

al. in ring stage parasites, demonstrating 24 % and 34 % less Kelch13 protein level in Cambodian isolates
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carrying the Kelch13 mutations C580Y and R539T (Cam3.11°*Y and Cam3.11***") compared to wild
type parasites (Gnadig et al., 2020). A recent study reported no differences in Kelch13 protein levels in
rings in Cam3.11°*Y parasites but in Cam3.11"**" parasites (Mok et al., 2021). There was also less
Kelch13 abundance in trophozoites of Cam3.11*"Y and Cam3.11"*" parasites compared to Kelch13
wild type parasites (Mok et al., 2021). However, given the otherwise consistent reduction Kelch13 levels
in Kelch13 mutant parasites (Siddiqui et al., 2017; Yang et al., 2019; Birnbaum and Scharf et al., 2020;
Gnadig et al., 2020), it seems save to say that this mutation leads to a reduced cellular abundance of
Kelch13.

In this work it was demonstrated using quantitative Western Blot analysis that resistant parasites show
30 - 50 % less Kelchl3 protein abundance compared to wild type parasites (see 3.2.3). This was
confirmed in living cells using fluorescence microscopy to exclude protein fluctuations due to saponin
lysis of the cells and the sample preparation process for Western Blot analysis (see 3.2.3). There are
many parameters that can influence the protein quantity determination by Western Blot analysis (see
4.3.1) (Pillai-Kastoori et al., 2020) which can be avoided by fluorescence intensity measurement of
Kelch13 foci in living cells. On the other hand, microscope settings can also influence the fluorescence
intensity measurement. It was therefore carefully ensured to find settings that do not result in
oversaturation of the fluorescence image and that only samples were compared that were collected on
the same occasion and with the identical acquisition settings. It was also taken care that the manual
work, such as focusing, was performed quickly to avoid bleaching and therefore maintain comparability.
K13C580Y°" and K13WT% were tagged endogenously (Birnbaum et al., 2017) and expressed under
the endogenous promoter from the endogenous locus which was essential to determine meaningful

information about the expression levels of mutated and wild type Kelch13 in the cells.

4.3 Functional analysis of the Kelch13 domains

To better understand the molecular resistance mechanism of P. falciparum against artemisinin, it is
essential to understand the cellular function of Kelch13. One approach to do this could be to dissect the
functional domains of Kelchl3 to understand contribution of the different parts to endocytosis and
resistance. Based on homology similarities with other organisms, potential domain specific functions
are predicted for the BTB and Kelch propeller domain (KD) but the N-terminal Plasmodium specific
region (PSR) and the coiled coil region (CC) (see. 1.5.3) have no homologies to known domains and are
not conserved in other organisms (Coppeé et al., 2019). It still remains unclear what are the functions of
the single domains of Kelch13.

In order to investigate the Kelch13 domains in more detail, constructs consisting of different Kelch13
domain combinations were episomally expressed on the resistant K13C580Y"® background (see 3.3.2).
The importance of the domains for the function of the protein was assessed by determining the resistance
level by RSA as described (Witkowski et al., 2013) (Figure 53). Interestingly, overexpressing of the

PSR-CC (i.e., the entire part specific for malaria parasites) alone was sufficient to revert the resistant
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background sensitive to ART (Figure 53). This finding indicates that this part sustains the correct
localization and function of the Kelch13 protein, assuming that resistance is due to an overall loss of
Kelch13 function. In contrast to this, the BTB domain alone or in combination with the Kelch propeller
domain (BTB-KD) (i.e., the conserved part of the protein) were not functional, as this construct did not
revert the resistant parasites to sensitive (Figure 53). This indicates that the Plasmodium specific N-
terminus of Kelch13 promotes function without BTB and the Kelch propeller domains and that the
conserved C-terminus does not display a role in protein function but rather might function as a regulator
of the stability (and hence abundance) in Kelch13. The finding that the CC-BTB-KD construct is fully
functional and that the CC-BTB construct alone is at least partially sufficient to maintain Kelch13
protein function (Figure 53) would suggest that the coiled coil region is the key region to maintain
Kelch13 functionality. Surprisingly, preliminarily data (not shown in this thesis as analysis of this
construct was not yet concluded before completing this thesis) gave evidence that the coiled coil region
alone is not sufficient to promote the function of Kelch13 (i.e., it did not render the resistant parasites
sensitive) and this might have been in part due to the observed failure of this construct to correctly
localize.

By taking a closer look at those constructs that can maintain the function of Kelch13 (PSR-CC, CC-
BTB-KD, CC-BTB and PSR-CC-L-KD), it becomes apparent that these constructs have in common that
firstly, the coiled coil region is present and secondly, the coiled coil region is directly linked to only one
other domain of Kelch13 at either the C- or the N-terminus (Figure 53). It is possible that in the absence
of full length Kelchl3, the coiled coil region is essential for the parasites to maintain Kelch13

functionality but that this functionality only works if another domain is also present.
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Background for episomal constructs
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Figure 53. Overview of the functional analysis of endogenous K13C580Yende parasites episomally expressing constructs
consisting of different Kelch13 domain combinations. Schematic illustration (not to scale) of the modifications of the used
parasite lines: endogenous (endo) K13C580Yendo (GFP-2xFKBP-Kelch13¢58%Y, Birnbaum et al., 2017) episomally (epi) expressing
the indicated constructs were tested in a RSA (RSA survival rate) (Witkowski et al., 2013), the localization was determined by
fluorescence microscopy (localisation of the episomal construct in foci (foci), in the cytosol of the parasite (cytosolic) or partial
in the cytosol and partial in foci (partial)) and protein abundance of the episomal construct (abundance) was measured by
Western Blot analysis. Bands on WB: number of different bands that were detected by Western Blot analysis of the episomal
constructs. GFP: green fluorescent protein; mCherry: red fluorescent protein; L: linker; PSR: Plasmodium specific region; CC:
coiled coil region; BTB: BTB/POZ domain; Kelch domains: Kelch propeller domain consisting of six Kelch motif repeats; 2xmyc:
myc tag; T2A: skip peptide; loxP: loxP site.

Due to the fact that these constructs are expressed episomally while the endogenous K13C580Y"® is
simultaneously present in the cell, it also has to be taken into consideration that there might be an
interaction between the episomal and the endogenous construct. It is possible that this interaction
influences the localization of the episomal construct and this could have a direct impact on the
functionality of the construct. Furthermore, it is also possible that the episomal and endogenous
construct dimerize, which might influence the interaction of endogenous Kelch13 with other proteins or
the modification of Kelchl13 by other proteins. It is also possible that the binding of the episomal
construct to endogenous Kelch13 permits the localization of the overexpressed construct in the Kelch13
foci and this might allow the interaction of the episomal construct to other proteins. It is also possible
that endogenous Kelch13 is stabilized by binding of the episomal Kelch13 domains. This hypothesis
would implicate increased protein abundance of endogen K13C580Y®. To investigate this in more
detail, fluorescence intensity of endogen expressed K13C580Y*® foci was compared to the same cell
line co-expressing episomal PSR-CC (data are not shown in this thesis). No differences in fluorescence

intensity were observed indicating that the overexpressed PSR-CC construct does not influence protein
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abundance of the endogenous K13C580Y"*. However, such an effect can in principle not be excluded
for the other constructs used.

As previous experiments showed that endocytosis and resistance is influenced by Kelch13 abundance
(Birnbaum and Scharf et al, 2020), it was here investigated whether this might be due to protein stability
which might be regulated by the Kelch propeller domain (see 3.3.3). Quantitative Western Blot analysis
confirmed that episomal constructs containing the Kelch propeller domain have significantly higher
Kelch13 protein levels than constructs lacking the Kelch propeller domain which supports the suggested
function of the Kelch propeller domain as a regulator of protein abundance. Although the copy number
of the episomal plasmids is unknown (further discussed in 4.3.1), it can be assumed to be similar between
the different constructs, indicating that this difference is likely due to protein stability. This work
therefore indicates that the Kelch propeller domain regulates Kelch13 protein levels. Interestingly,
immunoblot analysis showed that the abundance of the episomally expressed PSR-CC-BTB is
approximately 200-fold increased upon C-terminal fusion of an mDHFR domain. While the protein
levels were not dependent on the folding status of mDHFR, this nevertheless suggests that any folded
domain can stabilize the Plasmodium specific part and thereby increase abundance of the construct in
the cell. This gives evidence that Kelch13 is stabilized by its C-terminus and supports the potential
regulatory function of the Kelch propeller domain. However, it is at present unclear whether the C-
terminal mDHFR domain only provides stability to PSR-CC-BTB (which is promoted by the Kelch
propeller domain in wild type Kelch13) or can also functionally replace the Kelch propeller domain. It
was shown that the Kelch propeller domain in combination with other Kelch13 domains (PSR-CC-L-
KD, CC-BTB-KD; Figure 53) is sufficient to maintain the function of Kelch13, at least in part. It is
possible that the Kelch propeller domain, in combination with the indicated domains, also provides
function for the protein. To investigate whether the mDHFR domain might overtake a specific function
of the Kelch propeller domains, RSAs could be performed with the K13C580Y*"® parasites
overexpressing PSR-CC-BTB-mDHFR®". Complementation of the resistant background would then
give evidence that the mDHFR domain might not only influence protein levels due to stability but also
due to functional properties that might be executed by the Kelch propeller domain in wild type Kelch13.
In the case that overexpressing PSR-CC-BTB-mDHFR® in K13C580Y*® parasites could not
complement the resistant background this then might indicate that the Kelch propeller domain has
additional functions that can’t be overtaken by the mDHFR domain.

The putative ubiquitin hydrolase UBP1, an enzyme that deubiquitinates proteins, is part of the Kelch13
complex (Birnbaum and Scharf et al., 2020). It is known that the Kelch13 interactor Epsl5 and its
function in endocytosis can in other organisms be regulated by ubiquitination (Van Bergen En
Henegouwen, 2009), raising the possibility that ubiquitination might be involved in regulating
endocytosis also in P. falciparum parasites. Interestingly, it was observed that episomal constructs
expressing Kelch13 full length (irrespective of whether this was a wild type Kelch13 or mutated
Kelch13) were detectable as two clearly defined bands by Western Blot analysis (see 3.3.1 and 3.3.2)
(Figure 53). The differences in molecular weight of these two bands ranged between 6 - 7.2 kDa. The
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construct PSR-CC-L-KD was detected in three bands at a molecular weight between 100 and 120 kDa
(Figure 53). As mono-ubiquitination increases the molecular weight of its target by 8.6 kDa, it might be
possible that the detection of multiple bands is due to ubiquitination. Mono-ubiquitination has been
shown to regulate many intracellular processes such as translation, DNA repair or endocytic trafficking
(Bridgford et al., 2018; Cho et al., 2020). The hypothesis that Kelch13 can be ubiquitinated and that this
is involved in regulation of its abundance needs further investigations. It could be tested whether
deubiquitinating enzymes (DUBSs, e.g., UCH-L3, UCH-L54) (Artavanis-tsakonas et al., 2006; Frickel et
al., 2007; Ponder and Bogyo, 2007) might influence the ubiquitination status of the episomal constructs.
It is possible that the ubiquitination of the episomal constructs can then be visualized by immunoblot
analysis based on the hypothesis that ubiquitinated proteins are detectable at a higher molecular weight
compared to deubiquitinated proteins. Parasite extracts of the cell lines with the episomal constructs
could be treated with DUBs and immunoblot analysis could be performed to investigate whether DUB
treatment influences the molecular weight or the number of detected bands compared to DUB untreated
parasite extracts of the same cell lines. Interestingly, only episomally expressed Kelch13 constructs (and
not endogenous Kelch13) were detected in multiple bands by immunoblot analysis. It is possible that
the copy number of the episomal plasmids resulted in an overabundance of the constructs in the cell
(further discussed in 4.3.1) and that higher protein abundance of the episomal constructs enables the
visualization of the different ubiquitination status of the corresponding proteins by immunoblot analysis

while this is not detectable using endogenous Kelch13.

4.3.1 Technical considerations

A number of issues should be considered in regard to determining protein levels in the cell. As
mentioned above (see 4.2), quantitative Western Blot analysis can be influenced by different parameters
(Murphy and Lamb, 2013; Pillai-Kastoori et al., 2020). The sample preparation is already a critical step
for quantitative immunoblotting. The conditions during cell lysis (e.g., temperature) or detergents that
are used for cell lysis can influence the lysis process and protein degradation (James, 2015). For
quantitative immunoblotting it is also important to note and reconsider the essential role of loading
controls to normalize for cell numbers in the different samples (Murphy and Lamb, 2013; Marcus, 2014).
Differences in protein abundance in different parasite stages can also influence the output of immunoblot
analysis. Besides that, the transfer of the separated proteins from the SDS-PAGE to the membrane as
well as the following visualization of the target protein by primary and secondary antibodies are also
critical steps that may influence the comparability of the analysis between different samples (Pillai-
Kastoori et al., 2020).

Nevertheless, quantitative immunoblot analysis is a powerful tool to examine protein abundance (Pillai-
Kastoori et al., 2020). Protein expression in the cell is controlled on several levels by transcription,
translation and post translational modifications. Expression of fusion proteins under the same
endogenous promoter can be assumed to lead to comparable expression levels. In contrast, episomally

expressed constructs are often controlled by a different promoter. While transcription levels might be
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comparable if the same promoter is used to drive expression of the different constructs, the copy number
of the plasmid is not. To quantify the abundance of episomally expressed proteins it is essential to
calculate the ratio of the abundance of the protein to be examined to the abundance of a housekeeping
protein in the same cells, which functions as a loading control and reference the amount of the loaded
extract. In this study, to maintain comparability, all episomal complementation constructs were
expressed under the same promoter which is active in all asexual blood stages and the parasite protein
BIP was used as a loading control. This analysis allowed to assess how the phenotypes detected by
investigating the episomally expressed Kelch13 domain constructs on the resistant background (see
3.3.1,3.3.2 and 3.3.3) is influenced by overall amount of the episomal construct in the cell. Nevertheless,
the calculated rations didn’t reflect differences in copy number of the plasmid which influences the
protein abundance of the different Kelch13 domain constructs in the cells. For this it would be necessary
to determine the copy number of the episomal construct. A surrogate for this could be another protein
expressed from the plasmid. Parasites overexpressing the complementation constructs were selected by
using a Blasticidin (BSD) resistance marker which is encoded on the plasmid. Hence, BSD could be
used to normalize for plasmid copy number. However, in experiments with an anti-BSD antibody (data
are not shown in this thesis) no signal could be detected in immunoblot analysis which might indicate
that further analysis will be needed to improve BSD detecting by immunoblot analysis and hence to use
BSD as a control for the copy numbers of the episomal constructs. In absence of copy number data, it
can only be assumed that the copy number of the different plasmids was comparable. However, the
quantity of episomal complementation constructs could be related to the absolute quantity of the
episomal wild type Kelch13 construct which is expressed under the same promoter as the other episomal
constructs used in this thesis. This facilitated the quantification of Kelch13 domain-specific differences
in protein levels and ensured comparability between the different cell lines.

The main advantage of the expression of episomal Kelch13 complementation constructs is the ability to
rapidly analyze the Kelch13 domains for essentiality in function and localization without long time
periods that are needed to obtain endogenously tagged integrants. The results presented in this thesis
provide first functional data of the single Kelchl3 domains and represent a connecting point for
subsequent analyses (see 4.3.2). Further experiments to investigate the function of the Kelch13 domains
can either focus on key domains of Kelch13 that based on this work are likely important to maintain the
function of Kelch13 (Plasmodium specific region and coiled coil region) or with focus on those which

are suggested to have a regulatory function (Kelch repeat domains).

4.3.2 Further experiments to investigate the function of the Kelch13 domains

As summarized in 4.3.1, the data presented in this thesis indicate that the C-terminal Kelch propeller
region of Kelchl3 might function as a regulator for protein stability and abundance and that the
Plasmodium specific N-terminus of Kelch13 (especially the coiled coil domain) might be essential to
maintain the function of Klech13. As these data are based on episomally expressed complementation

endo

constructs that are present together with endogenously expressed K13C580Y*"® at the same time, this
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needs further investigation. For this, a conditional complementation system could be used. The resistant
K13C580Y*® background could be conditionally excised, resulting in parasites relying on an
expisomally expressed construct that is provided simultaneously. K13C580Y™® parasites are
endogenously tagged with GFP using pSLI-N-loxP (Figure 54 A, Birnbaum et al., 2017). Episomal
expression of pSkipFlox (Birnbaum et al., 2017) with an additional cassette, consisting of the Kelch13
domain combination of interest, can be expressed under the nmd3 promoter, replacing the BSD cassette.
Additionally, the BSD resistance marker would still need to be present which could be achieved by
adding it to the crt controlled open reading frame using one skip peptides behind the BSD resistance
marker (Figure 54 B). The basis for such constructs, albeit without the Kelch13 construct are now
available in the lab (Sticker, Scharf and Spielmann, unpublished). In the presence of rapalog, the
recodonized kelchl3C580Y is excised and parasite survival is dependent on the Kelchl3 domain
construct that is overexpressed. To evaluate the finding that PSR-CC is important to maintain the
function of Kelch13, PSR-CC would be the first Kelch13 domain construct to be tested with this system.
Parasite survival upon kelch13C580Y excision could confirm the essentiality of PSR-CC for the function

of the Kelch13 protein.
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Figure 54. Schematic illustrations (not to scale) of pSLI-N-sandwich-loxP_K13C580Y and pSkipFlox_mChK13. (A) Shown is
the plasmid that was used for integration to obtain K13C580Yende parasites (GFP-2xFKBP-Kelch13¢580Y, Birnbaum et al., 2017).
(B) Episomal plasmid that can be transfected on K13C580Yendo parasites. recod. target: codon optimized Kelch13C580Y copy;
L: linker; 2A: T2A skip peptide; Asterisk: stop codon; yDHODH: yeast dihydroorotate dehydrogenase gene; arrows: promotors;
human dehydrofolate reductase (hDHFR): episomal resistance marker; GFP: green fluorescent protein; NLS: nuclear
localisation signal; BSD: Blasticidine S resistance marker; Cre 60-343 and Cre 19-59: two diCre fragments; Neo: 7 amino acids
of the neomycin resistance marker. (Top: Birnbaum et al., 2017).

Moreover, it is still not clear how and if Kelch13 interacts with the KICs. Although all candidates were
shown to localize to the Kelchl13-defined focal structure (Birnbaum and Scharf et al., 2020) that was
proposed to correspond to the cytostome (Yang et al., 2019), so far only Eps15 was confirmed to be an
interactor by co-immunoprecipitation (Birnbaum and Scharf et al., 2020). To further investigate the
function of the different Kelch13 domains it would also be important to determine which domain of
Kelch13 promotes binding and interaction to other Kelch13 complex proteins. For this, Kelchl3
domain-specific DIQ-BiolD could be performed using constructs consisting of the PSR-CC, BTB-KD
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or CC-BTB (Figure 55). As it was shown that PSR-CC promotes localization of Kelch13, DIQ-BiolD

with these constructs might be particularly interesting.

2xHA | 2xFKBP IBTBI|  Kelch domains | episomal + [lSHS FRE ISHAH / 1SS FRe INEEEE --so-
2xHA | 2xFKBP | PSR B8 croma . [EEEEN FRE IS / ISEEN FRE EEEE oocom-
2xHA | 2xFkBP [IGEI BTB episomal / episomal

Figure 55. Schematic illustration of episomally expressed constructs for Kelch13 domain-specific DIQ-BiolD. Kelch13 domain
combination constructs and BirA*-Nt (BirA*-FRB-mCherry) and BirA*-Ct (mCherry-FRB-BirA*) (Birnbaum, 2017; Jonscher et
al., 2019; Birnbaum and Scharf et al., 2020). PSR: Plasmodium specific region; BTB: BTB/POZ domain; CC: coiled coil region;
Kelch domains: Kelch propeller domain consisting of six Kelch motif repeats.

4.4 Prevalence of Kelch13C580Y, resistance and fitness cost

The C580Y point mutation in Kelch13 is associated with ART resistance (Ariey et al., 2014) and reduced
endocytosis in ring stages (Birnbaum and Scharf et al., 2020). This is the most prominent and widespread
resistance conferring Kelch13 mutation in Southeast Asia. In order to understand the molecular
mechanism that underlies resistance, this thesis focused on the functional analysis of the Kelch13 protein
and assessed the impact of some of its interactors on resistance. Reduced activity of Kelch13 (Birnbaum
and Scharf et al., 2020) or disruption of several non-essential interactors (see 3.1.1) resulted in
resistance. However, as this is mediated by reduced endocytosis (Birnbaum and Scharf et al., 2020), this
can be expected to have negative consequences for the parasite. Reduced endocytosis, and hence reduced
hemoglobin uptake and digestion, in resistant parasites may diminishes the parasite's amino acid supply
which could result in a fitness cost.

For many microbial pathogens it is known that resistance is associated with a fitness cost (Rosenthal,
2013). Fitness can be measured in competitive growth experiments (Gordo et al., 2011) and it has been
shown in bacteria that resistant pathogens can increase compensatory mechanism and mutations to
improve fitness (Andersson and Hughes, 2010). In malaria parasites resistance to atovaquone and
chloroquine was already found to be associated with a fitness cost (Peters et al., 2002; Hayward et al.,
2005). Artemisinin resistance was also connected to a fitness cost of the parasites (Straimer et al., 2017;
Nair et al., 2018; Siddiqui et al., 2020; Uwimana et al., 2020; Stokes et al., 2021). Growth competition
assays in Cam3.II parasites demonstrated a high fitness cost in Kelch13R539T and Kelch131543T
parasites (Straimer et al., 2017). Data from recent studies gave evidence that the genetic background of
parasite strains influence both, resistance and fitness of the parasite (Straimer et al., 2015; Cerqueira et
al., 2017; Nair et al., 2018; Sharma et al., 2021; Stokes et al., 2021).

The results shown in 3.1.3.3 demonstrate that partial inactivation of Kelch13 leads to a delay in parasite
development in rings stages indicating a fitness cost. As inactivation of Kelch13 leads to ART resistance
(Birnbaum and Scharf et al., 2020) this underpins the predicted correlation between resistance and
fitness cost. Additionally, it was shown that the disruption of three of the non-essential KICs (MCA2-
TGD, KIC4-TGD and KIC5-TGD) leads to resistance to ART (see 3.1.1) and that two of these (MCA2-
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TGD and 5-TGD) result in a growth defect (see 3.1.2) and hence decreased fitness levels. As the TGD
system is not inducible, it cannot be determined whether the other KIC-TGDs might also have a growth
defect that is not detectable with the growth assay as it is possible that growth defects or delays are
masked in the following stage or that compensatory changes have already occurred due to the time
period required to generate such parasite lines. This could be clarified in a stage experiment with the
corresponding KIC cell lines with an inducible knock-out system. It is unpredictable whether functional
data of the KIC-TGDs with the 3D7 laboratory strain background would be transferable to them in field

isolates giving the need for further investigations.

4.5 A new Kelch13C580Y integration cell line with shortened homology
region

The results in this work showed that a new Kelch13C580Y integration cell line (referred to as
K13C580Y HR260°®, see 3.4) with shorten homology region (base pairs (bp) 53 - 313) was not
resistant to ART when tested in a standard RSA. This was in contrast to the previously established
K13C580Y°"® cell line that has a homology region of 543 base pairs (bp 515 - 1058), 1058 bp of
Kelch13 that are still expressed in addition to the recodonized full length K13C580Y (see 3.4). In an
attempt to explain this difference in ART resistance, it was demonstrated that K13C580Y HR260°"%
parasites harbor significantly more Kelch13 protein than the K13C580Y"® parasites and show similar
Kelch13 protein levels as K13WT®® parasites. As resistance is dependent on Kelch13 abundance
(Birnbaum and Scharf et al., 2020), increased Kelchl3 abundance in the K13C580Y HR260°"%
parasites (see 3.4) might explain ART sensitivity. However, the question remains why a shorten
homology region, which is used for homologous recombination into the genomic locus of kelchi3 via
SLI, could influence protein abundance of Kelch13. The data presented in 3.2.2 indicates that the N-
terminal Plasmodium specific region together with the coiled coil domain (PSR-CC) might be sufficient
to maintain the function of Kelch13, whereas PSR-CC-BTB is not functional. In K13C580Y*"% cells
after N-terminal integration, the disrupted Kelch13 product included the Plasmodium specific region,
the coiled coil region as well as two amino acids of the BTB domain. It was shown in 3.2.2 with an
episomal complementation construct expressed on the resistant K13C580Y*"® background that the
corresponding expressed product (PSR-CC-2aaBTB-2xmyc-loxP-T2A) is not functional by its own.
Additionally, preliminary experiments (not shown in this thesis) indicated that episomal expression of
the truncated product, which is expressed in K13C580Y HR260°® parasites after integration
(consisting only of the 312 N-terminal bp of the PSR fused to 2xmyc-loxP-T2A: 312bpPSR-2xmyc-
loxP-T2A), can’t render resistant parasites sensitive and this construct is not correctly localized to the
Kelch13 compartment (Scharf and Spielmann, unpublished). This gives evidence that the observed
sensitivity of K13C580Y HR260°™* knock in parasites is unlikely due to an extra Kelchl3 protein
product that is complementing the resistant background. Rather, it might be possible that Kelch13

protein abundance is influenced in this cell line by yet unknown molecular mechanisms. This might
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include modifications or influences on the genetic level that might occur during integration in the

genomic locus and needs to be further investigated.

4.6 Conclusion

This work shows that Kelch13 protein abundance is critical for resistance of P. falciparum parasites to
artemisinin. It also shows that non-essential Kelchl3 compartment proteins influence artemisinin
resistance, strengthening the idea that Kelch13 and its compartment neighbors are involved in a common
pathway influencing resistance. The domain complementation experiments indicate that Kelchl3 is
divided into different subdomains that may correspond to a mechanistic part (likely in endocytosis) that
seems to reside in the N-terminal part of the protein and a regulatory part that influences the overall
activity through a regulation of the stability of the protein. This latter part appears to be contained in the
C-terminal, conserved part, of the protein. These results set the stage for further work to elucidate how

Kelch13 functions in endocytosis and resistance.
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Appendix

Appendix 1

Second independent experiment of stage-specific phenotypes after partial inactivation of Kelchl3
(3xNLS) and full inactivation of Kelch13 (1xNLS), KIC7 and of UBP1.
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Appendix 2

Raw data of DIQ-BiolD experiments of K13C580Y "%,
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Appendix 3

Immunoblots used for quantification of the abundance of KI3WT*® and K13C580Y ",
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Appendix 4

Immunoblots used for quantification of the abundance of different Kelch13 domain constructs.
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Appendix 5

Immunoblots used for quantification of the effect of mDHFR domain on relative cellular abundance of

episomal Kelch13 constructs lacking the Kelch domain.
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Appendix 6

Second replica of parasite growth as determined by flow cytometry of the K13C580Y HR260°%

parasites grown in the presence (+rapalog) and absence (control) of rapalog.

Parasitemia [%)]

Appendix 7

Oligonucleotides used in this thesis.

Oligonucleotides for cloning

2.0

-

Exp2, K13C580Y_HR260endo

-e- control
-=- + rapalog

primer name

sequence

C580Y _recod.Sarah Nhel fw

caggagcaggagcaggagcaatattaagtagagctagc ATGGAAGGAGAAAAA
GTAAAAACAAAAGCAAATAG

C580Y _recod.Sarah Xmal rv

CGAACATTAAGCTGCCATATCCCTCGACCCGGGTTATCATA
TATTTGCTATTAAAACTGAGTGACCAAATCTAGG

C580Y-sequ. 1321 fw

CCATTCCCATTAGTATTTTGTATAG

C580Y-sequ. 1687 fw

GAAAGCATGGGTAGAGGTAGCACC

K13 recod2 314 rv

GCTGCCATATCCCTCGACCCGGGTTAATTATTAAATGTTCT
TGATAAATTAC

K13 PSR fw_Nhel nmd3

CGTATATCATTTTAAAGATAACctcgaggctagcATGGAAGGAGAA
AAAGTAAAAACAAAAGC

K13 312 rv_Pmel 2xmyc

CTTCCTCACTAATAAGTTTTTGTTCGTTTAAACCATTATTAA
ATGTTCTTGATAAATTACTTGG

PSR 107AA fw

ggagcaggagcaatattaagtagagctagc ATGTCAAAAGATAATATAGGA
AATAAATATTTAAATAAATTATTAAATAAAAAAAAAG

K13 BTB rv CATTAAGCTGCCATATCCCTCGACCCGGGTTTAATACCATA
AAATTCTGCTTCTTTTAAC
Cre 721 fw gcaagagcaggagtaagtataccagaaataatgcaagcaggaggatggacaaatgtaaatatag

taatgaattatataagaaatttagatagtgaaacaggagcaatggtaagattatta

Cre 820_T2A_BSD fw

ggagcaatggtaagattattagaagatggagatggagaaggaagaggaagtttattaacatgtgg
agatgtagaagaaaatccaggaccaATGGCCAAGCCTTTGTCTCAAGAAG
AATCC

BSD T2A NLSrv

ctttttttcttaggagccat TGGACCTGGATTTTCTTCAACATCACCACA
AGTCAACAAAGAACCTCTACCTTCACCGCCCTCCCACACAT
AACCAGAGGGCAGCAATTCACGAATCCC

CAM-mch fw GATTTATATTTTATAATAATAAATACCTAATAGAAATATAT
CAGGATCCGAGCTCatggtgagcaagggcgaggaggataacatgg
skip flox K13 rv GTTTTTATTTTTATAATATTTTTAATCTATTATTAAATAATA

TATTTGCTATTAAAACTGAGTGACCAAATCTAG
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Cre 767 fw

ggacaaatgtaaatatagtaatg

FKBP 31 rv

cctetttttggaaatgttcttccate

nmd3_fw_skipflox neu

catataaacacaaatgatggtttttccttcaatttcGA Tcttaagactagtcctagg AGATCTtt
attattattacat GTTGAAATATAAATTTCAAAAAAAATGATCAC

K13 recod Sarah WT fw

CTTTAAATACTCCTAGATCATCAGCTATGTGTGTCGCTTTTG
ATAATAAAATTTATG

K13 recod Sarah WT rv

CATAAATTTTATTATCAAAAGCGACACACATAGCTGATGAT
CTAGGAGTATTTAAAG

K13 recod
Sarah 3primeUTR fw

CTCAGTTTTAATAGCAAATATATGATAAgcggccgcATTTAAT
AATAGATTAAAAATATTATAAAAATAAAAAC

3primeUTR rv_Xbal skipflox

GTGAATTGTAATACGACTCACTATAGAATTCTAGATTTAAT
AAATATGTTCTTATATATAATG

skip flox K13 recod.S. Notl rv

GTTTTTATTTTTATAATATTTTTAATCTATTATTAAATgcggce
ocTTATCATATATTTGCTATTAAAACTG

skipflox xmal fw

cagcatggtgtaaattaaattaaCCCGGGtcgagggatatggcagettaatgttc

Skipflox Pb3UTR rv_nmd3

gtaataataataaAGATCTcctaggactagtcttaagATCgaaattgaaggaaaaaccatc
atttgtgtttatatg

K13 BTB fw ggagcaggagcaatattaagtagagctagcATGATTGATATTAATGTTGGTG
GAGCTATTTTTG
K13 BTB rv CATTAAGCTGCCATATCCCTCGACCCGGGTTTAATACCATA

AAATTCTGCTTCTTTTAAC

K13 coiled coiled fw

caggagcaatattaagtagagctagc ATGAGTGATTTTGAAAATATGGTA
GG

K13 coiled coil rv

CATTAAGCTGCCATATCCCTCGACCCGGGCATAGTTTCAGT
AGCAATATTTGCATC

T2A loxP_recod.rv

GCTGCCATATCCCTCGACCCGGGTTAACCAGGGTTCTCCTC
AACGTCACCGCAAGTAAGAAGTGAACCACGACCCTCACCG
GaAAGTTTTGTGTAGTGAATTGAGTAACTTGTAATAAGG

loxP 2xmyc recod. rv

GAATTGAGTAACTTGTAATAAGGTCCTCCTCTGAAATTAAC
TTCTGCTCTCCAAGGTCTTCCTCACTAATAAGTTTTTGTTCG
TTTAAACCATATCAATCATAGTTTCAGTAGC

K13HR Jakob Nhel fw neu

caggagcaggagcaatattaagtagagctagcATGGAAGGAGAAAAAGTAA
AAACAAAAGCAAATAGTATC

K13 BTB Doméne fw_Linker

ggagcaggagcaatattaagtagagctagc ATTGATATTAATGTTGGTGGAG
CTATTTTTG

L-5xGGGGS-BTB_fw

gcaggagcaatattaagtagagctagcGGAGGTGGAGGTAGTGGAGGCGG
AGGTAGCGGAGGCGGTGGGAGTGGTGGAGGCGGAAGTGG
CGGTGGAAGCATTGATATTAATGTTGGTGGA

K13R539Tgenomic.seq.fw neu

GAAGAAATAATTGTGGTGTTACGTCAAATGGTACAATTTAT
TGTATTGGGGGATATGATGGC

K13R539Tgenomic.seq.rv_neu

GAAGAGCCATCATATCCCCCAATACAATAAATTGTACCATT
TGACGTAACACCACAATTATTTCTTC

K13 coiled coiled genom.seq.
fw

ggagcaatattaagtagagctagc ATGAGTGATTTTGAAAATATGGTAGG
TG

E252Q genomic seq. rv

CGTACTCTTTCCATTTGTAGTTCTTTCTTATC

E252Q genomic seq. fw

GATAAGAAAGAACTACAAATGGAAAGAGTACG

K13PSR rv

GCCATATCCCTCGACCCGGGTTACATAGTTTCAGTAGCAAT
ATTTGCATC

C580Y _recod.Sarah Nhel fw

caggagcaggagcaggagcaatattaagtagagctagc ATGGAAGGAGAAAAA
GTAAAAACAAAAGCAAATAG

C580Y _recod.Sarah Xmal rv

CGAACATTAAGCTGCCATATCCCTCGACCCGGGTTATCATA
TATTTGCTATTAAAACTGAGTGACCAAATCTAGG

C580Y-sequ. 1321 fw

CCATTCCCATTAGTATTTTGTATAG

C580Y-sequ. 1687 fw

GAAAGCATGGGTAGAGGTAGCACC

K13 Pl.spec.seq. fw Linker

gcaggagcaatattaagtagagctagc ATGGAAGGAGAAAAAGTAAAAAC
AAAAG
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K13 Pl.spec.seq. rv_Linker

gctageccttcaaaccctggtgettcaaacggttca TTTTACCATTCCCATTAGT
ATTTTG

K13 BTB Doméne_fw_Linker

ggagcaggagcaatattaagtagagctagc ATTGATATTAATGTTGGTGGAG
CTATTTTTG

K13 _kelch domains rv

CTGCCATATCCCTCGACCCGGGTTATATATTTGCTATTAAA
ACGGAGTGACCAAATC

K13 Pl.spec.seq. fw Linker

gcaggagcaatattaagtagagctagc ATGGAAGGAGAAAAAGTAAAAAC
AAAAG

K13 BTB rv

GCTGCCATATCCCTCGACCCGGGTTATAATGGGAATGGTAA
AAATTTAATACC

BTB fw AfIII Hpal

GGGATAGTGAGTTATTTAGAATTATACTTAACTTCTTAAGA
AATCCGTTAACTATACCCATACCAAAAGATTTAAGTGAAA
GTGAAGCCTTGTTG

Kelch codon adjust fw

CTGCTGCTGGTGCTGGAGGTGCAGGTAGAcctageATGGAGG
GTGAGAAGGTTAAGACTAAAG

Kelch codon adjust rv neu

CAGTATTGATTGCTAACATTTGAaggcctataacttcgtatagcatacattata
cgaagttattaT GActcgaggatatggcagcttaatgttcgtttttcttatttata

Kelch codon adjust seq fw

CAACGTTAACGACACATACGAG

Kelch codon adjust Jakob
seq 1595 fw

GCGGAGTAACCTCTAACGGAAGG

Sadelta260_C580Y NEW _fw

gctatttaggtgacactatagaatactcgeggccgc TAAACGTATGATAGGGAA
TCTGGTGGTAACAGCAATAG

Sadelta260 C580Y NEW rv

CCTCTTCTGATATTAACTTCTGCTCGTTTAAACTATTAAATG
TTCTTGATAAATTACTTGG

Standard Oligonucleotides for sequencing

primer name sequence

Crt fw CCGTTAATAATAAATACACGCAGTC
FKBP 253 fw TCACCAGATTATGCATACGGTG
FKBP 276 fw CAGGCCATCCTGGCATCATC
FKBP 39 rv TTGACCTCTTTTTGGAAATGTACG
FKBP 82 rv CTTTCCATCTTCAAGCATTCCAG
GFP 272 as CCTTCGGGCATGGCACTC

GFP 633 fw GCCCTTTCGAAAGATCCC

GFP 851rv ACCTTCACCCTCTCCACTGAC
mCherry 620 fw CTCCCACAACGAGGACTACACC
mCherry 88 rv GGCCGTTCACGGAGCCCTCC
2xmyc-as TAAATCTTCTTCGCTTATGAG
2xmyc-sense GAGCAGAAGTTAATATC

pArl sense 55

GGAATTGTGAGCGGATAACAATTTCACACAGG

pARLminus rv

CAGTTATAAATACAATCAATTGG

SF3A2-5'UTR-955-fw

GTACATATATACATATAC
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