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Summary

Summary

The most severe form of malaria in humans is caused bylaisenodiunfalciparumparasite

that is transmitted during a blood meal of fem&rophelesmosquitoes.The clinical
symptoms of malaria are caused exclusively by the asexual replication cycle of the parasite
inside erythrocytes. Within the erythrocyte, falciparum parasites ingest tysol from the

host cell as a source of amino acids and to provide space for growth. This very specialized
form of endocytosis is called host cell cytosol uptake (HCQU)talciparumblood stages
multiply their genome by closed mitosis before cell divisieads to the generation of up to

32 daughter cells in a process termed schizogony

The P. falciparumgenome comgses approximatel$700genes, with more tha2600being
annotated as O0genes with unknown funmedi oné.
to the specialized life cycle &f. falciparumparasitesand show little or no homology outside

the ApicomplexaTogai n a deeper understanding of the
parasitespecific essential genesd a subsequent functional analysis is of high interest. The
processes these genes are involved in also hold a potential for therapeutic imerasritiey

are specific for parasite biologgnd their inhibition is not likely to harm the human host.

So far, the functional analysis of essential genes has been hampered by the lack of robust
genetic modification systems. The recently published sefedinked integration (SLI)
method overcomes this problem. SLI allows a rapid selection of parasites with a particular
genomic integration. It also enables the evaluation of gene essentialithestibsequent
functionalanalysis of theexpressed protes) using a conditional inactivation system known

as knock sideways.

As a proof of principle for the knock sideways system intended for the candidates in this
thesis, theP. falciparumGTPase Rab5b was selected for an in depth functional analysis. In
other organisms, such as humans or yeast, Rab5b plays a function in early endocytosis
together with the protein VPS43he present study shows thainditional inactivation of
PfRab5b leads to an endocytosis phenotype similar to the phenotypecarfigitional
inactivation ofPIVPS45, which was the first protein identified to be involvedhast cell
cytosoluptakein malaria parasites. This study presents experimental evidend¢&Rad5b is

directly involved in host cell cytosol uptake and suggests that esukmynal transport in the

parasites shows similarities to thoe&é model systems eukaryotes



Summary

The present thesis also conducted a medium throughput screen of unRnfaMsparum
geneausing the SLimethod. To reduce the number of genes to a manageable size, this study
focussed on the genes on chromosome 3. In order to identify the most promising candidates
for functional analysis, genes were subjected to various selection steps toriczarsdidates

that were parasitepecific, expressed in blood stage parasites and amenable to the conditional
inactivation technique intended to be used. This resulted in a 183 oAndidates that were
endogenously taggedThe corresponding gene prodsicwere localized and a subset
functionally analysed.

The present thesis provides the localization of 15 novel proteins, comprising proteins
localized in the nucleus (1), in foci in the cytoplasm, {B)the parasite cytosol (3), foci in
close proximity tothe nuclei (3), one that might be located at the inner membrane complex
and twothathad a unclear localisation due too low GFP signals. Additionally, an evaluation
of gene and protein essentiality at genomic and protein level was perfornZdgenesand

8 proteins.

A detailed functional analysis was conducted for the unknown protein candidat&€he7.

GFP tagged M7 was located in one or two foci close to the outer part of the nacieuke

foci multiplied with the number of nucleSubsequent condiinal inactivation of M7 by
knock sideways showed a growth defect and impairment of the nuclear division process. To
understand how M7 is positioned in relation to the parasite nucleus, confocal time lapse
imaging was performed, indicating a role of Me nuclear division process.

M7 showed remote homajy to Ska2, a protein of the salled Ska complex which is
essential during mitosis in eukaryotes. During mitosiPiasmodiumparasitesthe GFP
tagged M7showed asimilar localisation pattern tthe mitotic markers Centrin3 and:
tubulin. A celocalization of GFP tagged M7 with these markers detedtedbulin in foci at

the outer part of the nucleus, partially overlapping with foci of the GFP tagged M7 (facing the
parasite plasma membrane) and the foci of mCherry tagged Centrin3.

To determine potential interaction partners of M7, the neghablishedlimerization induced
guantitative biotin identification(DIQ-BiolD) was used. DIEBiolD showed interaction
partnes which, based on homology to proteins in other organisms, might be involved in
mitosis. These interaction partnengsicluded a protein with remote homology to Ska3,
suggesting that this was the so far not annotated PfSka3. Taken together, thesadiesiits

that M7 might be he P.falciparum orthologue of Ska2 and th#te M7 protein plays an



Zusammenfassung

essentiaftole during the nuclear divisidn the parasitsimilar to the human Ska complex and

the functional Ska complex equivaldBtam/DASH complex)n yeast.

Overall, the results of this thesis provide new insights for a better understanding of the
parasitebs DNA replication and endocytosi s

might turn out to be helpful for drug development.

Zusammenfassung

Die schwerste Form der Malaria beim Menschen wird durch den Par&#emodium
falciparum verursacht, der bei einer Blutmahlzeit der weiblichen Anophdigske
Ubertragen wird. Die klinischen Symptome der Malaria werden ausschlie3lich den
ungeschlechtlichen Replikationszyklus des Parasiten in den Erythrozyten verursacht.
Innerhalb der Erythrozyten nehmen die falciparumParasiten Zytosol aus der Wirtszelle

auf, um Aminosauren zu gewinnen und Platz ifir Wachstum zu schaffen. Diese sehr
spezielle Form der Endozytose wird als Wirtszellgmosolaufnahme (HCCU) bezeichnet.

Die Blutstadien vorP. falciparumvervielfaltigen ihr Genom durch geschlossene Mitose,
bevor die Zellteilung zur Bildung von bis zu 32c¢hterzellen in einem als Schizogonie
bezeichneten Prozess flhrt.

Das Genom voi. falciparumumfasst etwd700Gene, von denen mehr &600als "Gene

mit unbekannter Funktion" annotiert sind. Die meisten der unbekannten Gene sind stark an
den spezialisiwen Lebenszyklus voi. falciparumParasitenangepasst und zeigen wenig

oder keine Homologie aul3erhalb der Apicomplexa. Um ein tieferes Verstandnis der Biologie
des Parasiten zu erhalten, sind die Auswertung parasitenspezifischer essentieller Gene und
eine anschliel3ende Funktionsanalyse von hohem Interesse. Die Prozesse, an denen diese Gene
beteiligt sind, bergen das Potenzial fur therapeutische Eingriffe, da sie spezifisch auf die
Biologie des Parasiten ausgerichtet sind und ihre Hemmung den menschidinen
wahrscheinlich nicht schadigt.

Bisher wurde die Funktionsanalyse wesentlicher Gene durch das Fehlen robuster genetischer
Modifikationssysteme erschwert. Die kirzlich veréffentlichte Methode der selection linked
integration (SLI) Uberwindet dieses Plaim. SLI ermoglicht eine schnelle Selektion von
Parasiten mit einer bestimmten genomischen Integration. Sie erlaubt auch die Bewertung der
GenEssentialitat und die anschlieende funktionelle Analyse der exprimierten Proteine mit

Hilfe eines konditionalemaktivierungssystems, das als Kneideways bekannt ist.



Zusammenfassung

Al s APr oof fiodas KhockSmewvaysSystefn, das fur die Kandidaten in dieser
Arbeit vorgesehen ist, wurde di. falciparum GTPase Rab5b fir eine eingehende
Funktionsanalyse ausgewaltitt.anderen Organismen, wie dem Menschen oderriisfeelt

Rab5b zusammen mit dem Protein VPS45 eine Funktion in der frihen Endozytose. Die
vorliegende Studie zeigt, dass die bedingte InaktivierungRfBab5b zu einem Endozytese
Phanotyp fuhrt, der demhBnotyp nach der bedingten Inaktivierung WiNPS45 &hnlich ist.
Dieses Protein war das erste Protein, das bei Malariaparasiten an der Zytosolaufnahme der
Wirtszelle beteiligt ist. Die vorliegende Arbd#égt experimentelle Beweise dafir vor, dass
auchPfRab5b direkt an der Zytosolaufnahme der Wirtszelle beteiligt ist, und legt nahe, dass
der endolysosomale Transport in den Parasiten Ahnlichkeiten mit denen von Modellsystemen
in Eukaryoten aufweist.

In der vorliegenden Arbeit wurde zusatzlich ein MediDorchsatzScreening unbekannter

P. falciparumGene mit der Sl-Methode durchgeftihrt. Dabei lag der Fokus auf den Genen
von Chromosom 3umdie Anzahl der Gene auf eine Uberschaubare GzildeduzierenDie

Gene wurden verschiedenen Selektionsschritten zogen, um sich auf die fur die
funktionelle Analyse vielversprechendsten Kandidaten zu konzentrieren. Dazu gehorten jene,
die parasitenspezifisch sind, in Parasiten im Blutstadium exprimiert werden und die fur die
vorgesehene Technik der konditionalen tnakrung geeignet sind. Dies flhrte zu einer Liste
von 33 Kandidaten, die endogen markiert wurden. Die entsprechenden Genprodukte wurden
lokalisiert und eine Teilmenge funktionell analysiert.

Die vorliegende Arbeit liefert die Lokalisierun@i5 neuartigerProteine bestehend aus
Proteiren, die im Zellkern (1), in Fokussem Zytoplasma (B im Zytosol des Parasiten (3)
undin Fokussen iunmittelbarer Naheer Zellkerne (3) lokalisiert sind. Ein Protein wies eine
mogliche Lokalisierung am innereMembrankomplex auf und zwei Proteine eine unklare
Lokalisierung aufgrund eines zu niedrigen G&iBnals. Zusatzlich wurde fur 21 Gene und 8
Proteine eine Bewertung der Gemnd Proteinessentialitat auf Genonnd Proteinebene

durchgefihrt.

Fur den unbekarien Proteinkandidaten M7 wurde eine detaillierte Funktionsanalyse
durchgefiihrt. Das GFBekennzeichnete M7 tand sich in einem oder zwei Kassennahe
dem &aul3eren Teil dellkerns. Diesd-okussamultiplizierten sich mit der Anzahl der Kerne.
Die anschieRendekonditionaleInaktivierung von M7 durciKnock Sdewayszeigte einen

Wachstumsdefekt und eine Beeintrachtigung des Kernteilungsprozesses. Um zu verstehen,



wie M7 im Verhaltnis zumZellkern des Parasitepositioniert ist, wurde eine konfokale
Zeitrafferaufnahme durchgefihrt, die auf eine Rolle von M7 im Kernteilungsprozess hinweist.
Daruber hinaus zeigté7 eine entfernte Homologie zu Ska2, einem Protein des sogenannten
SkaKomplexes, das wahrend der Mitose in Eukaryonten essentiell ist. Wahrendoss v
PlasmodiurrParasiten zeigtdas mit M7 markierte GFP ein ahnliches Lokalisierungsmuster
wie die mitotischen Marker Centrin3 undTubulin. Eine Celokalisierung von GFP
gekennzeichnetem M7 mit diesen Markern zelgfubulin in Fkussenam AuRereifeil des
Zellkerns, die sich teilweise mit ddhokussendes GFRgekennzeichneten M7R(chtung
Plasmamembran des Parasiten) und Bekussendes mCherngekenneichneten Centrin3
Uberlappten.Zur Bestimmung potenzieller Interaktionspartner von M7 wurde rbe
eteblierte  dimerisierunginduzierte  quantitative  Biotihdentifikation  (DIQBiolD)
verwendet.Die DIQ-BiolD zeigte Interaktionspartner, die aufgrund ihrer Homologie zu
Proteinen in anderen Organismen an der Mitose beteiligt sein koénnten. Zu diesen
Interaktionspartnern gehdorte ein Protein mit entfernter Homologie zu Ska3, was darauf
hindeutet, dass es sich um das bisher nicht anno#&tea3 handelt.

Zusammefassendieuten dieErgebnisse darauf hin, dass M7 dadalciparumOrthologvon
Ska2darstelltund das M7 Proteireine wesentliche Rollen der Kernteilung des Parasiten
spielt, ahnlich wie der menschliche SKamplex und das funktionelle Sk&omplex

Aquivalent(Dam/DASHKomplex)in Hefen

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

konnten.
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Introduction

1 Introduction

1.1 Malarain Ki ng ok Di sease

The first records of malaria infectiongfering to the typical symptomand the tendency to
epidemic occurrencavere registered 2700 BC by the ancient Chinese Canon of Medicine.
Thenceforththe diseasavas also notedn many other civilizations like Aabic, Assyrian,
Babylonian, Chinese, Egyptian, Indian, Greek and Ro(Garter et al., 2002; Cox, 20;
Neghina et al., 2010; Retief et al., 200Buring the Vedicperiod (500800 BC) people
suffered fromt h e A ki n g, wbidh wak ichrerackeszed ligver and enlargement of the
spleen(Sherman, 1998)Ihe first valuable information linkg the malaria disease to the bite

of an mosquitoappeared betweeB00 to 221 BC(Sallares, 2009)Also, the Greekshad
known Malariasinceabout 500 BC The firstphysicianwho described the malarial paroxysm
including most of the symptoms like chills, exacerbation, feaed sweatsvas also a Greek,
Hippocrates (46377 BC).He was able talifferentiate the differentlinical types of malaria

due to the periodicity of thfevers(Cunha et al., 2008; Sherman, 1998) the %' century

AD, the Romanslsosufferedfrom the great epidemic fever in Ron{8allares, 2009)n the

year 1440 AD, the first attested mentionft he wor d f@Amal dari ao was
Abad, evi |, .tnrthe &b aemtunyphe eliseasavasrnotedas far asnorthern
Europe (Britain, Denmark and SweddBobson, 1980; Dobson, 1994; Hulden et al., 2005)
After the importation of slaves fromfrica in the 168" and 17" century malaria became also
endemic in North AmericéRussell, 1968)Finland was reached in the"1enury, followed

by Franceand Germanyduring the 1% century (Davidson, 1899; Hulden et al., 2005;

Sérandour et al., 2007Qver the timethe disease had many different names, like Roman

fever, intermittent fever, periodi.anhaet ever,
al., 2008; Guillemin, 2001; Nicholls, 2012; Schlagenhauf, 2004 final word malaria was
thenementi on in the book AStoria delle febbri

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

In the 19" century Alphonse Laveran (1845922) discovered a singkell parasite as the
causative agent for malarjaaveran, 1881)Later on, it was demonstrated that the parasites
were transmitted by mosquitoes of the geAunspleles (Ross, 2002)Today, more than 200

Plasmodiumspecies are knowwhich are transmited by the femaléAnophelesmosquito.
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Plasmodiumparasitesare classifiedto the phylum Apicomplexaand fve Plasmodium
speciesare knownto bepathogeit for humansP. knowlesiP. ovale P. malariag P. vivax
and the most virulen®. falciparum In the pastbut still today, malaria hasinfluenced the
demographic and socioeconomic evolution and also stedthe life expectancyf many
people Despite major research efforts, malaria is still one of the leading causdsatibus
diseaseelated deathworldwide (Figure 1)(World-HealthrOrganisation, 2017)

1.1.1 Epidemiology and dstribution

Malariatransmission occurs in warand humid climate zones, whielne foundmainly in the
tropical and subtropical regior{§igure 1). The ambienttemperaturen malaria occurring
areashas a strong impact on transmissidmbient emperatures beloWw8°C increase the
time required for development in the vector, which results in a restriction of transmission

tropical and subtropicakgions (Figure 1{Sachs et al., 2002; Snow et al., 2005)

1.1.1.1 Malaria cases case report

In 2017 about 3.2 billion peoplewere atthe risk of being infected with malar{&igure 1)
This resulted in an estimated 2fdllion casesand435.000 deathdMost of the casewere
reportedin African regiors (92 %), followed by SouthEast Asia (5%) and the Eastern
Mediterraneamegion (2%) (Figure 1). Particularly at risk are children under the age of.five
Although in 2017 an estimate®0 million fewer malariacasesoccurredthan in 2010, data
from 20152017 show that therbas beemo further significant progress in reducing global

malaria caseduringthis time periodFigure 1)(World-HealthrOrganisation, 2017)
1.1.1.2 Human malaria

The most virulent form ofmalaria is caused by. falciparum parasites P. falciparum
parasites areesponsible for the majority of deaths @9, althoughP. vivaxparasites showa
wider geographical distributiofMendis et al., 2001 Most of theP. falciparummalariacases
appear inthe African region, but it is also endemic in Souast Asia and South America.
The predominanPlasmodiunspecies in Soutkast Asiais P. vivax, whichis alsoendemic in
all tropical regionsMost of the African peoplehowa mutation in the Duffy receptor (Duffy
negative) whickpotentially limitsP. vivax parasiteransmissiorto Duffy positive populations
(Miller et al., 1976; Miller et al., 1975However,there is evidence that al$b vivax cases

occur across all parts of the African continefithe wide geographical distributioonf this
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malaria speciess due to the ability to develop @obmparablylow temperatures in the
Anophelesnosquitoand the capacity to persist as dormant fonmthe liver of patients which
permits to remain during climatic conditions preventing mosquito transmiSdenabilityto
form dormantliver stages (hypnozoitedy. vivax parasites sharenly with P. ovaleparasites
and can causarelapse after nhs or years(Greenwood et al., 2008; White, 2011; Werld
Health-Organisation, 2017)n comparisorto P. falciparummalarig P. vivax malariais less
deadly but also causes serious symptant in some casesgvere diseadglay et al., 2010;
Sinka et al., 2011; Sinka et al., 2010)

~

One or more cases in 2017 Certifiad malaria free since 2000

7

Zero cases in 20017 [ Ne malaria

Z0ro Cases (-‘;ji ye :jl't,;) in2017 B Net epplicable

Figure 1: Malaria endemic regions.
Map of malaria endemic regions showing countries with one or more ica2647 (red) and zero cases in 2017 (yellow).

Countries with zero cases for more than or within the three pefose 2017 are shown biue. Countries whichave been
certified as malaria free since 2000 arewh in green. Countries with no malaria are shown irteygrey countries are not
applicable Modified from(World-HealthOrganisation, 2018c)

P. malariaeparasitesandP. falciparumparasitesreusuallyendemic in the samegions P.
ovale cases were reported in Asia and in the Western PacificPbotvaleinfections are
mainly prevalent in susahara Africa (Collins et al.,, 2005)There were some reports in
South East Asia of humar®. knowlesiinfections (Cooper et al., 2019; Pongvongsa et al.,
2018; Zaw et al., 2019p. knowlesiis the only knowrPlasmodiumspeciea postulated to be
zoonotic The natural hosts oP. knowlesiparasitesare nmacaquesbut transmission from

macaques to humams also possibléKnowles et al., 1932)To dateit is not clear,whether
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there has beerhuman tohumantransmissionwith P. knowlesiparasitesor the casehave
beenfalselyidentified (Kantele et al., 2011; Singh et al., 2013; Singh et al., 2004)

1.1.1.3 Malaria transmitting vectors

The Plasmodiumparasite cannot sexlalreplicate withoutits transmitting vectqra female
Anophelesnosquito, which is a key factor for malaria distributi@iobally, 400 Anopheles
speciesaareknown, and 41lof theseare capablef transmiting malaria In Africanregions the
dominant vectorspecies aréA. gambiaeand A. arabiensis but there are alseome other
vectorsfrom the Anophelesgenus which in some parts of Africaaneven have a greater
impact on malaria transmissidhan A.gambiaeand A. arabiensis(Coetzee et al., 2004;
Gillies et al., 1987; Gillies et al., 1968; Sinka et al., 200)mpared taAfrica, the Asia
Pacific region is much more diverseits diversity of transmitting vectors. Nineteeralaria
transmittingAnophelespeciedave been reportddom that regionHay et al., 2010; Sinka et
al., 2011; Sinka et al., 2010)

1.1.2 Clinical manifestation

The primary symptomsare versatile and appear as vomitinggrdhoea, chills, headaches,
dizziness, abdominal pain and dry cou@arcus et al., 2007; Trampuz et al., 200B)ose
symptoms ardlifficult to distinguish from other parasitic, bacteria or virus caused diseases
and can lead tomaincorrectdiagnosis(Bartoloni et al., 2012; Trampuz et al., 2008he
incubation period vary betweerthe different Plasmodiunspeciesand range fronmineto 40
days(Bartoloni et al., 2012)excluding dormant stagels addition tothe incubation period,
periodic fever isalsospecificto the speciesP. vivax P.ovale P. malariaeand P. knowlesi
cause periodic fever witmostly uncomplicatedsymptoms, whereaB. falciparumcauses
irregular fevers, which usuallpccursdaly with severediseaseprogression The clinical
symptoms and the specific intermitted fevers are mainly caused by schizont rupture and
destruction (or lysispf the infected erythrocytes.The clinical symptomsof P.vivax and

P. ovaleoccurin a synchronous mannevery 48 hoursresulting infever attacksevery third

day (tertian fever)P.knowlesihas a 24 hoursrythrocytic cycle which causes dailyever

and symptom patterndn a P. malariae infection, the fever occurs every 72 hours (quartan
malarig (Bartoloni et al., 2012; Singh et al., 2013; Sinton et al., 198@ciding with the
threeday development cycle of thparasite
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The severity ofP. falciparummalaria ismainly explained byt he &6 st allankectedg 6 o f
RBCs to capillaries. Ther®re, infected RBCsbind to endothelal receptors like CD36,

ICAM-1, PECAM or CSA a processknown as cytoadterence (Craig et al., 2012)
Adherenceand blockage of the microvasculatwan cause vessel collap&abrales et al.,

2010) pulmonaryrespiratory distresgTaylor et al., 2006)oedemaand haemateencephalic

barrier ruptureleading toa phenomenon termeaxrebral malaridDorovini-Zis et al., 2011;
MacPherson et al.,1985) Furthermore, P. falciparum malaria can causehyper
parasitemigparasitemia over10%) prostration, anemia renal impairment impaired

consciousness and thrombocytopgeaig et al., 2012)

1.1.3 Control strategiesand roll back malaria

In the 1%0s, a major World health organization (WHQpalaria eradication campaign started
with the aimto reduce malaria transmission and #radication of thediseaseln many
national malaria contrgbrograms,the insecticidedichloro-diphenyttrichloroethane(DDT)
was used for indoor residual sprayifdiose programggeducedthe population at risk from
approximately 7°®6 to approximatelyp0 %, betweenl900 to1975(Enayati et al., 2010 he
second tool in this campaign was the use of chloroquine for treatment and prevEngion.
programs for malaria eradication in the US and Europe were succemstuthus these
countriesbecamemalaria free The eradication campaign largely ignored-8dharan Africa
however control interventions, using DDT before 1960, reduced malaria transmission in
South Africa, Swaziland, Zimbabwe, Mauritius southern Camerbderia, the highland
savanna areas in Madagascar and Ug@adayati et al., 2010; Kouetsov, 1977)For these
successs the vector controlith DDT was an essentialcomponent After the end of the
eradication programmalaria infections increased agamverall and chloroquingesistant
parasites and DDTesistant mosquitos were observ@aillou et al., 1987; Hastings et al.,
2000; Lines et al., 1991FurthermoreDDT is suspected of causing cancer and basned

in Western countries in 19q@aroon et al., 2002; Harada et al., 2016; Harada et al.,.2003)
othercountries malaria control by mosquito reduction is still conducted as before with DDT.
Therefore pesticides such as B€hung et al., 2001pr Pyrethroids are used for aerial
spraying(van den Berg, 2009Additionally, the use of insecticideeatedbed netgITNS) is
one of the most powerful tools for malagantrd (Binka et al., 2006)In Africa, more than
half of the population at risk sleepnderanITN. Furthernore,ITNs have shown to lower the

child mortality ratesignificantly (Greenwood et al., 2008)n addition, malariahas been
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controlled by drug combination therapi@loland et al., 2000; Nosten et al., 200&)d
monitoring systemgEnayati et al., 2010; Nabarro, 1999)

1.1.4 Malaria treatment

Malaria is apreventable andreatalle disease and doenost likely not lead to death, if
diagnosed earlyenough and treated within 24 houafter the first symptomsappeared.
However, it requires the use of higlose medicationt get a rapid and full elimination of
Plasmodiumparasite. The faster the eliminationthe lower is the chance fa chronic
infection a severe disease or dedBefore treatmentt is very important to ensure that only
confirmed malaria caseare treated with antimalarialsto avoidthe potentialheavy side
effectsof some of the treatmenfg/orld-Health-Organisation, 2018b}-or malariaprevention
or treatmenta comparably largaumber of drugs are availablEhese drugs are: Quinine and
derivates, such as chloroquinghalofantring and tafenoquine antifolates such as
pyrimethamine chlorproguanil andtrimethoprim artemisininand artemisinirderivates, the
current first line treatment (in combinationvith either: piperaquine, mefloquine,
lumefantrine, amodiaquine or sulfadoxipgrimethaming as wel as Atovaquone, an
antimalarial of its own classSeveral antibacterial drugs like clindamycin and tetracycline

alsohave antiplasmodiaffects(Arrow, 2004)

1.1.4.1 Quinine

Aminoquinolines are alkaloids and wetke first antimalarial drugyused Quinine was
alreadydiscoveredn 1820 asanextract from the cinchona bagkd is active againsasexual
blood stage parasite¢seel.?) (Faurant, 2011; Foley et al., 1998Most of the 4-
aminoquinolinederivates like chloroquinetarget the detoxification ofiaemoglobinby the
inhibition of the polymerization dhiaematinn the food vacuol€FV) (see.1.3.2.) Haematin
is toxic for the parasite and can cause lysis and membrane d@rudege et al., 1998; Mer
et al., 2013; Pulcini et al., 2018)/hereaghe aminoquinoline relatemiefloquine was shown
to target theP. falciparumribosomes to inhibit protein synthesi8Nong et al., 2017)The 8-
aminoquinolines (primaquine) were used asdrug against the dormant liver stages
(hypnozoitespf P. vivaxandP. ovale(Campo et al., 2015)

Thewidespreadise ofchloroquinefor malariacontrol (Gustafsson et al., 198led to a broad
spread of resistanda P. falciparumparasitesand hanpered the use afhloroquine(Payne,

1987) The resistancenechanismhas leen associated witto mutationsin the chloroquine
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resistance reporter genat] (Fidock et al., 2000)Thecrt encodedor a FV transporter which
pumpschloroquine out of thé&V. A mutation leads$o afasterefflux of the drugfrom the FV

in comparison to the umutated protein, which results in a decreag@ddroquinesensitivity
(Bray et al., 1998; Durand et al., 2001; Fidock et al., 2000; Pulcini et al.,.2015)

1.1.4.2 Antifolates

Antifolates such as pyrimethaminproguanil, chlorproguanil and trimethoprim inhibthe
dihydrofolatereductase (DHFR)which deprivesthe parasite from essential folatefactors
thatthe parasite needsr its amina and nucleic acid metabolis{Yuthavong, 2002)Also,
antifolatesresistantPlasmodiumparasitesvere observedin South America, Southeast Asia
(reviewed in:(Le Bras et al., 2003)and Africa (reviewed in(Venkatesan et al., 2013)
Antifolate-resistantPlasmodiunparasitesontain asingle point mutatio in the DHFRgene
causingthe drug to lose their affinity to ther catalytic binding site (Delves et al., 2012;
Muller et al., 2010)

1.1.4.3 Atovaquone

Atovaquoneis usually given with proguanil to increase the e#iiaty of the therapy
Atovaguone inhibits mitochondrial electron transponvithin the Plasmodium parasites
(Goodman et al., 2016; Meage et al., 2003Resistant parasite strains show a mutation in
ther mitochondrialdesoxyribonucleicacidDNA)-encodedcytochromeRjene.This mutation

is postulated to prevent the parasite from generating sporozoites in the mosquito phase
(Goodman et al., 2016)his has the advantage that the resistaza@notspreadand all

resistances observed must have argg=novan the host

1.1.4.4 Artemisinin

Artemisinin was identified in the early 197@nd isolated from thesweet wormwood
(Artemisia annua) Further researched to the development of more stable derivatives
(Faurant, 2011)In 2015 YouyouTu received the NobedPricefor making this drug available
(NobelMedia, 2015) (Tu, 2011; Tu et al., 1981)The mode of actionf arteminins(ARTS)

is still unclear, but it is assumed th&RTs getactivated before thelyecomeactiveasadrug
The activator for ARTs seems to be the reduction of thé ffef of heme to Fe2heme
(Becker et al., 2004; Meunier et al., 2010his activation is thought to lead to carbmmtred

radicals, by the iroatalysedeductive scission of theérug (Li et al., 2010; Meshnick et al.,
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1991) The formed radicals interact with nucleophiles, like enzyme active sites, unsaturated
membrane lipidsand also with heméBray et al., 2005; Straimer et al., 2012; Wang et al.,
2015. It was postulated that h e r anteractianidesnégs the endoplasmic reticulum
(ER), the mitochondrion and tHeV, but also multipletherfunctional pathwaysnd that this

wide activity isthe reason for the efficiency of the dr(g et al., 2010; Meshnick et al.,
1989; Meshnick et al., 1993; O'Neill et al., 2004; Posner et al., 19B@ausehe main
haemoglobirdigestion in the parasite takes place in the trophozoite ttagel.2.3 (Klonis

et al., 2013) ART is most effective in this stage. It is less active in stages were less or no
haemoglobindigestion occurslike in mature gametocytegsee.1.2.3.) (Adjalley et al.,
2011)or the liver stag€Meister et al., 2011)A recentstudy from Birnbaum et a{Birnbaum

et al., 2020showedthat haemoglobin digestion also takes place in early ring stage parasites
which explains the activity oART alsoin very early ring stage parasit@€donis et al., 2013;

Xie et al., 2016)

The WHO recommends artemisiFliased combination therapies (ACTSs) for the treatment of
uncomplicated malaria. AGT combine artemisinin derivatives withat leastone othe
compound witha different mechanism of actiofror severe malarjdhe WHO recommends

an injectable artesunate treatment for at least 24 hours followed-bpycurse of an ACT

The combination therapies try to avoid the development of resistanceteimisanin
derivatves(World-Health-Organisation, 2018aHowever, since 20Q8irst cases of parasites
with lowered susceptibility to ART have been report¢@ondorp et al., 2009)This is
increasingly leading to treatment failgren South East Asiand greatly threatens the

advances in matia control achieved in recent years.

1.1.5 Vaccine development

The complexPlasmodiunmp a r a dioldgyeahdthe diverse parasite gendmawehampered
the development of effective vaccinesrecent yeargreviewed in:(Mahmoudi et al., 2018)

So far, there are five different approachasttie development ahalaria vaccing

1.1.5.1 Sporozoitesubunit vaccines

The most prominent and the first malaria vaccine that completed phase Il ifials
RTS,S/AS01 (Mosquirix®). The target of this vaccinis the circumsporozoite proteCSP)

that is believed to be needed fgporozoitemotility and hepatocyte invasio(see.1.2.])
(Coppi etal.,, 2005; Ouattara et al., 2015; Sinnis et al., 2002; Tewari et al., .2002)
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RTS,3AS01 consistsof two components18 copies of the central repeat and -d4e@ninal
domain of CSPwhich is fused to the hepatitis B virus surface antigen. RAS@EL is also
combined with the liposomal adjuvant system AS9X&n attempto increase th&accines
protection(Draper et al., 2018)n phasdll trials, RTS,3AS01 protection rates up to 36,3 %

for clinical malariawere observed¢compared to the contrdRTS, 2015) However, more
recent stdies showed that efficacy fadesver (Olotu et al., 2013}ime, and everrebound
effectsoccur, which can lead to increasing clinical malaria cases compared to the control
(Olotu et al., 2016)NeverthelessRTS,S/AS01 is authorized for furtheragein pilot areas
(World-Health-Organisation, 2020)

1.1.5.2 Whole sporozoite vaccines

Whole sporozoite vaccing®V/SV) area promising vaccine approachdscauseén preclinical
animal models and humankigh levels of protection against homologdusman malaria
infection was achieved The WSV work with radiation attenuatedsprozoites (RAS)
(Nussenzweig et al., 1967; Nussenzweig et al., 13fNetically attenuateparasite{GAP)
and sporozoites administered under drug c¢€&S)(Beaudoin et al., 1980; Cochrane et al.,
1980; Itsara et al., 2018; Voller et al., 1980he first WSV which was studied in rodents
(Nussenzweig et al., 1967; Nussenzweig et al., 1868) humans were radiation attenuated
sporozoites. Thewerearresedin the liverstage and showed a potent immunity in humans
(Beaudoin et al., 1980; Cochrane et al., 1980; Vdteal., 1980)However,parasite genetic
diversity isa major problemfor protection against heterologous straalk et al., 2017)so

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

1.1.5.3 Blood-stagevaccines

Blood stage vaccines try tbausemmunity in humans by eliciting antigen specific antibody
concentrations in the human bloo@herefore, merozoite antigenslike the erythrocyte
binding antigen 175 (EBA175), thmerozoite surface protein 1 (MSP1), or the dpica
membrane antigen 1 (AMAllere induced to the human blooghich should lead to
antibody production tblock erythrocyte invasion (reviewd ifFFowkes et al., 2010Pespite
decades of effortsyone of thesblood stagevaccire approacheshowed protection ialinical

trials, whereby the main issue might be the high diversity of antigens based on genetic

polymorphismgDraper et al., 2018; Ogutu et al., 2009; Sagara et al., 2009)
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1.1.5.4 Transmissionblocking vaccines

Another malaria vaccine strategy is to target the sexual sftaged.2.3.) and preventhe
parasite from transmissionin preclinical studiesdifferent antigens, like the gametocyte
antigens Pfs48/45/230 and the ookinete surfaotepr Pfs25, performed welPehson et al.,
2017) However, a purely transmission blocking vaccine poses ethical problgius to
collective immunization)and further clinical studieshave not been carried out with these

candidates
1.2 Plasmodiump a r a sbiologg 6 s

1.2.1 Life cycle of P. falciparum parasites

P. falciparumparasitesshowa complex life cycle, which consists of two hodtse female
Anophelesnosquitg and the humaifFigure 2) The life cycle is divided into three different
parts: human liver stageghepatic cycle), human blood stagesy(erocytic cyclg¢ and

mosquito stages (sexual development)
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Figure 2: P. falciparump a r a dlife tyel& s

lllustration of theP.falciparumlife cycle with human liver stages (yellow bold arrow), human blood stages (pink bold arrow)
and mosquito stages (blue bold arrow). Host cells are displayed in red (red blood cells) or brighepéat&cytesand
parasites are shown in green. Mosquitmgnt epithelium cells are shown in browModified from (Greenwood et al.,
2008)

1.2.2 Hepatic cycle

The hepaticcycle starts with the blood meal of the femaleophelesnosquito. During this
meal less than a hundrespaozoites are inoculated from the mosquito salivary glands to the
human host (Figure 2)(Jin et al., 2007) Some sporozoites stay either in the skiom are
eliminated by the lymph syste@Yyamauchi et al., 2007)put there are also sporozoites that
reach the blood vessels and enter the blood sti@aspite a lack of symptomsaent studies
suggest that tit this phase alreadwitiates animmune systengLiehl et al., 2014; Miller et
al., 2014; Roland et al., 2006)he sporozoites arnentransported to the liver where they
cross thdiver sinusoidal wall and migratiaroughthe Kupffercellsor endothelial cells to the
hepatocytegcells of the mairparenchymal tissue of the liveffrigure 2)(Prudéncio et al.,
2006) It is postulatedthat sporozoitestarget and entethe hepatocytes Y using the
circumsporozoiteroteinandthe thrombospondirelated anonymous proteiwhich bind to
heparansulphateproteoglycansand the CD81 receptoron the hepatocyte surfa¢inzon
Ortiz et al., 2001; Robson et ,a1995; Silvie et al., 2003; Sultan et al., 199Fhce within a
hepatocytethe parasitéransmigrates anestablishes eeplication competergarasitophorous
vacuole (PV)(RiscoCastillo et al., 2015)Essentialfor PV establishment are the sporozoite
proteins P36, P52 and proteins from they8 family, which interact with the hepatocyte
receptor EphAZKaushansky et al., 2019 the infected hepatocytethe parasitesievelop

to trophozoiteand then in merozoites bydergang schizogony.The final stepduring liver
development ighe rupture of the PV, wherebythe merozoites are released in membrane
bound structuresnferosomes) into the blood stredfigure 2) (Vaughan et al., 2012)n

P. falciparum parasiteghe developmenin theliver takes on average Sdays(Bartoloni et
al., 2012; Sturm et al., 2006)

1.2.3 Erythrocytic cycle

The erythrocytic cycleis a complex multistep process arstiarts with the invasion afed
blood cells (RBCspy free merozoiteseleasedrom the liverinto the bloodstrear(Figure 2)
The invasion process is completed in less than two minutes after merozautesbeen

releasedGlushakova et al., 2005; Wright et al., 2018he primary contact of the merozoite
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to the RBC can occur at any point of the merozoite sudiacethe binding is mediated lay
low affinity interaction of merozoite surface prote{iMSPs) to the RBCs surfac@Vright et
al., 2014)

The attachment is followed by the-oeientation of the meroza@tto bring its apical invasion
machinery(apical complex close to the RBC membrane. Thpical complexconssts of
flattened vesiclesunderlying the plasma membrane, which are interconnected with the
cytoskeletontermedinner membrane complefMC), an actiamyosin motor andecretory
organelleslike micronemesdense granules anghoptries The micronemes and rhoptries
promotethe irreversible attachment and the-odentation byparasite ligandsuch asthe
reticulocytebinding like homologsdtored in the rhoptri@gsanderythrocyte binding antigens
(EBAS) (stored in the micronemegD'Donnell et al., 2000)Next, rhoptry neck proteins
(RONSs) form together withthe apical membrane antiggMAl1) a o6t i ghtattfjeunct i c
RBC membrangCao et al., 2009; Srinivasan et al., 201%ubsequentlythe merozoite
invades activiy by pushing itselinto the RBC usinga parasite encoded actimyosin motor
(Baum et al., 2006; Weiss et al., 201B)ereby RBC membrane wrapping and local clearing
of cytoskeletal elementzreinduced(Dasgupta et al., 2014puring invasion the parasitees
parts of the invaginated RBC membraaee well adipids and proteins which the rhoptries
secreg to surrounditself with a second membranouacuole,termedPV. The membrane of
the PV is called parasitophorous vacumiembrane (PVM)YCowman et al., 2012; Koch et
al., 2016)

Inside the RBC, the parasite termed theaing stage(Figure 2)(0-18 hours post infection
(hpi)). The ring $age is mobile in the host cell and can change in shape betweersaajisd
form and an amoeboid phenotyf@ruring & al., 2011) It is assumed that the ring stage
showslow metabolicallyactivity andrepresentsa slowy growing i | a g 0 in pviich ¢he
parasiteestablisles host cell modification (see.1.3.3 needed to support its development in
the RBChby exporing different kinds ofproteins ino the RBC cytosolHiller et al., 2004;
Maier et al., 2008; Marti et al., 2004; Spielmann et al., 2006)

After 18 hpi, the ring stage matures to the trophozoite st@ggure 2) In this stagethe
parasite arrests inside the RBGruring et al., 2011)In the period from 18 until Bhpi, the
parasite grows rapidly aret the same time interns¢ésup to 80 % of the RBC cytosalntil
the parasite occupiealmostthe entire RBC. The cytosolof the RBC consists mostly of
haemoglobin, whichthe parasitetakes up (host cell cytosol uptake (HCCW)and then
degrades t@amino acids (AAs) antlemozoin inside a lysosonii&e compartmenof the FV.

This is donefor gainng space for growthand also as &eeding supply for amino acids
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(Krugliak et al., 2002)However,the primarily function is to gain space for rapid growth
rather than the feeding purpas&ugliak et al., 2002)

The trophozoite stage followed by the schizont stagEigure 2) The schizontstagestarts
around 3Chpi andis characterizethy schizogonyDuring schizogonyasynchronous nuclear
division takes placésee.1.3.1.9 without parallel cell division(Arnot et al., 2Q1; Gladfelter,
2006; Rabinowitz, 1941)Besides the genomenitochondria and apicoplagstee.1.3.2 are
replicated andsegregatedinto the newly forning daughter cells termed merozoites.
Additionally the parasitophorous plasma membrane (PRMQ theorganelles of thepical
complexare formed for each merozai{grancia et al., 2014; Gddaet al., 2011; Kono et al.,
2012; van Dooren et al., 200%) a process termed 'egretde RBC and thenmature schizonts
(segmentes) burst and release the merozoites into the blood st(Emyure 2) It is presumed
that the egress is triggered &yascade gfroteass, which leadgo the formation of poresn
the RBGmembrane, disintegration of the PVM and destruction of the -BRGskeleton
(Blackman et al., 2013; Thomas et al., 20M8)th the egress of the merozoitd¢lse parasite
completesone roundof the asexual |l# cycle which can be continued hpvading other
RBCs(Figure 2)

1.2.3.1 Sexual development

1.2.3.1.1 Sexual development in the human

During the asexual life cyclen RBCs a small number (less than %) of sexual male and
femaleprecursors (termedametocyte¥ areformedfrom young blood stage parasiteghich
look like ring stage parasite$he commitment for gametocyte developmentursin the
previouscycle, before schizogonyBruce et al., 290) and takes place in the bone marrow
(Aguilar et al., 2014; De Niz et al.,, 2018pametocytedevelopmenttakes8 to 12 days
(Sinden, 2009\ndis divided irio five stages(l-V) (Hawking et al., 1971which can be
distinguished bymorphological appearance and usimglecular markergPradel, 2007)
Crucial for this process is the transcription tacAP2G which leads when disrupted to
parasiteghat areunable tdform gametocyteg¢Kafsack et al., 2014; Sinden et al., 1996; Sinha
et al., 2014)Recent data postulate that tRefalciparumgametocyte development 1 (GDV1)
is a sexual commitment activatavhich acts & an effector protein that triggegsictionof the
adapter proteirHeterochromatin protein (HP1). This leads to deepression othe ap2g
geneandthusto sexual commitmer{Filarsky et al., 2018)t is also assumed that the parasite

reacts tohostderived physiologicalstates such as for instance in responseldw serum
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levels of thelipid lysophosphatidylcholine (LysoPCyyhich leads to activation of sexual
differentiation (Brancucci et al., 2017)}urthermore,t has beershownthat microvesicles
deriving from infected RBCsre involved in the inductiolf gametocyte formatiofJosling
et al., 2015; Mantel et aR013; RegesRudzki et al., 2013)

1.2.3.1.2 Sexual development in thenosquitoes

During a blood meal the mosquito takes uphe micro- and macrogametocytesvhich
developed in the humaffrigure 2) The altered physiological environmeirt the mosquito
midgut such aghe drop in temperature, a change in(Btlker et al., 1997)xnd the presence
of xanthurenic acidnducethe maturatiorof gametocytesnto gamees (Billker et al., 1998)
During this maturation the female gametesare released from the RBGnd become
permissive for sexual fertilization. e male gametes undergo three rounds of DNA
replication(leading to eight nucle@ndeight flagelbs areassembled. Nexthe matured male
gametesare released (exflagelation). Subsequenthe male and feale gametes fuse and
form a diploid zygotdJosling et al., 2015; Sinden, 200%he zygotedevelops further into an
ookinete (Figure 2) (Sinden et al., 1985)The ookinete reaches the extracellular space
between thenidgut epithelium and the basal lamibw traversing the midgut epithelial wall.
The ookirete develops furtheinto an oocyst The oocystmatures and multiples by mitotic
divisionsfor 9 7 20 daysuntil up the 8000 sporozitesre producedand the rupture of the
oocyst occurs (Sinden, 2009) Some of he released sporozoitegre transportednto the
epithelium of the salivary gland&orochkina et al., 2006; Rosenberg et al., 19€1)ring
another blood meal of th&nophelesmosquitq the sporozoiteare inoculatedto humars (in

case ofP. falciparumparasitesto start the next round in thiée cycle.

1.3 Parasite cell biology with emphasis on parasitepgcific aspects

P. falciparumi s a highly adapted parasite with many)
the human and thAnopheleshost. It has for example unique and modified organellesn

altered mitosis an exoproteome that modifies the host cellavoid theclearance by the

spleen unique apical organellea,specializedsecretoryandenddysosomalpathwayand cell

cycle. All these propertieslifferentiateP. falciparumparasitesrom mostother eukaryotes.
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1.3.1 Cell cycleand checkpoints

The cell cyclein P. falciparumparasites differs from thé c | a scsllicyclaih éukaryotes

(1.2.3 Erythrocytic cyclebut can still be categorised into thec | a <all cyclaghases.

1.3.1.1 Cell cycle

Thed c | a sdallicyclabbhséd on model organisif@lows a series of clearly defined events
which are tightly regulatednd controlled by &eriesof checkpoints. Thé ¢ | a scgciec al 6
consists of two mjor phases: the interphase and the mitotic phEse.interphases further
subdivided ino two gap phases (G1 and2Gand an S phas@arnum et al., 2014)In

P. falciparumparasites the arozite can be presumed a$s8@ or G1 phaséshiyama et al.,

2008) This phase isdllowed by the early ring to trophozoistagewhich possesses a single
haploid nucleus in an inteor G1 phasgJacobberger et al., 1992n S phase including

DNA synthesisoccurs in mid tanature trophozoite stagérnot et al., 2011; Chulay et al.,

1983; Merckx et al.,, 2003jollowed by a closedmitosis A G2 phase is lacking in

P. falciparumparasitegreviewed in:(Matthews et al., 2018)

1.3.1.2 Mitosis

The 6 ¢ | a snsitosts ésklféis divided irto four different phases: prophase, metaphase,
anaphaseand telophas€Heath, 1980; Mitchison et al., 2001; Pines et al., 2001)he
prophase the chromosomes start to condense inside the nucleus and the microtubule
organizing cenes (MTOCSs) duplicate within the cytoplasm (Fig. 3 A, Traditional View of
Mitosis [Traditional]).
In P. falciparumparasiteshe prophasestarts withthe assembly of the microtubules inside the
nucleus and the duplication of the centriolar plaques (centrosome equivalents, also called
MTOCs (Fig. 3 A, PlasmodiumMitosis [Plasmodiurf)) (reviewed in: (Matthews et al.,
2018) In contrast tothe 6 ¢ | a snstasig &.lfaftiparum chromosomes do not appear to
condense(Read et al., 1993and the centriolar plagueduplicak asynchronousand are
embedded in pores of the nuclear membr@@ennister et al., 2000b; Gerald et al., 2011,
Schrevel et al., 1977)Due to the asynchronous duplication of the centriolar plaques, the
P.falciparummi t osi s is in comparison to the o6cl as
division (Arnot et al., 2011; Sampson, 1981)
Next, in the 6 ¢ | a snseifaghasétie nuclear membrane starts to dissemble, sbttea
MTOCs and their microtubuteget access to the chromosonm{®&e Souza et al., 2007)
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Furthermorethe microtubules conneamnainly at the kinetochorety the chromosomes from
both spindle poles and gathettla¢ spindlecentre(Fig. 3 B, TraditionalGerald et al., 2011)
During metaphasen P. falciparumparasiteshe nuclear membrane remains intatttis is
called a closed mitosis and is widespread in many organiavie\edin: (Boettcher et al.,
2013) P.falciparum parasitesalso form a bipolar mitotic spindle inside the nucleus and
connects the kinetochor@3rensier et al., 1986Fig. 3 B, Plasmodiun

The 6classical 6 med alpaameghasenbdrebythe dpindleexdendsy an
andseayregateghe sister chromatid®wards the opposite poles (Fig. 3CaditionalYGerald

et al., 2011) Finally, in telophase the daughter chromosometcondensethe nuclear
membraneassemi@sand thecell starts to dividento daughter cell§Fig. 3 D, Traditional)
(Gerald et al., 2011)

During P. falciparumanaphasethe kinetochoresilso separate and move to the opposite
spindle polessimilar to theanaphase ih he 6 c | a s &ig.8 @, Plasmadiu m the s
telophase the nuclearmembrane divides and the daughter genome separates without cell
division (De Souza et al., 2009; Gerald et al., 20@Fy. 3 D, Plasmodiun Thereafterthe
parasitecell passeghrough several cycles ofisynchronousnitosis To so farunknown
signals, the final round omitosis is apparently synchronoudgollowed by budding into
membranebound daughter cells (merozoites), resulting in a syncytial&ellot et al., 1998;
Bannister et al., 2000a; Matthews et al., 2018; Read et al.,.1993)

1.3.1.2.1 Plasmodium cell cycle regulators

To date he regulationof mitosis of the parasitdy checkpoints remains elusive and
checkpointproteinshave not beendentified (Matthews et al., 2018)Even though a G1
checkpoint(known checkpoint for cell cycle regulation in higlerkaryoteswas presumed
in the related parasif€. gondiiin resposeto nutrient starvatiofSuvorova et al., 2013he
evidence fora similar checkpointin Plasmodiumparasitesis still missing (Babbitt et al.,
2012) Although the Plasmodiumgenome encodes for an unusueapertoireto known
regultors in eukaryotic cells, likeyclins, none of them are homologslassicabcell cycle
cyclins (Francia et al., 2014; Ganter et al., 2017; Merckx et al., 2003; Roques €11&), 2
Furthermore there is no evidence of a G2 checkpoint and the presénicgra S and M
checkpoints is unlikely due to the variation in the speed of genome replication at various life
cycle stageg¢Arnot et al., 2011; Gray et al., 2016; Sinden, 2015)
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Traditional View of Mitosis Plasmodium Mitosis

Figure 3: Schematic comparison of traditional views of mitosis with mitosis in blood stagélasmodiumparasites.
The schematic shows thfeur differentmitotic phasesA) prophaseB) metaphas€) anaphas®) telophaseDuring these

phaseshe plasmanembrane (black lines), microtubule organizingntrefMTOCS, red circles), microtubules (green lines),
kinetochores (tan ovals), nuclear membranes (dark blue lines), condensed chromosomes (light blue), and uncondensed
chromosomes (light blue with gple pattern) are showiGerald et al., 2011)

1.3.2 P. falciparump a r a sorganelléss

An organelle is a structure or a part that is enclosed by its own membrane inside a cell and has
a particular function. Organelles are typical for eukaryotic cells and are absent in prokaryotic
cells, like bacterial cell&eviewed in:(Satori et al.,, 2013pTy pi cal 6 eukarmegyoti c
the ER the Golgi apparatus, peroxisomegysosomes mitochondria chloroplasts and the
nucleus.Compared to other eukaryofesalariaparasites hava partially modified setup of
organells. Whereby # malaria parasitedarbour an ER a nucleus,mitochondria an
unstacked Golgi apparatusnd a lysosoméke compartmentermedthe vacuole food (FV)
(seel.3.2.) (Figure 4)(Bannister et al., 2000a; Struck et al., 2005; Taraschi et al., 1998; van
Dooren et al., 2005Peroxisomes are absentriralariaparasitesAdditionally, P. falciparum
parasitegpossesspecializedsecretoryorganellefundamentafor the invasion process which
arethe micronemes, rhoptries, dense granwdesexonemesFurther structures are theIC,

the conoid (reviewd in: (Baum et al., 2008; Gubbels et al., 2Q13hd theapicoplast
(seel.3.2.9 (McFadden et al., 1996)
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Figure 4: P. falciparuminfected red blood cell.
The figure shows . falciparuminfected red blood cell tluding host cell modifications and protein pathways. Acidic

vacuole is a synonym fdfV; ER, endoplasmic reticulumPV, parasitophorous vacugl®TEX, Plasmodiuntransloca of
exported proteinsRBC, red blood cell PEXEL, proteins export element; PNEPs, PEXtdgative export proteins; PfCRT
Plasmodium falciparurshloroquine transporteFigure from(Daniyan et al., 2019)

1.3.2.1 The food vacuole

The FV (Figure 4)is a lysosomdike compartmenfor the degradatiorof the haemoglobin
that is taken up during the a r a slavelopndest in the RB(@Francis et al., 1997; Gluzman
et al., 1994; Goldberg et al., 199ander Jagt et al., 198d} additionally acts aa dynamic
internal store fofree Ca?*. The surplus of G4 inside the FV leads to an acicéavironment
in the FV compared to the parasitic cyto@Biagini et al., 2003)At the beginning of each
intra-erythrocyte cycle, the FV is newly formed adidcardedduring egressThis de novo
generationdistinguishes the FV from other organellsach asthe apicoplats and the
mitochondria(Ehlgen et al., 2012)t is assumedhat the genesis of the FV startdate ring
stage with the fusion of several vesiatksived from cytostomal invaginatisfAbu Bakar et
al., 2010; Lazarus et al., 200®roteases like plasmepsin and falcipain drive the digesfion
haemoglobinto AAs and U-hematin (Goldberg et al., 1991; Goldberg et al., 1990he
resuling U-hematinis toxic to the parasitepecause it hathe ability to form free radicals

within the FV. To avoid thecell damage induced Wyee radicalsthe parasite polymerizes the
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Uhematin into the notoxic hemozoin which is alsoknown asthe malaria pigment
However,the polymerization process and the enzyweslysingit are still not fullyknown
(Francis et al., 1997; 8wvan, 2002; Sullivan et al., 1996)

1.3.2.2 The apicoplast

The apicoplas{Figure 4) is commonin all apicomplexan parasitesxceptCryptosporidium
(Zhu et al., 2000andpresent irall stages oP. falciparumparasitefMcFadden et al., 1996;
McFadden et al., 1999)t is a fourmembrane bound plastid with metabolic activibyat
originatesfrom the secondary endosymbib (reviewedin: (Foth et al., 2003; Gould et al.,
2008). Although the apicoplast is derived from a photosynthetic red, #ldaas lost its
photosynthéc activity (Janouskovec et al., 2010Jhe apicoplastand the mitochondrion
cannot be formedle novoand must benherited at each cell divisio@@anaskovec et al.,
2010; van Dooren et al., 2005; van Dooren et al., 2008t of apicoplast encoded genes
migrated to the nucleus during evolutighlcFadden et al., 1999k0 thatmost of the
apicopasproteins have to be transportetb the apicoplas{McFadden et al., 1999Thereby
the proteinsare guided byspecific signakequences (within the protein sequence) @ods
the four apicoplastmembranesvia a specific importmachinery(Agrawal et al., 2013; Ralph
et al., 2004; Sommer et al., 2007; Spork et al.,, 2009) e a p i own B3klagsnores
encods for tRNAs, rRNAs translation and transcriptionelated proteia and several other
genegArisue et al., 2012; Wilson et al., 1996urthermore, it was shown thidae apicoplast
is dispensable in the bloatage if isopentenyl pyrophospha{dPP)is supplenented(Yeh et
al., 2011) This suggests that isoprenoid biosynthesishe only essential function in blood
stage parasiteslthoughpathways for the synthestf iron-sulfur clusters, fatty and lipoic
acidswere also detectgdRalph et al., 2004; Seeber et al., 2010; van Dooren et al.,.2013)

1.3.2.3 The unstacked Golgiapparatus

In P.falciparum parasitesthe Golgi (Figure 4)appearsto be unstacked such as e.g. in
Entamoebdistolytica (Dacks et al.,, 2003; Ghosh et al., 199%)is postulated that an
unstacked Golgi sigficantly increases vesicles budding of the unstackstgrnae compared

to stacked membrang®Vang et al., 2008)It is also assumed that the unstacked cisternae
allow rapid vesiculation (for Golgi in preparation for its subsequent partitiomintijle onset

of mitosis(Wang et al., 2008)Although the may appear small and simplified compared to
organisms with a stackeGolgi, the P. falciparumGolgic ont ai ns vari ous

proteinssuch asGRASP(Struck et al., 2005; Struck al., 2008a)the TRAPP complex, Rab6
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(Adisa et al., 2007; de Castro et al., 1996; Struck et al., 2008bWye et al., 19969r the
KDEL-receptor(EImendorf et al., 1993; van Dooren et al., 2005)

1.3.3 Host cell modifications and protein export

As the RBCs do not contain organelles or any protein trafficking machiRefglciparum
parasitesestablishhost cell modificationse.g. for nutriens and waste exchange for the
exportof proteins(Figure 4)for survival (Leirido et al., 2004; Spielmann et al., 2006; Tilley
et al., 2011)For nutrient uptake and the exchangevate products. falciparumparasites
increases the RBCs permeability éstablishingPlasmodiunsurface anion chanrssPSAC),

or to small structurally unrelated solutes by inducing thteemed new permeation pathways
(NPP)(Alkhalil et al., 2004; Staines et al., 2007; Staines et al., 2006)

Host cell modifications are also needed to avoid the clearance by the &pteprs et al.,
1997; Chotivanich et al., 2000; Chotivanich et al., 2002; Tilley et al., 2@Elpart of the
avoiding strategyP.falciparum parasites f or ms el ectron dense,
beneath the RBC membrane (knoiosirophozoite stagg®ikawa et al., 1967; Kilejian et al.,
1991; Luse et al, 1971) To t he k nPo faléimarumsparasitesexporis the
P. falciparum erythrocyte membrane protein 1 (PfEMP1) fami@berli et al., 2014)The
PfEMP1 familyis highly diverse and can bind to specific receptors at endothelialdafiss
et al., 2011; Su et al., 1995)his mechanism can lead to sequestration of the infected RBC
and is believed to be a response to avbal dlearance by the sple@erendt et al., 1990;
Khoury et al., 2014)Sequestration is the reason whyHRnfalciparuminfected patients only

ring stage parasites can be detected in the blagodlation(Davidet al., 1983)

Host cell modificationsuch as thé&knob or the NPPformation depend on protein export
(seel.3.5. Exported proteingnter the secretory pathway the parasitgseel.3.4 before
they overcomethe PPM and PVMo reach the host cell

1.3.4 The canonicalsecretory pathway

In model organismeproteins likebacterial lipoproteingnter thecanonicalsecretory pathway

via asignal peptide (SRDevillersThiery et al., 1975; von Heijne, 199®hich is a 15 to 20
amino acid long hydrophobic region tae proteinaN-terminus. The SP is bound by signal
recognition particles (SRP) which leads the protein to the SRiptoecd the ER membrane.
The SP of most proteins then cleaved by a signal peptidase (Blobel et al. 1975, Blobel et al.
1975).In P. falciparum parasites there are many secreted proteins that are missing a N
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terminal SP, but probably use an inters@nalto enter thecanonicalsecretory pathway, or

may be inserted post translationally into the ER (Spielmann et al. 2010, Deponte et al. 2012).
Inside the ER(in model organisms as well as Rlasmodum parasits), the proteinsare
transported vidhe transitionalER (Lee et al., 2008; Struck et al., 2008bYXhe Golgi(Lee et

al., 2008; Struck et al., 2008k)essis known abouthe P. falciparumlate secretory pathway
downstream the Golgi and remains largely uncharactefidegonte et al., 2012)

1.3.5 Exported proteins

Exported proteinslike the PIEMP1 proteinsan beidentified by short amino acid motifs
termedthe Plasmodiumexport element (PEXEL{Marti et al., 2004) Besidethe exported
proteins with a PEXEL motifalso PEXEL negative expied proteins (PNEPS) were found.
Both groups include proteins wittansmembrane domaandsoluble proteingHeiber et al.,

2013; Spielmann et al., 2010; Spielmann et al., 2006)

During exportthe proteindirst enter thecanonicalkecretory pathwagsee.1.3.49

Thereby i is assumed that the cleavedédminus of the exported proteins directs thetume

protein to the PV. On the way to the RXported proteins might eansported via vesicles
(reviewed in:(Deponte et al., 201P)The Nterminus probably also mediates substrate
recognition for translocation at the PV{&pielmann et al., 2010yvhereby proteins without
additional export signal@o the SB will stay in thePV (Crabb et al., 201Elsworth et al.,

2014) Further exported proteins were transportentoss the PVM by th&lasmodium
translocon of exported proteif®TEX) (de KoningWard et al., 2009)nto the host cell
(Boddey et al., 2010; Boddey et al., 2009)

After the passagiroughPTEX, it is supposed that sonpeoteins ardurthersorted bysingle
membrane flattened diskscated in the host celtalledMa ur er 6 s ) @igueeft)fram ( MC
where the proteins are transported to the RBC memigfMmedwiler-Pachlatko et al., 2013)

How exported proteins (particularly transmierane proteins) reach the Maurer's clefts after
passage through PTEX and how they are transported on to the RBC membrane is unclear
(Gruring et al., 2011)

1.3.6 Endocytosis

The general cellular process bywhich substances are brought intbe cell is called
endocytosis.During endocytosisextracellular material is taken up via invaginations or
protrusions of the plasma membraiSehmid et al., 2007)The resulting vesicles theanter

endocytic traffickingwhich will culminate indegradatiorof the endocytosed maial in the
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lysosone or transported back by the recycling mechanigBabharanjak et al., 200Z)o

date there are twogeneralclassificdions of endocytic pathways: Clathriependent and
several ClathriindependenpathwayqSalharanjak et al., 2002; Wieffer et al., 2009)
Clathrirmediated endocytosis is the bekaracterise@ndocytosis pathway and servesaas
model for endocytosigWideman et al., 2014)The first step is initiated by endocytic coat
proteins which start to cluster on the infere of theplasma membrane aiglcoupled tahe
recruitment of the cargon the outer side of the cellhis process leads to the bending of the
membrane and transforms this part of the membrane iGtatarin coated bulgeThis bulge

forms into a vesicle when disconnected from the plasma membrane with the help of the
protein dynaminresuling in a Clathrinrcoatedand cargofilled vesicle. The vesicles are
further transported along cytoskeletal elementsaaedsimultaneously uncoated. Downstream

in the pathway the vesicles undergo sorting events and maturing processes, to release their
cargoto the lysosoméDoherty et al., 2009; Kaksonen et al., 2018; Wieffeal £t2009)

1.3.7 Host cell cytosol uptake

P. falciparumparasitesiseendocytosis for large scale uptake of host cell cyt@siglawa et

al., 1966a; Rudzinska et al., 195Buring maturation oP. falciparumparasitesthe host cell

cytosol uptake is a key process for parasite growth, whereby up % 8Dthe host cell

cytosol is ingested and degrad@dancis et al., 1997HCCU is necessary for space and a
source of amino acid@rugliak et al., 2002)HCCU is still not completely understooand

various theoriesof how HCCU might functionin P. falciparum parasiteswere already
postulatedbased orelectron microscopic studias the 1960s (Aikawa et al., 1966b)The

most popular model is uptake Bigsk shaped invagination filled with host cell cytosmimed
cytostomes. Cytostomes sharesome similarity to vesicles derived from membrane
invaginations during endocytosias observed in model ganisms. It isbelieved that
cytostomedud off, like endocytic vesicleeae nd transported through tF
the FV (Aikawa, 1966; Aikawa, 1971; Aikawa et al., 1969; Aikawa et al., 1986kawa et

al., 1967; Aikawa et al., 1968; Lazarus et al., 2008; Yayon et al., 1884jnatively, the
cytostome could also elongate dmad i dge t he parasitebds cytosol
reached(Lazarus et al., 2008\ hybrid of thesehypothess postulates that cytostomal
elongation pinches bémall vesicles for the last gap to the f¥ilani et al., 2015)

Inhibitor studiessuggestsome proteins that might be involved iIHCCU, such asactin,

dynamin, myosinand SNAREgLazarus et al., 2008; Milani et al., 2015; Smythe et al., 2008;

Zhou et al, 2009) Furthermore a study fromJonscher et alshowedthat inactivation of
22



Introduction

PfVPS45 leads to an accumulationpafsitive host cell cytosol filled vesiclesvhich display
the endosomal marker PI(3)8yring theirtransport to the FVThe inactivation of PFVPS45
also leaddso parasite deathproviding the first definitive evidence for a protein in HCCU
(Jonscher et al., 2019)

1.3.8 The lysosomal pathway

In mammaliancells the endosomal network comprises early,,lated recycling endosorag
which serve afiub for sorting of the initial endocytic vesiclasd proteins trafficking. Early
endosomes are characterized by phosphatidyline®iptiosphaten their outer membrane
face (PI3P) (Christoforidis et al., 1999and thesmall Ras related protein in brain(Rab5)
GTPasegGorvel et al., 1991; Stenmark et al., 1994byiring matuation of the early to late
endosomgRab5is exchanged with Raband PI3P is converted to phosphatidylinosBd-
bisphosphatéHuotari et al., 2011)The late endosome fuses, including its cargo, with the
lysosomaeasits final destimtion (reviewedin (Marat et al., 2016)

The genome oP. falciparum parasitesencodefor homologs oftypical lysosomal proteins
like VP (Yang et al., 2004pr thethreehomologues of th&alb isoformsand one Rab7
(Quevillon et al., 2003)which were also found in yeash yeast, they are key determinants
of endosome identityNagano etal., 2015) Additionally, it was shown in yeasthat the
cascade of RabRab7 is important for progression from early to late endogdagano et
al., 2015) In P.falciparum parasitesthe full or partial presence of this pathway is still

unclear.

1.4 Methods for genemodifications

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

transcript or protein level, various methods are possible.

1.4.1 Homologous recombination

The P. falciparumDNA rejoining/arranging process is termed homologous recombination.
Homologous recombination is initiated by the introductiorDdfA doublestranad breaks
(DSB), which are concluded by strand exchange between two very similar DNA sequences
(reviewedin: (Webster et al., 201%)For gene modificatigra cloned sequence on a plasmid
and a single pantal genomic apy are needed. Therel®. falciparum parasitestolerate

differences in sequence identifyoetween the parasite genome and the cloned sequence, up to
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approximately 5 % for homologous recombinatioeviewedin: (Webster et al., 2011)The
modified geneintegration usinghomologous recombinatioils a randonevent and thus not

very effective.

1.4.2 Target gene disruption

One of the first methods to study gene functioR idalciparumparasitesvas thetarget gene
disruption TGD). TGD usesa 25061200 bp long homology region (HR) to target the gene in

i t s 5 oregioro @hie KR is cloned into an episomal plasmid sxtelgraton into the
genomevia single cros®ver is hoped for.The integratiion of the plasmidesults in a
truncaton of the gene and leads to an unfunctional profeaviewedin: (Webster et al.,
2014). For a longtime, the TGD approachvas based on passive selectioh integration

using drug cyclingwhich could take weeks 0 months The recent invention o$election
linked integration (SLI) changed this by permittingan active selection(seel.4.3
Disadvantage®f this method can béhat (i) a still functional proteinfragment remains
especially in case of a short geli@ integration is not achieved, e.g. if ti&D results in a
fitness cost to the parasite; (iii) inability to use the system with essential genes. To date the
method provided a very good indicator for essentiality of a gene when a TGD using SLI was
not achieved aserified by additional method® a set 0f30 genes(Birnbaum et al., 2017;
Birnbaum et al., 2020)

1.4.3 Selectionlinked-integration

SLI was developed to circumvénthe time consuming and often unsuccessful passive
selection of homologous recombination event$irfalciparumparasitegBirnbaum et al.,
2017) This method allows rapid and efficient selection of parasites with a desired genomic
modification The principle of this method is shown kilgure 5 showing the strategy @t
'knock in'of a tag of interest (i.e. 2xFKBBFR-2xFKBP-T2A-Neo-R). Themethodis based
ontheexpresan of aresistanceanarkeronly after integration into the genomimit not on the
episomallycarried plasmid used for parasite transfection. The keygalay this technique is

the use of a skip peptide which allows the expressiomare than one autonomopsotein

from a single RNA(Straimer et al., 2012; Szymczak et al., 2004)
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|—> { hDHFR
plasmid for integration (pSLI-sandwich)
—% | L3 PG L4 Y 2xFKBPIYPIN Neo-R }J

genomic Iocus----l_)—( target gene |

l, integration
modified Iocus----|->—1 target gene | L3 T L4 B 2xFkePPN NeoR —+/ /—& |-

expressed products [ target gene 2xFKBP L4 L3 PUaElN L4 2A

Figure 5: Schematic of selection linked integration strategy.

The figure shows the episomal plasmid (plasmid for integration ¢p&hdlwich)) including the target region (lightey
square with asterisks) from the gene of interest (taggeie) and a @erminal tag. The plasmid integrated via single
crossover homologous recombination (black crossed lines) of a targeting region into the genome (genofimiodified
locus). The transgenic parasites can then be selected via the neoesystancewhich is only expressed after integration
(expressed products). L3 and L4 are linkers; 2A, T2A skip peptide;RNireomycin resistance gene; asterisks, stop codon;
arrows, promotors; human dehydrofolate reductase (hDHFR), episomal resistakee Figure modified fron{Birnbaum
etal., 2017)

With this method, genes can be endogenousfged withGFP, allowing physiological
localization of the gene product. Expression from the endogempoomoter allows:
localization of a physiologically active protein, the precise tracking of expression levels

across different stages

1.4.4 Zinc-finger nucleases

The Zinc-finger nuclease$ZNF) are another tool fogenemodification ZNF induce DNA
DSB upondimerization, using a zinfinger DNA binding domain for recognizing the target
sequence and the Fokl nuclease for inducing the B@&ihg dimerization(Bitinaite et al.,
1998) The cell can repair the DBS usingonrhomologous enjoining pathwayw/hich can
result in deletionsor insertions. As P. falciparum parasites lackthe canonical non
homologous end joiningt uses an alternative homologues end joining path¢kaskman et
al.,, 2014; Singer et al., 2015Another DSB repair mechanism ighe homologous
recombination (seel.4.]), which can occur whea donor template is providddeviewedin:
(Webster et al., 201%)For P. falciparum parasiteggenemodification the template includes
HRsfor thetarget geng¢hatflanksa selection marker. Upon ZFiNduced [85Bs, the DB get
repaired using the template which resittghe elimination of the target genan event that
can be selected using the newly inserted matkgo et al., 2012Straimer et al., 2012Yhe
insertionof point mutations waalsoshown usinghe HR/markemethod(McNamara et al.,
2013)

25



Introduction

1.4.5 CRISPR/Cas

The clustered regularly interspaced short palindromic repeat (CRIG&$®) system can be
used for all kinds ofgene editing such as the generation afeletiors, insertiors, or
introductionof mutationsandfor gene taggingFor this the Cas9 endonucleasgluces DSB
guidedto the targeted locusy RNA (Cong et al., 2013; Jinek et al., 2013; Mali et 2013)

In P. falciparumparasitesthe DBS canthenbe repairedby the repair pathways introduced
above (seel.4.4. In comparison to ZFH§ the CRISPR/Cas9 system is cheaper and also
easier because ZFNs have to be engineered for every appmwhereasCRISPR/Casds
directed to the correct site usingmparably easily designed guide RNAs KoningWard et

al., 2015) In P. falciparumparasitesCRISPR/Cas9 was established in two proof of principle
studiegGhorbal et al., 2014; Wagner et al., 2014)

1.4.6 Cre and FLP recombinases

Cre and FLP are recombinases that can be usegef@ deletion or inversiofbauer, 1987,

Zhu et al., 1995)For this the gene of interest has to be flanked by two targeting sequyences
one upstreamndthe other onelownstreamThese sequencean for exampléeloxP- or frt-

sites and depending on their orientatjadhe gene is inverted or deletdebr the deletion of
essential genean inducible recombinase is needeecause a permanent deletwould lead

to parasite death. The inducible system for the Cre recombinase is called Di@enaists

of a split Cre ecombinasevhich becomesactivaed by dimerization uporaddtion of the
ligand rapamycin(Jullien et al., 2007; Jullien et al., 2003)iCre was first adapted to

T. gondii (Andenmatten et al., 20138nd later adjusted fd?. falciparumparasitegCollins et

al., 2013) In Plasmodiunparasites also theLP-FRT systemwas established faronditional

mutagenesim pre-erythrocytic stage@_acroix et al., 2011)

1.4.7 Genesilencing by RNA interference

In eukaryotes RNA interference(RNAI) is useal for gene silencingas a regular cellular
procesgBernstein et al., 2002; Coen et al., 1988; Jorgensen, 1988)mechanism is based
on small interfering RNAs (SiRNAs) which interact with messenger ribonucleic asid
(mRNA). Consequentlythe mRNA is degradedy activation of ribonucleaseer the
inhibition of translation The siRNAs can alsbe artificially introducedinto the cellfor gene
manipulation(Agrawal et al., 2003; Hamilton et all999) P. falciparum parasitedack this

mechanism anthusthe opportunity of gene silencing by RN@aum et al., 2009)
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1.4.8 Tetracycline-controlled transcriptional activation

The Tetracyclinecontrolled transcriptional activatigfTet) system allows gene regulatidy
controlling the activity of thggromotorof the gene of interest. With this systéranscription

of the target genés reversibly turned off or onlTo use the Tet system as a tool in gene
manipulation the original promotor has to be exchangedalgyromotor that includes several
tetracycline operators (TetOfreviewedin: (Berens et al., 200B) In order to achievea
knockdown (Tetoff), the TetO promotoresponddo an antibiott which inhibits binding o&a
transcriptional transactivator domain (TRAD)to the operatorswhich then inactivates
expressionof the gene of interestn P. falciparum parasitesthis technique was the first
successfugene regulation syste(Meissner et al., 2009hat was also adopted fBr. berghei
(mouse malariajPino et al., 2012)However,in P. falciparumparasitesthe Tetsystemhas

notbeen usednhuchatfter its original publication

1.4.9 Degradation of mRNA by ribozymes

Ribozymes are ribawucleic acid enzymeghat cleave the mRNA in which they are
incorporated The DNA which encodes for ribozymes can be inseited t he 306 untr ¢
region (UTR)of anmRNA. The activation of ribozymes leads to degradation of the mRNA

ard consequentlyo a lower expression of the corresponding profElores et al., 1997)n

P. falciparumparasitegshe gimSribozyme system is used, which leadsselfcleavageupon

addition of glucosaming~or some targetknock down levelf over 80 % were achieved

with this systen{de KoningWard et al., 2015; Prommana et al., 2013)

1.4.10Aptamers and the TetRDOZI system

Aptamers are single stranded DNs#ad RNA oligonucleotide sequences which can bind
molecules with a high specificitAptamers are abl® bind proteins, growth factoramino
acids, virus particles or antibioti¢gllington et al., 199Q)In Plasmodiunmparasites the most
recent aptamer method is term&dtR-DOZI (Belmont et al., 2010; Goldfless et al., 2014;
Hunsicker et al., 2009; Niles et al., 2008dr this systena repeat of ten aptamerstasgets

t he 3 df thatelr&ycline repressor protein (Tet®)tothe mMRNA.TetR in turn binls to
the mRNAdecapping proteiDOZI which leads to decapping of the mRN#hichresults in
translational repressionThe addition of the druganhydrotetracycline(ATc) leads to
conformational changes dhe TetR protein and prevents aptamer binding and thereby

maintains protein synthegi&anesan et al., 2016)
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1.4.11Protein destabilization by destabilization domains

One methodo conditicnally deplete a protein of interest is the use of a destabilization domain
(DD). DD interact with a stabilizing ligand and so stabilize the pro{Banaszynski et al.,
2006) In absence of the ligandhe protein is destabilized and degraded by the ubiquitin
proteasome apparatus. Her falciparumparasitestwo different DDare used the FK506
binding protein DD(Banaszynski et al., 200&)hich can be regulated with tigand shield

1, andE. coli DHFR-DD (eDD) (lwamoto et al., 2010yvhich is stabilized by trimethoprim.

For the usein posttranslational contrglthe DD is fused tdhe N- or the Gtermirus ofthe
proteinof interest whichleads to itsdegradéon. In P. falciparumparasiteshe DD method
wassuccessfully used for a considerable number of proteins but unfortunately may work for
only about one in 10 proteirggrmstrong et al., 2007; de Azevedoadt, 2012; de Koning
Ward et al., 2015; Muralidharan et al., 201The eDD system appears to work mainly for
chaperones and therefore has not seen widé€Besx et al., 2014; Muralidharan et al., 2011)
Another destabilization approach is the auxin inducible dedgfonthis systenthe protein of
interest is fused to the auxin responsive AUX/IAA setpgewhich- in the presence of auxin

- recruitsan E3 ubiquitin ligase that in turn degrades the prdtemlip et al., 2015) Little

use is seen iR. falciparumparasitegKreidenweiss et al., 2013)

1.4.12Knock sideways

To asses protein functipthe ligandinduced dimerization of the FKBP and FRB protéias
been used for a broad variety of approadiB=maszynski et al., 2006; Belshaw et al., 1996;
Chen et al., 1995; Choi et al., 1996; Liang et al., 1988)ereby theublication of Robinson

et al. termedther ligandinduced dimerization of the FKBP and FRipproachd&nock
sideway$(KS) (Robinson et al., 201@nd in apublication of Haruket al.a similar approach
was termedanchorawayd (Haruki et al., 2008)Iin P. falciparumparasitesthe SLI technique
(see.1.4.3 alsoallows- as shown in Figure 6FRB dimerizationto FKBP, which is already
included in the primary construct for GFP tagging. The tagged protein can thus rapidly be
removed from its sit®f action via a second protein containing FRB upon the addition of a
small molecule dimerizer (rapalodn P. falciparumparasitesthe KS wastested for a set of

30 proteingBirnbaum et al., 2017; Birnbaum et al., 2020hile having agood KS success
rate, the speed and level of regulation can vary with the tangetin some cases the system

does not worKBirnbaum et al., 2017)
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control ! + rapalog

Nucleus\ site of action Nucleus\ site of action

NLS NLS
. q 4
(7= -

Cytoplasm @ Cytoplasm

&8 FKBP @ FRB B
- «® small molecule dimerizer (rapalog)
b’ target ? domain domain

Figure 6: Schematic of the principle for knock sideways using the nucleus as site for mislocalisation.
In the figure theKS principle is shownLeft) The tagged protein is located its site of action and the mislocalizer with a

nuclear locatin signalRight) The tagged protein idimerized under the addition of rapalog, to the mislocalizer argbis
removed from its site aiction.NLS nuclear localisation signal; mCh, mCherfygure from(Birnbaum et al., 2017)

1.5 Plasmodium@nknown proteinsband their potential

Although malaria research has made great progress, math isiknown about this disease
and especially aboute specific biology of malaria parasit€ehis specific biology is of
particular interest tdrug developmenasmalariaparasitesareeukaryotic cellssimilar to the
cells ofthe human bodyand thuschemicals affecting its basic processes are likely to also
negatively affect the human hos$tor drug development, it is therefore importanidientify
andinvestigate thgarasitespecificbiological processes, as these providetisigupoints for a
specific inhibition of the pathogen without host damdggsed on the present annotation of
theP. falciparumgenomet hasnot beenpossible to assign a functiontmanyof the encoded
proteins (according to PlasmoDB (Aurrecoechea et al., 20§). These proteins without
homology to proteins in other organisms are likely to have paigis#teific functions and
therefore of high interesRecent research on parassgecific functions focuskon a few
well-defined processes such as protein exploaigmoglobin uptake and red blood cell
invasionof the parasiteOne reason for this is that the study of unknown proteins is difficult
as, until recently, robust systems for conditional gene or protein inactivation had been lacking
and because the lack of rhologues gives no indication for a possible function of these
proteins. he unknown proteinencoded by the parasite thereftiboura high potentiato
unravel novel biology of the parasite and are of intei@strug developmendas they may

revealthe parasités Achilles hees.
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1.5.1 Genome wide screens

To identify essentialgenesin a first step, genome wide screening is usefal.date two

genome wide screength this goal hae been carried out with malaria blood stage parasites

1.5.1.1 PlasmoGem(Bushell et al., 2017)

The PlasmoGem screen aimed for the identification of essential genes and pathways in
P. berghej amalaria parasite infecting rodents timbften used as a model fBrfalciparum
parasiteglue to the comparatively ease of using genetic tools and the possibility to iobtain
vivo data The study measured relative competitive growth rates of 2,578 barBodbedghei
knockout mutanten the mouse hosby comparing the relative growth of poolsmiitants by
simultaneously caransfecting multiple barcoded vectofhis resulted in data faver 50%

of the genes From these resulisthe authorscreateda phenotype databas&he study
postulates that twthirds of theP. bergheigenes are requiretbr relative asexual intra
erythrocytic growth invivo. In comparison to any other organisriiis is the highest

proportion of genesssentiafor growth (Figue 7) (Bushell et al., 2017)

C. elegans T. gondii

‘ S. cerevisiae ‘

Salmonella T. brucei

P. berghei

Figure 7: Frequency distribution of phenotypes among different organisms.
The schematic frequency distribution depigenespostulated asequired for normal growtfred), genes that are postulated

to lead to a growth reduction (blue) and genes which are postulated to be dispensable for growthA(glyeell gnes
where it was not distinguished betweethality and reduced growth phenotypase shown irred/bluestripes Modified
from (Bushell et al., 2017)

1.5.1.2 Saturation-based mutagenesis scredzhang et al., 2018)

The saturationbased mutagenesis scretargets the same questions ag tRlasmoGem
publication, but usesa different approach andimportantly uses the human parasite
P.falciparum Genomewide screens forP. falciparum parasitesare for different reasons
difficult to conduct(de KoningWard et al., 2015)The authors claim to overcontbese
difficulties using piggybac transposon mutagenesisWVith the piggybac transposon
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mutagenesighe authorsggenerated over 38,000 mutanssturatingthe genomeThe study
found that ~ 3000 blood stage expressed genes are essential for oppanasitegrowth
(Zhang et al., 2018)

1.5.2 Protein interactome studies

Protein interactomerevealinsightsinto uncharacterized proteins and their possible function
on aproteome wide scaleThey uncover local and global functional relationships between
gene productgesulting in an interaction network

The first approacho investigatehe P. falciparumprotein interaction network wasrried out

in 2005 (LaCount et al., 2005)The authorsf the studyused a version of theyeast twe
hybrid assayFields et al., 1989With P. falciparumprotein fragments combinatiorwith an
informatic analys of network connectivity. The authors of the study claim that they found
2846 uniqueprotein interactionswheremost ofthe protein interactionsiclude at least one
previously uncharacterized protefhaCount et al., 2005)Unfortunately the results of this
study are nowery reliable,as easilyimplemented assays to confirm the resalts missing
(Brown ¢ al., 2011)andthe expression oP. falciparumgenes in yeass poor(LaCount et

al., 2009; Sibley et al., 1997Additionally, the expression of protein fragments might not
confirm the interaction of full lengtP. falciparumproteins(Brown et al., 2011)

Another P. falciparum protein interactome study was done in 20@&erein~ 68 % of the
parasiteproteomewas analysedand provide functional inferences for more than 2000
uncharacterized proteinsased on the correspondiagsociation networkDate et al., 2006)
Ther method for interactome maps is based on the statistical Bayesian wioele the
authors incorporate combuously uniform updated, reference prior&dditionally they
superimposed their data @h yoelii, T.gondii, and Cryptosporidium parvumgenomesto
show relationships between these parasitesed on retained functional linkag&sate et al.,
2009.

A protein interactomenetwork for Plasmodiumschizontswas conducted byillier et al.
(Hillier et al., 2019) The authors of thistudy combied machine learning withlue native
polyacrylamide electrophoresiad quantitative mass spectrometijhe study spanned three
species and identified over 20,000 putative protein interactions, organized into 600 protein
clusters. Thewthorsconcludethattheir interactomeaepresents Aighc onydence map o
native organization ofore cellular processes Plasmodiunmparasitesand that lhe network

reveals putative functions for uncharacterized protgiilser et al., 2019)
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1.5.3 Protein evolution

Despite proteome studieshe origin of manyproteins inP. falciparum parasitesis still

unknown Especiallythe P. falciparump a r a sumkmoenrd oteins show nsimilarity to

known proteins in other organisn@itside the Apicomplexdl his circumstance leads the

guestion, ifthe unknown proteins and tirefunction have their origin in an evolutionary
ancestry(divergent evolutionpr didthey raiseddenovéd ( conver gent evol utii
During divergent evolution, differences accumulate within one species, |e@adapgciation

(Gross, 1967)One Example to illustrate divergent evolution in general, is the evolutionary
devel opment of 0flyingé frogs originated f
comparison to tree frogs, the oO0flyingd fr o
enlaged hands and feet with webbing in between, and they reduced their weight. This
adaption enables them a gliding fligltmerson et al., 1990This process might also happen

on protein level, so that the term divergent evolution can be applied to proteins derived from
homologous genes with independent functidrisat could either happen through a speciation

event (orthologous genes) or by gene duplication (paralogous genes). In both cases, the
protein function derived independently from a similar ori@fitch, 1970) An example for

divergent evolution on protein level might be maltimain proteins witllemandingunction

raised from proteins @mains with primitive function(Huang et al., 2008)Divergent

evolution seems aldom be capable of pushing homologous proteins to achieve different folds

and various sequencgsrishin, 2001; Murzin, 1998)

Convergent evolution is the presence of a similar feature which is not related to common
ancestorgTunstad, 2013)An general example of convergent evolution are the wings of birds

and bats which have the same function (analogtrustasres) but originated from different
ancestor§Machado et al., 2016)Convergent evolution might also happen witpioteins

due to limited variations in which polypeptides fdtd physiochemical reason3his isfor
exampleassumed foantifreeze proteins that share similar structural attrib@&sen et al.,

1997; Davies et al., 2012ndhairpintlike structuregTomii et al., 2012)
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1.6 Aims of thethesis

Malaria research has made great prsgiia the recent years, butny aspects of the biology
of the parasite are not or only partially understodthe key players dr a deeper
understandingf the P. falciparump a r a ®ioldgyaddsapotential treasure for future drug
development are the. falciparumproteinsannotatedvith dinknownfunctiomd To date tools
for analysing a large number dfiese proteinsare sil missing or have limitationsfor
examplegenomewide screenfiaveso far only investigated gene essentiality without further
functional analysis.This thesisaims to usethe SLI method (Birnbaum et al., 2017jo
systematically investigatthe unknown proteins on chromosomea8 proof of principleto
uncover novel, essential and parasipecific biology by

1 (i) providing theirlocalizaion

1 (i) determiningwhich of these proteins are essential

1 (iii) analysng the function ofelectedessential targgiroteirs

1 (iv) generaing a resource focell lines that can also be used by the community for

functional analysis
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2 Materials

2.1 Technical devices

Device

Agarose gel chamber
Analytical Balance
Autoclave

Bacterial incubator
Centrifuge
Centrifuge
Centrifuge
Centrifuge

Confocal microscope
Electro blotter
Electroporator
Electroporator

Flow cytometer
Fluorescence microscope
Gel imager

Ice machine

Laboratory scale

Light microscope
Microscope digital camera

Microwave

P. falciparumcell

culture incubator

PCR mastercycler
pH-meter

Photometer

Photometer

Pipettes

Pipettor

Pipettor

Power supply

Roller mixer

Shaking Incubator

Sterile laminar flow bench
Sterile laminar flow bench

Thermoblock

Ultrapure water purification
UV transluminator
Vacuum pump

Vortexer

Specifications

Sub Cell GT basic
870

V120

Thermo function line
J2HS

Avanti }26S XP
Megafuge 1.0R
5415 C

Olympus FV1000
Phase

Gene Pulser XCel
Nucleofector I AAD1001N

LSR I
Axioscope 1
ChemiDoc XRS+
EF 156 easy fit

AcculabAtilon-ATL

Axio Lab A1
Orca C474295

Micro 750W
Heratherm 1GS400

Epgradient
SevenEasy

Bio Photometer plus
Nano Drop
1-10/200/2000 pl
Matrix Cellmate Il
Pipetboy acu
PowerPAC 300
STR6

Max Q4000

Sterile Gard Il Advance
Safe 2020

Thermomixercompact
Milli Q

PHEROIum 289

BVC Contorl

Genie 2

Company
Bio-Rad,Minchen

Kern

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

Amaxa Biosystems,
Germany

BD Instruments, USA
Zeiss, Jena
Bio-Rad,Munich
Scotsmann, Venon Hills,
USA

Acculab Sartourius,
Gottingen

Zeiss, Jena

Hamamatsu Phototonics
K.K.

Whirlpool, China

Thermo Scientific,
Langenselbold
Eppendorf, Hamburg
Mettler-Toledo, Giel3en
Eppendorf, Hamburg
Eppendorf, Hamburg
Gilson, Middleton, USA
Thermo Scientific, Schwerte
IBS, USA

VWR, Taiwan

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

Eppendorf, Hamburg
Merck, Darmstadt

Biotec Fischer, Reiskirchen
VacuubrandWertheim
Scientific Industries, USA
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Waterbath

GFL, Burgwedel

2.2 Chemicals

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

(HEPES)
1,4-dithiothreitol (DTT)

3-(N-morpholino)propansulfonic acid (MOPS)
4'6-diamidinc-2-phenylindole (DAPI)

Acetic acid Roth

Acrylamide/Bisacrylamide solution (40 %)

Agar LB (Lennox)
Agarose

Albumaxll

Albumin bovine Fraction V (BSA)

Ammonium persulfate (APS)
Ampicillin

BactdM Pepton

BactdM yeast extract BD
Biotin Sigma

Blasticidin S

Bromophenol blue

Calcium chloride (CaG)
Concanavalin A @50 Sigma
Desoxynucleotides (ANTPs)
D-Glucose

Dihydroethidium (DHE)
Dimethyl sulfoxide (DMSO)
Dipotassium phosphate

Disodium phosphate

Dulbecco's Phosphate Buffered Saline (DPBS)

Ethanol
Ethidium bromide

Ethylenediaminetetraacetic acid (EDTA)

Gentamycin

Roche, Mannheim
Biomol, Hamburg
Sigma, Steinheim
Roche, Mannheim
Roth, Karlsruhe
Roth, Karlsruhe
Roth, Karlsruhe
Invitrogen, USA
Gibco, Life Technologies, USA
Biomol, Hamburg
Applichem, Darmstadt
Roche, Mannheim

BD, USA

BD, USA

Sigma Aldrich, Steinheim
Invitrogen, USA

Merck, Darmstadt

Sigma Aldrich, Steinheim
Sigma Aldrich, Steinheim
Thermo Scientific, Lithuania
Merck, Darmstadt

Cayman, Ann Arbor, USA
Sigma, USA

Merck, Darmstadt

Roth, Karlsruhe

PAN, Biotech, Aidenbach
Roth,Karlsruhe

Sigma, Steinheim

Biomol, Hamburg

Ratiopharm, Ulm
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Giemsabdbs azur e, eosin
Glutardialdehyd (25 %)
Glycerol

Glycine

Human red blood cells Sterile, concentrate

Hydrochloric acid (HCI)
Hypoxanthin

Isopropanol

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

Milk powder

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

Paraformaldehyde (PFA)

Percoll

Phenylmethylsulfonylfluorid (PMSF)
Potassium chloride

Protease inhibitor cocktail ("Complete Mini")
Rapalog (A/C Heterodimerizer AP21967)
RPMI (Roswell Park Memorial Institutédyfledium
Rubidium chloride

Saponin

Sodium acetate

Sodium bicarbonate

Sodium chloride

Sodium dihydrogen phosphate

Sodium dodecyl sulfate (SDS)

Sodium hydroxide

Sorbitol

[3-Mercaptoethanol

Tetanolysin

Trichloroacetic acid

me Merck, Darmstadt

Roth, Karlsruhe

Merck, Darmstadt
Biomol, Hamburg

Blood bank,
Universitatsklinikum Eppendorf
(UKE), Hamburg

Merck, Darmstadt
Sigma, Steinheim

Roth, Karlsruhe

Roth, Karlsruhe

Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe

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

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

Roth, Karlsruhe
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Tris base
Triton X-100

Water for molecular biology (Ampuwa)

Roth, Karlsruhe
Biomol, Hamburg

Fresenius Kabi, Bad Homburg

2.3 Labware and disposables

Labware and disposables
Conical falcortubes
Cryotubes

Culture bottles
Disposable pipette tips
Eppendorf reaction tubes

Filter tips
Flow cytometry tubes

Glass cover slips

Glass slides

Gloves, latex

Leukosilk tape
Multiply -puStrip Pro 8Strip
PCRreaction tube
Nitrocellulose blotting
membrane Protean
One way canulas
One way syringe
Parafilm

Pasteur pipettes
Petri dishes

Plastic pipettes
Sterile filter

Transfection cuvettes

Specification
15 ml, 50 ml
1.6 ml
50 ml

1-10/26:200/10601000 pl

1.5/2ml

1-10/26:200/20601000 pl

55.1579
24x65 mm thickness
0.130.16 mm

Amersham 0.45 um

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

0.22 pm

0.2cm

Company

Sarstedt, Numbrecht
Sarstedt, Nimbrecht
Sarstedt, Numbrecht
Sarstedt, Numbrecht
SarstedtNumbrecht
Eppendorf, Hamburg
Sarstedt, Numbrecht
Sarstedt, Numbrecht

R. Langenbrinck,
Emmerdingen
Engelbrecht, Ederminde
Kimtech Science EcoShield
Braun, Melsungen

BSN medical

Sarstedt, Numbrecht

GE Healthcare

Braun, Melsungen
Braun, Melsungen
Bemis, USA

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

NucleoSpin. Extract Il

NucleoSpin. Plasmid

QIAamp DNA Mini Kit

QIAGEN Plasmid Midi Kit

Western BloECL-SuperSignal West Pico

MachereyNagel, Diren
MachereyNagel, Diuren
Qiagen, Hilden

Qiagen, Hilden

Thermo Scientific, Schwerte

2.5 Solutions, buffers and nedia

2.5.1 Media and buffers for microbiologic culture

10x LB stock solution

Ampicillin stock solution

Glycerol freezing solution

Kanamycin stock solution

LB Agar plate solution

LB medium

SOB

Transformation buffer

10 % NacCl

5 % Peptone

10 % yeast extract
in dH0
autoclaved

100 mg/ml indH.O auoclaved

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

Kanamycin 30 mg/ml in kO

1.5 % AgarAgar
in 1x LB medium

1 % (w/v) NaCl

0,5 % (w/v) pepton

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

0.5 g NaCl

20 g tryptone

deionized HO, to 950 ml

5 g yeast extract

10 mIKCL solution 50 mM)
Adjust pH 7.0

5 ml MgCk (2M)

3 g/l PIPES (10 mM)

2.2 g/l CaC4-2H20 (15 mM)
18.6 g/l KCI (250 mM)
10.9 g/l MnC}-4H.0
Adjust pH 6.7
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2.5.2 Solutions and buffers for cell biological experiments

2.5.2.1 P. falciparumin vitro culture

60 % Percoll solution

Amaxatransfection buffer

Blasticidin Sdeaminas¢CID) working

solution

DHE stock solution (10x)

DHE working solution (1x)

DSM1 stock solution (50x)

DSM1 working solution

FACS stop solution

G418 working solution

6.7 ml Percoll stock solution

3.3 ml RPMI complete medium

90 mM NaPQ
5 mM KCI

0.15 mM Cad
50 mM HEPES
pH7.3

in dH0

sterile filtered

5 mg/ml BSD in RPMI complete medium

sterile filtered

5 mg DHE
in 1 ml DMSO

0.5 mg DHE
in 1 ml DMSO

187,5mM DSM1 in DMSO

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

0.5 ul Glutaraldehyde (25%)

in 40ml RPMI complete medium

50 mg/ml in RPMI complete medium

sterile filtered
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H033342 stock solution (10x)

H033342 working solution (1x)

Human red blood cells

Parasite freezing solution (PFS)

Parasite lysis buffer

Parasite thawing solution (PTS)

Percoll stock solution

Rapalog (AP21967) stock solution

Rapalog working solution

RPMI complete medium

4.5 mg Ho33342
in 1. ml DMSO

0.45 mg Ho33342
in 1 ml DMSO

Blood group O+, terile concentrate,
Blood Bank Universitatsklinikum Eppendo
(UKE), Hamburg

4,2 % (w/v) DSorbitol
0,9 % (w/v) NaCl

28 % (v/v) Glycerol
in dH20

sterile filtered

4 % SDS
0.5 % Triton
0.5x PBS

in dHO

3,5 % (w/v) NacCl
in dH0

sterile filtered

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

500 mM in ethanol

1:20 dilution of stocksolution in RPMI

complete medium

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

Transfection buffer (Cytomix)

WR99210 stock solution

WR99210 workingsolution

12 mM NaHCO 3

6 mM D-Glucose

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

in dH0

sterile filtered

5 % (w/v)D-Sorbitol
in dHO
sterile filtered

120 mM KCI

150 uM CaCi

2 mM EGTA

5 mM MgCbh

10 mM K 2 HPQ/KH2 POy
25 mM Hepes

pH 7.6

in dH20

sterile filtered

20 mM WR99210
in DMSO

1:1000 dilution of stock solution in RPMI
complete medium

sterile filtered
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2.5.3 Solutions and buffers for molecular biological experiment

2.5.3.1 DNA precipitation

Sodium acetate

Tris-EDTA (TE) buffer

1M NaAc, pH 5.2

10 mM TrisHCI pH 8,0
1 mM EDTA
pH 8,0

2.5.3.2 DNA gel electrophoresis

50x TAE

6x Loading buffer

2 M Tris base

1 M Pure acetic acid
0.05 M EDTA

pH 8,5

40 % Glycerol (v/v)

2.5 % (w/v) Xylene cyanol

2.5 % (w/v) Bromophenol blue
in dH0

2.5.3.3 Gibson assembly buffers

5x isothermal reaction buffer (8l)

3ml1MTrisHCl pH 7.5
150 pl 2 M MgCl

60 pl each of 100 mM
dGTP/dATP/dTTP/dCTP
300 i1 MDTT

1.5 g PEG3000

300 pl 100 nM NAD

ad 6 ml dHO
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Assembly master mixture (1.2 ml) 320 pl 5x isothermal reaction buffer
0.64 pl 10 U / pl TSexonuclease
20 pl 2 U / pl Phusion DNA polymerase
160 ul 40 U / ul Tag DNA ligase
ad 1.2 ml dHO

2.6 DNA- and protein ladders

Reagent Company
GeneRul er E1000 bp | Thermo Fisher, Waltham MAJSA
PageRul er E pr est ai nThermo FishelWaltham MA USA

PageRul er E unst ai n e Thermo Fisher, Waltham MAJSA

2.7 Polymerases and mzymes

Enzyme/Polymerase Company

FirePol. DNA Pol y me SolisBiodyne, Taipei, Taiwan
Phusion. HighFidelity DNA Polymerase  NEB, Ipsvich, USA

U/ ¢l ]

Restriction enzymes NEB, Ipswich, USA

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

Tag DNAcligase (40UEl) NEB, Ipswich, USA

2.8 Antibodies

Antibody coupled Streptavidin For pulldown of proteins GE Healthcare
beads Sepharose life science, lllinois,
USA

2.9 Fluorescencalyes

Dihydroethidium Cayman Chemicals, Michigan, USA
Hoechst 33342 ChemodexGallen, Switzerland
DAPI Roche Basel, Switzerland
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2.10Plasmids

Plasmid Source

pSLI-sandwich (pARLI2xFKBP-GFP2xFKBP-T2A-Ned®) (Birnbaum et al., 2017)
PSLI-TGD (pARL1-GFRT2A-Ned) (Birnbaum et al., 2017)
crt5 6 UT R _ IFRBihGherry (BSD) (Birnbaum et al., 2017)
hsp865 6 UT R _ 3FRBHhGherry (BSIH) (Birnbaum et al., 2017)
nmd35 6 UT R _ 1FRBHhGherry (DSMY) (Birnbaum et al., 2017)
nmd35 6 UT R_ m®&&lahi3 (DEME) (Birnbaum et al., 2017)
crt5 6 UT R_ IFRBIT28-PAOmCherry (BSH) Flemming, unpublished
nmd35 6 UT R _ BXGGFGESFRB-mCherry (DSMF) cloned by KruséJonscher et
(BirA-Nb) al., 2019)

nmd35 6 U FriRCherry FRB-2xGGGGSBIrA* (DSM1R)  cloned by KruséJonscher et
(BirA-Ch) al., 2019)

2.11 Oligonucleotides

All oligonucleotides were synthesiddy SigmaAldrich (Steinheim).

2.12 Bacterial and Plasmodiumparasite strains

Escherichia coliXL-10 Gold Tetgp( mcr A) 1 8 JisdGMRma7
endAl supE44 thl recAl gyrA96 relAl lac
Hte[F6 pr oAB | acl q Z
(Tet)Amy Canf]

Plasmodium falciparur8D7 Clone of NF54 isolate (MRA000) isolatec
from a malaria patient near the Amsterd
airport(Walliker et al., 1987)

2.13 Software and bioinformatic tools

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

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

Corel Draw X8

Corel PhotePaint X8
GraphPad Prism 6.0d
HHpred

ImageJ 1.48v

Imaris x64 7.8
Microsoft Office2016
MotifScan

PlasmoDB

Xcellence rt v5.2.0.3554

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

Corel Corporation, OttawdJSA
GraphPad Software, La Jolla, USA
https://toolkit.tuebingen.mpg.de/#/tools/hhpr
Open Source (http://rsbweb.nih.govi/ij/)
Bitplane AG, Ztrich, Schweiz

Microsoft Corporations, Redmond, USA
http://myhits.isksib.ch/cgtbin/motif _scan
Plasmodb.org

Olympus, Hamburg
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3 Methods

3.1 Molecular biology methods
3.1.1 Polymerase chain reaction (PCR)

Polymerase chain reaction is used for amplification of specific DNA fragments. To do so, a
unique forward and reverse primer has to be designed which is then used for flanking the
DNA target sequence. The fragment is then potentially amplified in each. cylok cycle
comprises: denaturation, annealing, and extension. The denaturation splits the DNA into
single strains for the annealing of the primers. The elongation rebuilds the double strands,
using a DNA polymerase which starts at the primers. The op&im@aling temperature can

be calculated using the melting temperature. Elongation times depend on the used polymerase
and the size of the DNA fragment. For analytical purposes (Table 1 and 2}oliey
screens, integration checks, excision cheEKREPoP DNA Polymerase (Solis Biodyn&jas

used and for preparative PCRs (Table 3 andPH)sioff High-Fidelity DNA Polymerase
(NEB) was taken.

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

Reagent Volume [pl]
Ampuwd& H,O 6.4

MgCl (25 mM) 0.6

dNTPs (2 mM) 1

Forward Primer (10 mM) 0.4
Reverse Primer (10 mM) 0.4

10x FirePol Buffer 1
FirePol DNA Polymerase 0.1
DNA template 0,1

Table 2: PCR conditions for analytical purpose

Cycle number Denaturation Annealing Elongation
1 2 min, 95 °C - -
2i 30 30s,95°C 30s,4568°C 1 min/kb, 6872 °C
31 10 min, 72 °C
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Table 3: Phusion PCR mix (50 pl batch)

Reagent Volume [pl]
Ampuwe® H,O 30.4
dNTPs (2mM) 5

Forward Primer (10 mM) 2

Reverse Primer (10 mM) 2

5x PhusionBuffer 10
PhusionDNA Polymerasé2 U/ul) 0.3

DNA template 0,3

Table 4: PCR conditions for preparative purpose

Cycle number Denaturation Annealing Elongation
1 2 min, 95 °C - -
2130 20s,95°C 30 s, 4572°C 0.5min/kb, 72 °C
31 5min, 72 °C

PCR products were checked for correct size by agarose gel electrophoresis and subsequently
purified (see3.1.2.

3.1.2 Purification of PCR-product and digestedvectors

For isolation and purification of DNA fragments, plasmids and digested vectors, the
NucleoSpiff Gel and PCR Cleanp kit (MachereyNagel)were used. The kit used a column
that binds the negative charged DNA to a silica membrane. The foll@leagnceof lysate,
binding, washing and elutiomere performed according to the protocol.

3.1.3 Restriction digest of DNA PCR and vector products

Restriction approaches were conducted with enzymes from NEB and their restriction buffer
CutSmataccording to the manufacturerdés protocec
were mixed with0.5-1 pl (1.5 U Enzyme/ ug DNAand 5 pul buffer. Additionally, Dpnl, for

cutting methylated DNA of the plasmid, was added in case of plasmid as PCR template. In
case of vector digestion, ~ 1 ug of vector was added to a 50 pl mix. The digestion mix was
incubated at 37°C for 3 h.
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3.1.4 Ligation of DNA

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

Gibson assembly.

3.1.4.1 T4 DNA ligase

T4 DNA ligase is an enzyme which repairs DNA double strength breaks by catalysing
phosphodiester bonds between the 3 prime hydroxyl group at one side and the 5 prime
phosphate group of the other siofethe DNA fragment. In the lab, the T4 is used for fusion

of templates and vectors. T4 was prepared as shown in Table 5 and incubated-eltheat3

room temperature or at 4°C overnight.

Table 5: T4 DNA ligation mix

Reagent Volume [ul]
10x T4 ligase buffer 1

T4 ligase 1
VectorDNA 0.5
PCRproduct 7.5

3.1.4.2 Gibson assembly

Another method for ligation of inserts into a linearized vector is the Gibson assembly. The
method is based on overlaps (~-140 bp) of the inserts, homologue to the ends of the vector
or other DNAfragments. The Gibson assembly allows fusion of up to 6 different inserts and

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

Table 6: Gibson mix

Reagent Volume [pl]

Assembly master mixture 7.5

Vector DNA 1
PCR product 0.5
Ampuw& H,O Ad 10

3.1.5 Plasmid isolation

For low amount of plasmid DNA (mifpreparation) 2 ml LB medium was inoculated with a
PCR positive bacterial colony and incubated overnight at 37°C / 750 rpm. The next day, the
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plasmid DNA was isolated with the NucleoSpin Plasmid Kit (Mactdagel) accorohg to

their protocol.

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

the QlAfilter Plasmid Midi Kitwas performed accordingo t he manuf acturer 6s

3.1.6 DNA precipitation

For DNA precipitation, 50 100 pug plasmid DNA was mixed with 1/10 volume of sodium
acetate (3 M, pH 5.0) and three volumes of pure ethanol. Subsequently, the sample was
centrifuged at maximum speed for 10 min and then washed with 70 % of ethanol. For
transfection, the pellet was solvad10ul or 20 ul TE buffer, depending on the transfection

method.

3.1.7 External cloning by Life Technologies

A part of theinitial gene candidates, were cloned by Life Technologies (Darmstadt).
Therefore, the vectorspSLI-sandwich (pARLI2XFKBP-GFP 2xFKBPRT2A-Ned)
(Birnbaum et al., 2017and pSLITGD (pARL1-GFRT2A-Ned®) (Birnbaum et al., 2017)

were provided to Life Technologies (Darmstadt). Additionally, the homology regions were
sent to Life Technologies (Darmstadt), which cloned these sequences in the according

Vectos.

3.1.8 Sequencing of plasmid DNA

To ensure that a vector or an insert was correctly amplified and inserted without mutations,
every further processed clone was sent to SeqBSalguence Laboratorie&ottingen)for
sequencing. The mixture included 20800 ngplasmid DNA (usually 3ul), 3 pl of 10 mM
sequencing primer (forward or reverse) and adjusted td Alpuwe® H,O.

3.1.9 Agarose gel electrophoresis

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

added into a pocket next to the sample. The electric field was applied with 10 volts/cm for
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35min. The DNA is sepated due to its negative charge and the molecular sieve originating
from the gel. The UMight DNA visualisation was done in ti@hemiDoé¢ XRS (Biorad)
imager and also imaged with thmagelLab software

3.1.10Genomic DNA isolation

Genomic DNA isolation was udeto confirm correct integration of plasmid into the target
genomic locus or genomic DNA as templated for PCR. For isolationp60blood from at

least 1 % parasite containing (trophozoites or schizonts) culture was used and processed with

theQlAamp DNAMiniKitiaccor ding the manufacturerds prot

3.2 Microbiological methods

3.2.1 Preparation of chemically competent. colicells

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

plasmid multiplication. The following protml is based on Inoue et éinoue et al., 1990)

For preparation, 10 ml LB medium containing |3¢ / ml chloramphenicol were inoculated
with a fresh glycerol stock of X110 gold bacteria in a 50 ml falcon (lid not totally closed)
and cultivated at 37°C / 130 rpm overnight. The next day, 200 ml SOB medans
inoculated with 5ml overnight culture and incubated at 18°C / 160rpm until @igRof 0.45

T 0.6 (201 24h) was reached. The culture was then split into four 50 ml falcons and stored
for 10 min on ice. Next, the falcons were centrifuged at 3000rdl5 min at 4°C. The
supernatant was then discarded, and the pellet was resuspended in 20 ml ice cold
transformation buffer. Subsequently, the falcons were chilled for 10 min on ice. Afterwards,
another centrifugation (3000 g, 15 min, at 4°C) and swtan discarding step followed. The
pellets were then mixed with 16 ml ice cold transformation buffer (each pellet in 4 ml). The
mixture was pooled and 1.2 ml DMSO was applied by gently swirling. The competent cells
were divided into prehilled Eppendorftubes (100ul aliquots) and frozen immediately in

liquid nitrogen or dry ice mixed with ethanol. The cells were storéBarC.

3.2.2 Transformation of plasmid DNA in chemically competentE. coli cells

Transformation of plasmid DNA uses chemically competencoli cells (see3.2.1). For
transformation, a 10@u competent cell aliquot was gently thawed on ice and afterwards
mixed with 5pl of T4-, or 10ul of Gibson ligated vector. The mixture was then stored on ice
for 20 min. Subsequently, a heat shock (42°C) for 30 was applied, followed by chilling the
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sample on ice for 5 min. The transformation mixture is plated on a LB agar plate containing

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

3.3 Cell biological methods

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

Continuous cell culture oP. falciparumwas conducted by the use of a special growth
medium (RPMI1640 containing 0.5 % Albumax) and the addition of O + erythrocytes
(transfusion bloodUniversitatsklinikum Hamburdgppendorf) The haematocrit of the culture

was adapted to 5 % , and in case of an introduced parasites resistance, the related drug was
additionally applied. For selection after transfection, the following drugs were available:
WR99210(used concentration uc. 4 nM), Blasticidin S (used concentratiog 2ml) and

DSM1 (used concentration OfM). For integrant selection, 400 pug / ml G418 (Neomycin)

were added to the parasites cultures. The parasites were cultured in pesriatidiincubated

at 37°C inside a box containing a gas mixt(5éo6 O, 5% CQ, and90 % N>). The culture

was checked by Giemsa smear and microscopy every day or every second day. Based on the
smear, the medium of the culture was changed or the cultusedinged 1/10,1/20/40

depending on parasitemia.

3.3.2 Blood smears and Giemsa staining

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

Figure 8: Blood smear preparation

Top: A blood dropfrom the cell culture is applied (red) to a microscopy slide (light biddlle : Blood drop gets in contact
with the pusher slid@ight blue in45° angle)Bottom: Smearing the blood drop in a quick and smooth mo@back arrows
indicate the directiofior puling (arrow directing to the right) and pushing (arrow directing to the left).
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The fixed slide was transferred for staining iG@msa's azur eosin methylene blue solution
(Merck, Darmstadt, Germany) and incubated for at least 5 min. Next, tleevgisl washed

with tab water and dried by dapping it with a tissue. Finally, the stained smears were analyzed
by using a microscope (Carl Zeiss, Oberkochen, Germany) with optical magnification of
6007 1000

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

Freezing P. falciparumparasites can be storedia80°C for a few years or in liquid nitrogen

for longterm storage. The freezing procedure needs a culture containing at least 1 % ring

stage parasites. First, the ttue was centrifuge@800 x g, 3 min, room temperaturend

after centrifugation, the supernatant was discarded. Next, the pellet was resuspended in 1 ml

malaria freezing solution and transferred to a 2 ml cryotube. The tubeomasientiosly

labelledand immediately frozen. For long time storage in liquid nitrogen, the software My

Samples was used for administration.

Thawing: Cryo-stabilates were thawed in a 37°C water bath for 80 s and subsequently

transferred into a 2 ml reaction tube. The tdwmmtaining theparasites wereentrifuged

(2000x g, 3 min, at room temperature) and the supernatant was afterwards removed. The

pellet was resuspended in 1 ml malaria thawing solution and washed once witarpred

RPMI medium. The washed culture wasrttieansferred into a petri dish for cultivation.

3.3.4 Sorbitol synchronization of P. falciparum parasites

The sorbitol synchronization uses the new permeation pathway of the parasite for cell lysis.
This pathway is built up after 18 h so that parasite fram IB h (ring stage parasites) are not
affected. For ring stage synchronization, the culture was transferred into a falcon and
centrifuged (3 min, 1800 x g, at room temperature). Afterwards, the supernatant was
discarded, the pellet resuspended in 5 xpikléet volume of prewarmed (37°C)®orbitol in

dH.O. The culture was then incubated in the water bath for at least 7 min at 37°C and
centrifuged (3 min, 1800 x g, at room temperature) after incubation. Subsequently, the
supernatant was discarded and thiuce was washed once with RPMI medium. The culture

was then cultivated further.

3.3.5 Purification of P. falciparuminfected erythrocytes with a Percoll gradient

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

uninfected RBCs and ring stage parasites. The Percoll gradient is composed of three different
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Percoll concentrations (40 %, 60 %, 80 %). The three concentrations were carefully layered
(each layer 450 500ul) in a 2 ml Eppendorf tube. The pelleted culturas resuspended in
200l RPMI medium and put on top of the gradient without disturbing the Percoll phases.
Next, the tube including the gradient was centrifufEs000 x g, 5 min, room temperature)
which caused a separation into four phases. The mimag® contains merozoites and debris,

the two layers below schizonts (middle top) and trophozoites (middle low). In the pellet, rings
and uninfected RBCs can be found. The favoured phase was transferred to a new 2 mil
Eppendorf tube and washed three tivwgs RPMI medium.

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

resuspended either in RPMI medium or TE bufbr transfection.

3.3.6 Saponin lysis

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

spectometry, a special lysis buffer was used and the lysate was stor80«E.

3.3.7 P. falciparumtransfection by electroporation

P. falciparumtransfection was performed with two different electroporation methods.

53



Methods

Ring stage transfection:

For ring stage transfection, the BioRad system was used. Thereforgil 280a ring
synchronized parasite culture (parasitemia af 50 %) was mixed with 10Qug of DNA
(dissolved in 2Qul TE buffer) and 38%ul cytomix. Subsequently, the mixture was tif@nsed

into an electroporation cuvetf® mm, BioRad)and then electroporatedith GenePulser
Xcell ( 350 VAfter BléctrofoFation, Ehe ppjasites were transferred into a petri
dish for cultivation. The medium was changed every day for 5 days,aéter 24 h the
selection drug was added.

Segmeter transfection:

Another even more efficient transfection method is the electroporation of segmenters
Therefore, a segmeter synchronized culture (parasiternid® %) was purified with 60 %
Percoll (see8.3.5 and the segmenter layer was transferred into an 15 ml falcon and washed
with pre warmed RPMI medium and resuspended ipl9®ansfection buffer. Additionally,

20- 50 g of DNA (dissolved in 1Qul TE buffer) was added to the segmenter mix and
subsequently electroporated with the Amaxa systeacleofector II AAD-1001N, program
U-033) in an electroporation cuvet(8 mm, BioRad) The electroporated segmeters evédren
transferred into a 2 ml reaction tube containing pre warmed (37°C) blooquj3@&dd 200ul

RPMI medium. Subsequently the reaction tube was incubated for 30 min at 750 rpm. After
incubation the content of the reaction tube wassferred into a petri dish for cultivation. The
medium was changed every day for 5 days in a row. Twieniyhours past transfection the

selection drug was added.

3.3.8 Selection for transgenicP. falciparumcell lines

The SLI system (se&ehler! Verweisquelle konnte nicht gefunden werden. allows i
ntegration of episomal plasmids into the genoifeerefore, the pSksandwich or the pSELI
TGD, containing lie target region of the gene of interest, was transfected into the parasite
(see3.3.7) and selected by use of WR. Next, instead of WR, G418 (fovadentration o#/00

e g/ ml) or Dsml (final concentration 1.8M) was added to a mixed culture with a
parasitemia of 4 10 %. The following 7 days the medium was changed daily and after one
week every second day until the parasites appeared. The custareept for at least 56 days

in culture; in case of neappearance after this time period the culture was discarded. During
the selection process Giemsa smears were done regularly to cregmbearance of parasites
and in the beginning (day one to day rpto avoid overgrowing. In case of-appeared
parasites, the genomic DNA was isolated 34e€1Q and a PCR to check correct integration
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was performed. The PCR alshowed if original locus was still present and, in that case, WR

was applied for two more. falciparumcycles.

3.3.9 Knock sideways induction

For KS induction, an integrated parasite (containing an episomal mislocalizer) cell line was
grown and synchronized according to duespecification of the experimeniust before the

start of the experimenhe culture was split into two similar volumé3ne served as negative
control culture without the addition of rapalog and the second as positive control containing
250 nM rapalogAP21967, Clontech)The KS was analysed, by fluorescence microscopy or
FACS assay (se8.3.1).

3.3.10DiQ-BiolD of P. falciparumproteins

The biotin labelling was performed with two times 150 ml culture of transgenic parasites
(parasitemia 2 5 %) containing a with SLI integrated taggedhgeand an the episomal
BirA* -FRB-FRB-mCherry plasmid. For more accuracy also a cell line with therminal
construct was prepared and sent for rsgmesctrometry. The two cultures were grown for 20
up to 24 h in presence of Biotin and one with the aduifi@addition of rapalog (250 nM final
concentration). The cultures were feed every eight hours to avoid overgrowing. After the
incubation, the cultures were lysed with saponin (£&8.9. For massspectrometry, the
lysate was thawed twice (on ice) and frozen @Q@°C) for complete lysis. For debris
sedimentation the samples were centrifuged (10 min, 16000 x g) and the supernatant was
transferred into a falcon. Nexhe samples were diluted in a ratio of 1:2 with a mixture of
50nM TrisHCL pH 5,5, 2x protease inhibitor cocktall, nM PMSFE Afterwards,50 pl
StreptavidinSepharosdeats(equilibrated in 50 nM TrisHCLpH 7.5)were added and the
mixture incubated in &orizontal rolling incubator over night at 4°C. The following day, the
samples were centrifuged (1 min, 16000 x g) to sediment the streptavidin beats in a 1.5 ml
reaction tube and washed twice with lysis bufterce in prechilled Ampuw& H.0, twice in

cold TrisHCI (pH 7.5) and at the enldree times withcold TEAB (100 mM). Each washing

step consisted of an incubation period of 2 min in a horizontal rolling incubator, followed by
centrifugation (2 min, 16000 ¢). The sedimented streptavidin beats wersuspended i60

ul TEAB (100mM) and sent on ice for maspectrometry analysis to the Bartfai lab
(Radboud Institute, Nijmegen, Netherland§he lab used multiplex peptidetableisotope
dimethyl labelling for quantification
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3.3.11Growth assay by flow cybmetry (Boersema et al., 2009)

Flow cytometry was used to analyse daily growth over a time period of five days. The method
is already described bfMalleret et al., 2011)For growth assay, a mixed, transgenic KS
culture was measured hSRII flow cytometer(counting 100,000 events) and analysed with
FACSDiva to determine parasitaemia. Next, the culture was adjusted by splitting the culture
into two petri dishes to 9.1 %. For one dish KS was induced (s28.9 and the other
served as negative control without rapalog. On day one, two, three, four and five an aliquot of
20 pl was stained for 20 min (with 7@ RPMI, 1 ul Hoechst 33342, 1l dihydroethidium)

and afterwards inactivated (with 4p0RPMI containing 0.003 %lutaraldehydgin a FACS

tube. Afterwards, the parasitaemia was again analysed by LSRII and FACSDiva.

3.3.12Parasite stage assay by microscopy

To analyse specific growth defects and phenotypes, a growth assay with tightly synchronized
parasites was performed. Therefore, a mixed culture was synchronized with sorbitol (see.
3.3.4 and grown for ~ 36 h until it reached segmenter stage. Next, the segmenters were
isolated by Percoll (se®.3.5 and given into a prevarmed (37°C) mix, containing 10 ml
RPMI and 50Qul blood. Subsequently, the parasites were incubated {fiowesion for 6 h at

37°C. After incubation the culture was again synchronized with sorbitathieve Q 6 hpi

old parasites. The culture was then split into 4 x 2 ml petri dishes, whereby in two dishes the
KS was induced and the others served as negative cohwol.trays each (positive and
negativeKS) were incubated irone box. Every six hous until 60 h Giemsa smears and
fluorescence microscopy were performeadth the box being changed at every samplittg

keep the growth as stable as possible. The stages were then analysed by microscopic counting

and stage evaluation.

3.3.13E64 bloated food vaaole assay

The E64 bloatedV assay was performed with a sorbitol treated culture synchronized to a
stage window of 10 18 hpi, with a parasitaemia of approximately 5 %. The culture was
grown for 8 h until the parasites reached young trophozoite stagé 268h). To obtain
parasites size at time point zero, a sample was removed before the culture was split into two
petri dishes. In both dishes E64 protease inhibitor (Sigma Aldrich) with a final concentration
of 33 uM was added. In the positive sample K&snnduced (se&.3.9. The cultures were
incubated for another 8 h and subsequently stained4astiug/ ml dihydroethidium for 20

min at room temperatureNext, the samples were washed, blinded and imaged by
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fluorescence microscopy. The analysation was done with ImageJ by scoring B\atedd

measuring parasites size. Statistics are des

3.3.14Vesicle accumulation assay

For vesicle accumulation assay a transgenic parasite culturercogttie KS plasmid was
synchronized with sorbitol (se8.3.4 to a stage window of D 18 hpi. The culture was then
grown for 16 h until it reachetifophozoite stage and split into eight different petri dishes. In
four dishes KS was induced (se&3.9; the others served as negative controls. Four
individual baxes were equipped with pairs of treated and untreated dishes and incubated at
37°C. After 2, 4, 6 and 8 hours a box with one pair was removed and the samples were
analysed by microscopy. The samples were blinded and the vesicles counted in the DIC

image.

3.4 Microscopy

3.4.1 Live cell and fluorescence ricroscopy

Many experiments, like live cell and florescence samples, were analysed by microscopy with
microscopes from Zeiss (Axiolmager M1 or M2) containing a filter s&3s 44 and 6{also

from Zeiss, a.Q-HXP 12Q a cameralamamatsWrcaC474295), two numerical aperture
lenses 100 x/ 1.4and63 x/ 1.4) and the Axio Visor0 v4.7.0.0software. The imaging was
performed as described by Gruring et (&ruring et al., 2012) Further image editing was
done with Corel Phot&aint X 8. f the experiment requireit, the parasites were stained with
DAPI (1 pg/ pl) and / ofTubulin TrackeE deep red (0.5 ug / jl

3.4.1.1 Confocal imaging

Confocal imaging allows 3D reastruction and time lapse imaging of fluorescent parasites.
The imaging process, especially the time lapse imaging, required a special preparation. On the
day before the experiment, the parasite culture was checked for sufficient parasitemia and, if
requred, KS was induced. Additionally, 14 ml RPMI medium was mixed with QL5ml of

blood (overnight medium) and incubated at 4°C. The next day, the medium blood mix was
transferred into 2 ml reaction tubes and incubated at 37°C, 750 rpm until it was weed. T
hours before the experiment ~ 200conA (cell culture grade Sigma C0412, 0.5 mg / ml final
concentration) were added to the bottom of an ibidi dish (uncoated; #81151). The lid was
closed and the dish was incubated foii 2D min at room temperaturé the meantime, 500

pl of parasite culture was transferred into a 1.5 ml reaction tube and centrifuged (1 min, 1000
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X g). After centrifugation, the supernatant was removed and carefully washed (three times)
with dTPBS. Finally, the pellet was resuspended00 pl dTPBS. Next, the conA was
removed from the ibdi dish by washing it three times with 1 ml dTPBS and the parasites were
added. The ibidi dish lid was closed and the dish was incubated for 10 min at room
temperature. During incubation the overnightdium was centrifuged two times with
keeping the supernatant (3 min, full speed) to get rid of the RBCs. After the dish was
incubated, unbound parasites were removed by washing the bottom of the ibidi dish with
dTPBS until the dTPBS stayed clear. The dBREas then exchanged for 8.5 ml supernatant

of the overnight medium and sealed with parafilm. Finally, the bound parasite culture was
transferred to the incubation chamber of the confocal micros&@lgenpus FluoView 100D

The imaging was adjusted and tmfled by the FluoView software. For image processing,

Imaris and Corel PhotBPaint software was used.
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4 Resuls

4.1 Selection ofP. falciparumgenes with unknown function

For functional investigation d?. falciparumgenes with unknown function, a defined number
of geres had to be selected (Figure Because a subset of genes with unknown function on
chromosomeneandtwo were already analysed by two lab members of the Spielmann group
(Master Thesis, Sabine Schmidipd Jakob BirnbauniBirnbaum et al., 2017)for this
project, genes of chromosome (249 gene3 from P. falciparumstrain 3D7were selected
(Figure 9) using the miaria gene database Plasmoljilease31 (Aurrecoechea et al.,
2009). Due tothe use of knock sidewaysede 1.4.12 genes with a signal peptidgéygene$

and afterwards genes with a transmembrane dond&rgéne$ were removed (Figuré;

usng PlasmoDB). For the investigation of only unknown genes, all genes annotated with
unknown function (according to: Plasmo§Burrecoechea et al., 2009)were chosen30
gene}, informed by an additional BLAST sear€Altschul et al., 199Q)where genes with
homology(evalue<1le50 and percent i detity O 55 %)
excluded {06 genes Figure9). The functunal investigation d?. falciparumgenesin this
projectis based on in vitro culturingg€e.2.5.2.), wherefore in the last selection step, only
those genes were chose8@ene$ which were expressed erythrocytic stages (Le Roch
supplement table S{Le Roch et al., 2003)expression ieel for the erythrocytic cycles
013.7). Finally, the selection resulted 38 genesfor further investigation. Therefore the
indivifual homology regiongTable 7;1.4.3. of the selected genegere cloned into the pSLI
sandwich(pARL1-2xFKBP-GFR2xFKBP-T2A-Ned?) vector for knockin and endogenous
tagging and th@SLI-TGD (pARL1-GFRT2A-Ned?) for target gene disruptiofBirnbaum et

al., 2017)
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chromosome signal transmembrane unknown function
3 peptide domain /| BLASTp Le Roch
249 genes 2101 genes 3382 genes ~ 2600 genes 5159 genes
3D7
el A OREN OEXCIENC)
249 genes 194 genes 145 genes 39 genes 33 genes

Figure 9: Schematic of selection strategy of the unknown genes from chromosome 3.
The sekction steps are depicted in venn diagrams (black circles); the selected genes (green filling, bottom gene numbers)

were choosen for the next selection step, resulting in a final set of choosen genes (underlined green genes). The selection
steps (top royare shown from left to right (black arrows). The amount of genes within each selection criteria is shown
beneath the criteria descriptiohhe gene selection untlld5 genes was performed using PlasmoBBASTp, basic local

alignment search tool for protein sequences; Le Roch, expression level for the erythrocytic cycles (supplement table S1 from
(Le Roch et al., 2003) Final set of selected candidates are shown in BD#lciparumstrain.

4.1.1 PfRab5b as proof of principle

During selection and cloning of the candidates,Rfitab5b (Rab5bjQuevillon et al., 2003)
protein was chosen as proof of principle to carry out a thorough functional analysis intended
with the selected candidatesorRhis Rab5b was endogenously tagged with 2xF«&EHP,

using SLI(Birnbaum et al., 2017and cetransfected with an episomally expressed 1xNLS
FRB-mCherry (BSI¥) (Birnbaum et al., 201 7nislocalizr expressed under tleet promotor
(Flemming, 2015). This cell line was further analyzed in this project. Firstly, the kinetics of
mislocalisation after induction of the knock sideways experiments was analyzed. Efficient
mislocalization to the nucleus wasident already 15 min after addition of rapalog (to induce
the knock sideways), which stayed stable duyrie following hours (Figure 1@®\).
Examination of the culture after overnight inactivation (21 h) of Rab5b by knock sideways
revealed the accumuiah of vesiclelike structureswithin the parasite (Figure 18, black

arrow heads). Next, a growth analysis was performed to assess the importance of Rab5b for
parasite development. The analyses revealed a reduction in growthPiRedyh-2xFKBP-
GFR2xFKBP was inactivated (Figure B)and Appendix4).
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Figure 10: Knock sideways and growth analysis of Rab5b

A) Representative live cell images of cell line expressing endogenous PfRab5b fused to BFRBX FKBP ( 6 GFPO6) wi
an @isomally expressed IXN:tBRB-mCher ry mi sl ocal i zer (6mCherryo). The cell
served as control (control) wi thout rapal og, and the seco
samples for live cell imagg were taken after 15 min, 1 h, and 21 h. Black arrow heads point to vesicles inside the parasite.

Scale bars 5 um, DIC (differential interference contrast), merge (merged green and red cBarfP@tasite growth as

determined by flow cytometry of PfRab2xFKBP-GFR2xFKBP knock sideways parasites grown in the presence of

rapalog (inactivated) and rapalog untreated parasites (control). One representative of three independent experiments (replica
shown in Appendix 4).
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In order to determine the stagarohg asexual blood stage development in which the growth
defect afterinactivation of PfRab% took effect, a more detailed growth analysis using
synchronous parasites was conducted. The parasites were monitored for 62 hours after the
induction of the knock sideways to gain insights into stage specific effects. The inactivation
of PfRab% showed naeffect on ring stage parasites, but revealed a delay in growth and an
arrest in trophozoite and schizont stages, compared twotiteol (Figure 11A, B). Parasites

grown in presence of rapalog for more than 42 h revealegbnormal morphology, asdged

by Giemsa smear (Figuedl B rapalog 48 h and 60 h), indicating an arrestPtiRab5b
inactivated parasites. After 42 Iparasites rown in presence of rapalpgdisplayed a
reduction in growth (of 5.5 % parasitemia) compared to the control (Fiduée. Starting

from 18 hpi, clear circular areas became apparent in the body of the parasites in Giemsa
smears (FigurélB black arrow heads). Such a phenotype was previously seen after
inactivation of PFVPS45, which indicated the presence of what appeared tmuligple
vesicles in the parasite cytoplagdonscler et al., 2019)This suggests the presencesath
vesicles also ifPfRab5b inactiated parasitesThese probable vesiclesncreased over time

(Figure11 B).

62



Results

A 10
M aberrant
| W segmenter
2 M schizont .
M late trophozoite
8 1 mid trophozoite

young trophozoite

7 ring I

% parasitemia
(4]

+ + -

vy

36 h 42h

control

rapalog

Figure 11: Rab5b is important for the survival of P. falciparumparasites.

A) One singe experiment of synchronized parasite cell line expressing endogérabsb fused to 2xFKBBFR-2xFKBP

with an episomally expressed 1XxNHERB-mCherry mislocalizer. Parasites were grown in the precence of 250 nM rapalog
for inactivation ofPfRab% (+) and without rapalog) over 60 h. Samples were taken after 12 hpi, 18 hpi, 24 hpi, 30 hpi 36
hpi, 42 hpi, 48 hpi and 60 hpi. The samples were smeared and stained with Giemsa for stage and parasitemi&)counting.
Shows representative Giemsa smedirgrown in presence of rapalog (rapalog) and rapalog untreated (control) parasites at
the specified time points, from the stage experiment shown in A. Scale bar 5 um, black arrow heads point to clear circular
areas in the body of the parasites (suggestisicles).

The Rab5b vesicle likgphenotype was then further analyzed and quantified over time in a
vesicle accumulation assg&yonscher et al., 2019or this assay, the inactivation Bab%®

via knock sideways was induced, in parasites synchronized to an 8 hour time window.
Effective mislocalization in rapalefjeated cells and a steadily increasing accumulation of
vesicles were obsesd ranging from 2.3 (S.D +1.2) vesicles per parasite (vpp) at 2 h post
induction to 6.3 (S.D +/4.7) vppat 8 h post induction (FigurE2, Figure 13and Appendix

1). Compared to the control with 1.3 (S.D-(%/4) vpp after 2 h post induction to 2.2QSt/-

1.4) vpp after 8 h post induction. 1.3 (S.D %/0) vpp were observed for parasites before
inductionof the knock sideways (Figure 13
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Oh

knock sideways (4 h) knock sideways (2 h)

knock sideways (6 h)

knock sideways (8 h)

Figure 12: Rab5b vesicle accumulation assay.
Representative live cell images of cell line expressing endogétfRab5b fused to 2xFKBBFR2 x FKBP ( 6 GFPd)

episomally expressed IXNEERB-mCherry mi sl ocalizer (6mCherryd). The cel
as control (contiy without rapalog, and the second was grown in the presence of 250 nM rapalog (rapalog). The samples for
live cell imaging were taken at the time points indicated. Black arrow heads indicate vesicles accumulating inside the
parasite. Scale bars 5 um, D(differential interference contrast), merge (merged green and red channel).
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Figure 13: Rab5b vesicle accumulation assay (quantification).

The assay was performed with tightly (parasites synchroized to an 8 h time window) sjzeth(trophozoite), parasite cell

line expressing endogenoB$Rab5b fused to 2xFKBBFR2xFKBP with an episomally expressed 1XNE®B-mCherry
mislocalizer. Starting culture was split into two cultures, one grown in the presence of 250 nM rapalog) (eaquhibe

other remained without rapalog (control). Samples were taken at the indicated time points (after KS induction) and the
vesicle count was performed based on DIC images. The figure displays data from three pooled individual experiments with a
total of 102 cells per time point and condition (individual replicas shown in Appendix 1). The rapalog and control conditions
of every time point were significantly different from each other (p<0.001, patest)t Error bars show S.D. and p stands for
p-value.

Subsequently, it was investigated if Rab5blawalizes with Kelch13. Kelch13 has recently
been shown to be involved in endocytq@gnbaum et al., 2020gnd Flemming cdocalized
PfRab5b2xFKBP-GFP with an endosomal marker 38 (P40mCherry (Flemming, 2015)
For colocalization, Kelchl3 was @&rminally tagged with mCherry and episomally
expressed in thé’fRab%-2xFKBP-GFRP-2xFKBP knock in cell line. In agreement with
previous resultgBirnbaum et al., 2017; Birnbaum et al., 202®elch13mCherry was
localized at foci in close proximity to the pa s IFV @iguse 14 K13-mCherry).The coe
localization experiment revealed thBfRab%-2xFKBP-GFR2xFKBP was present in foci
within the cytosol and at theV thatdid not celocalize withKelch13mCherry foci (Figure
14).
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Figure 14: Rab5b does not cdocalize with Kelch 13
Representative live cell images of cell line expressing endogenous PfRab5b fused to BFRBFX FKBP ( 6 GFP6) wi t

episomally expressed IXNEHERB-mCh er ry mi sl oc al i z &xFKBP-GRPAFEBP doednot.ctodaliz€cRa b 5 b
with Kelch13mCherry. Scale bar 5 um, DIC (differential interference contrast), merge (merged green and red channel).

To show thatPfRab5b is involved in endocytosis and the suspected veslikdastructures

in PfRab5binactivatedparasites, are intermediates of host cell cytosol uptdd@ved from
endocytosis, a bloatdeV assay withE64 (Jonscher et al., 2019as performed. E64 inhibits
hemoglobin digestion inside t#e/ (Bailly et al., 1992; Sijwali et al., 2004The addition of

E64 led to bloate&Vs in control cells aéir 8 h post induction (Figure 5 C and Apendix

2). In PfRab% inactivated parasites, 794 of parasites had naoatedFV (Figure 15A, C

and Appendix2). Hence annactivation of PfRab5bprevented the arrival of new host cell
cytosol in theFV. Additionally, the cell size was determined to confirm that the absence of
hemoglobin uptake and digestion does not arrest parasite developmentthati@irh of the
assay (Figure 1B and Appendix2). Even though parasitégrown in presence of rapalog)
are slightly smaller, trse parasites still grew over the 8 h assay time, demonstrating that
parasite death is not the reason for the lack of tahsp HCCU to the FV (Figurd5B and
Appendix2).
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Figure 15: Rab5b bloated food vacuole assay.

A left) Representative live cell images of cell line expressing endogé&fBab5b fused to 2xFKBBFR2 x FKBP ( 6 GF P& ) ,
with an episomally expressetixNLS-FRB-mCherry mislocalizerbefore treatment with E64 and rapalod right)
Representative live cell images af@eh knock sideways induced Rab5b cultures. For the experiment, a starting culture was
treated with 33 uM E64 and split into two dishes. One culture stayed withpatog (control), the other gwn in the

presence of 250 nM rapalog (rapalog). The cutwrere incubated for 8 h. After incubation, the cytoplasm was stained with
dihydroethidium (DHE) for live cell imaging. Scale bar 5 pm, DIC (differential interference contBjsStatistics of

parasite diameter from the experiment shown in @).Quantiication of bloated and nebloatedFVs from experiment

shown in A). The figure shows one representative experiments of three independent experiments (replicas shown in
Appendix 2). For all conditions, 34 cells were assessed per one experiment and sighiicawer e cal cul ated us
exact test. Cell size was measured with ImageJ software, and p standsiioz.p

In order todeterminethat thePfRab5bknock sideways growth phenotype is specific and not
caused by the presenceRiRab%-2xFKBP-GFR-2xFKBP in the nucleus rather than its loss
of function, thePfRab%-2xFKBP-GFR-2xFKBP knock sideways cell line was complemented
with an episomally expressedrictional copy oPfRab5b & codon adjusteBfRab5bfused to
2xmyc and expressed by virtue of @A skip peptide withIxXNLS-FRB-mCherryunder the
control of the crt promoter and selected witlBSD -named plasmidcrt-PfRab5b
codonadjuste@xmyc-T2A-1XNLS-FRB-mCherryBSD®). In a knock sideways growth
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experiment the complementation constructtoes] parasite growth (Figure 1A and
Appendix4). Additionally, the experiment revealed that rapalog had no effect on parasites,

confirming what was previously showBirnbaum et al., 2017; Jonscher et al., 2019)

4.1.1.1 Single point mutations in Rab5bGTPases

Rab5 GTPases have been shown to be involved in regulation of vesicular transport and
component of intercellular membranéBfeffer, 1992) Several studies revealed that the
cycling between GTPand GDP bound forms are critical in Rab proteindtion(Becker et

al., 1991; Tisdale et al., 1992; Walworth et al., 1992; Walworth et al., 1888ations that
introduced a strongly decreased (Q79L, &ldand)GTPase activity revealeghusual large
early endosomal structures. Mutations thatl a preferential affinity for GDP (S34N, p21
inhibitor revealed accumulation of very small endocytic vesicles for S®tbhmark et al.,
1994a) In order to further probe into the function of Rab5 GTPase®.ilciparum
parasites three different mutations were introduced into t#Rab5b complementation
corstructs ¢rt-PfRab5b codonadjustezkmyc-T2A-1xNLS-FRB-mCherryBSDR) resulting

in three complementingfRab5b versions containing the single point mutations S48N, N148I
or Q94L. S48N and N148l should have a preferential affinity for GDP and Q94L should
decrease GTP activity. The positions of the known GTRasgilating single point mutations
(Stenmark et al., 1994a) humans were aligned to the genomé ofalciparumparasiteand
inserted to the predicted positigAppendix3). The mutatd constructs were etransfected

into the PfRab%-2XxFKBP-GFR2xXxFKBP cell line resulting in three different
complementation cell lines. Unexpectedly, all three mutated Rab5b versions were able to fully
rescue the growth phenotype upon inactivation of thdogenous FKBRagged wild type
Rab5b via knock sideways and no phenotype vedsatied by microscopy (Figure B5i D

and Appendix4). As the mislocalizer, which was -expressed with the complementing
PfRab5b, was efficiently expressed, a lack of exprassibthe complementing construct
cannot explain this finding and it is also expected that this would have led to a growth
phenotype.

68



Results

O rapalog control O rapalog control o rapalog control >

control

rapalog

Rab5b complementation

.
(

Rab5b complementation S48N

. 2

>
P

Rab5b complementation Q94L

Rab5b complementation N148I

merge
(
J

ok

4

% parasitemia % parasitemia

% parasitemia

% parasitemia

+ t

control
rapalog

O A

1

T

2 3 4
days

control
- rapalog

1 2 3 4

days

- control
-= rapalog

bt

2 3 4
days

control
- rapalog

012 3 4
days

69



Results

Figure 16: Rab5b complementation cell lines.
Representative live cell images of cell line expressing endog&fBab5b fused to 2xFKBBFR2 x FKBP ( 6 GFP6) wi t

episomally expressed copy of: A-&ab5b codonadjuste2kmycT2A-1XNLS-FRB-mCherryB SDR ( 6 mChe+ r y 6) , B
Rab5b(S48N) codonadjust@dmyc-T2A-1XNLS-FRB-mCherryB S DR ( 6 mC h e fRabp{Q94L) dGdonadjusted
2xmyGT2A-1XNLS-FRB-mCherryB S D R ( 6 mCh er rRabYh(N148D)JodonadjustedkmycT2A-1XNLS-FRB-
mCherryBSDR ( 6 mCherryd) . The cell c ul tdws emtrol (centrod) withqut rapalogi nt o t w
and the other was grown in the presence of 250 nM rapalog (rapalog). The samples for live cell imaging were taken after 21 h

after induction of KS. Scale bars 5 um, DIC (differential interference contrast), merggethween and red channel). The

graph to the right of the image panels shows parasite growth as determined by flow cytometry of the respective cell lines,
showing parasite development grown in presence of rapalog (red line, rapalog) and rapalog yarasited (blue line,

control) over five days (one representative experiment of three independent experiments (replicas shown in Appendix 3)).

4.1.2 Functional investigationof P. falciparumgeneswith unknown function

Beside the proof of principle analysis BfRab5b, the83 genes selected from chromosome 3
were endogenously tagged with 2xFKBIFR2xFKBP by SLI using pSl-kandwich
(Birnbaum et al., 2017Apr localization and functional analysis. In this wpR1 proteins of

the 33 candidates were analyzed. The homology region (HR) for the genomeirknsokg
pSLI-sandwich varied from 437 to 957 bp in length for the analyzed target genes. To attempt
gene disruptions, the pSIOIGD plasmid was used (Birnbauet al., 2017) and HR in the-N
terminal part of the target gene was chosen that comprised between 273 up to 393 bp (Table
7).

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

Protein ID Assigned as HR (bp) Assigned as HR (bp)  Gene length
(bp)
PF3D7_ 0303100 M1 loc 723 M1 TGD 333 4326
PF3D7_0304300 M2 loc 747 M2 TGD 369 4290
PF3D7_0305200 M3 loc 957 M3 TGD 357 3420
PF3D7_0305400 M4 loc 573 M4 TGD 288 754
PF3D7_0305500 M5 loc 939 M5 TGD 372 11802
PF3D7_0306100 M6 loc 908 M6 TGD 348 2111
PF3D7_0307500 M7 loc 861 M7 TGD 359 1904
PF3D7_0307600 M8 loc 930 M8 TGD 362 2462
PF3D7_0307700 M9 loc 935 M9 TGD 300 6483
PF3D7_0307900 M10 loc 927 M10 TGD 342 11625
PF3D7_0308100 M11 loc 939 M11 TGD 393 5136
PF3D7_0308300 M12 loc 651 M12 TGD 273 1014
PF3D7_0308700 M13 loc 900 M13 TGD 291 1632
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PF3D7_0308800 M14 loc 437 M14 TGD 332 473

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

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

For pSLITGD six and for pSlidsandwich, four individual integration attempts were
performed respectively. Attempts were scored as faflew correct integration was achieved
after 8 weeks of selection with G418 (selection ifmiegrands Correct integration was
confirmed by PCR for 15 candidates for the pSahdwich construct to localize the
candidates and for subsequent functionatlistt M2, M4, M5, M9, M14 and M15 were
refractory to Gterminal tagging with 2xFKBRSFR2xFKBP-T2A-Ned?, which might
represent essential proteins that are inactivated by-tarn@nal tag, even though this
proportion was somewhat higher theeported previously (Birnbaum et al., 2017). For the
pSLI-TGD, knockins only M12was confirmed by PCR (Figure 17n case of correct
integration by pSLITGD, the gene was considered as dispensable for parasite gFawth.

one candidatean intermediateculture, with parasites expressing endogenous M3 fused to

pSLI-T GD and parasites wi t h wi | strved Figwe 17 6or i ¢

M3_TGD).
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Figure 17: PCR diagnostics to confirm correct integration of the plasmid into thelesired region of the genome.
PCR products from genomic parasite DNA of the cell lines (indicated by candiBatese shown above the agarose gels)

were applied and separated using agarose gel electrophoresis. Primers used are as postulatedrfatttoel Sdépicted in

Figure 1 from(Birnbaum et al., 201J), demonstr ai ting a PCR product across 560
bands in | anes | abelled 506ventabaprdc8dédofnorigsnall !l oass qlUadc
|l ane | abeled with O6original l ocusdé confirms that no parasi

original locus 3D7 serves as control. Shown right at the botkdanker ), shows marker bands which are indicated in bp of
the 1kb DNA ladder and can be used as guide for the markers in the gel images with the PCR produdtsckiidicie
(K1), wild type parasite line (3D7), target gene disruption using p8ED vecbr (TGD), gene tagging using pSkandwich
(loc).
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4.2 Candidate M1 (PF3D7_ 030310p

M1 (PF3D7_ 0303100is a protein predicted as a putative CLRIbép domaircontaining
protein, and consists of 1441 AA (according to: PlasmgBBrrecoechea et al., 200Q9)
BLAST searchAltschul et al., 1990)evealed no significant similarity {ealue09.9) outside
Apicomplexa, and a motif scan with MyHi{®agni et al., 20043howed no significant hit.
Using theHHpred server for protein remote homology detection and 3D structure prediction
(HHPred) to identify more remote relationships to known proteins or dor(@msnermann

et al., 2018}he best hit, with a putative similarity (HHPred probability sc@re 9 5to RA

was a ribonuclease, polynucleotide kinase domainChmetomiunthermophilum In a
saturatiorbased mutagenesis scrg@ang et b, 2018)M1 was classified as dispensable for
growth similarly the dhologue protein iP. bergheiparasitesvas identified as nerssential

for growth(Bushell etal., 2017)

To analyze M1, the corresponding gene product was tagged with 2xBBRXFKBP by
modification of theendogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M12xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure Y17
whereas no correct integration could be achieved for the corresponding @8Lplasmid.
Microscopy with tle M1-2xFKBP-GFR-2xFKBP cell line revealed detectable fluorescence
signal from early trophozoite to schizont stage on, whereas no fluorescence was detectable in
ring stage parasites. MAXFKBP-GFR2xFKBP was found distributed in the cytoplasm of the
parasie with additional noruniform foci and accumulations that in some parasites localized

at the parasite plasa membran€PPM)or the FV (Figure 1B
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Figure 18: Localization of endogenously tagged candidate M1 (PF3D0303100).
Representative I|ive cell i mages (n O 3 fluorescence micro

knockin cell line M1-:2xFKBP-GFR2 x FKBP ( 6 GFP®8) . The stages are indicated on
staned with DAPI. Scale bar 5 um, DIC (differential interference contrast).

To functionally analyzed M1, the M2xXFKBP-GFR2xFKBP cell line was caransfected

with an episomally expressed 1xNIERB-mCherry mislocalizeBirnbaum et al., 2017)
(Figure19 panel) and knock sideways was carried out. This revealed that M1 was efficiently
mislocalized to the nucleu24 h after addition of rapalog to inde the knock sideways
(Figure 19panel). However, growth afysis over five days showed no effect on parasite
growth in the parasites with the inactivated M1 compared to the control (FiQuyeowth

curve, and Appendix 5). In conclusion the knock sideways reveals that M1 dispensable for

growth of asexual bloodage parasites.
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Figure 19: Knock sideways and growth curve of endogenously tagged candidate M1 (PF3D7_ 0303100).
PanelRepresentative |live cell i mages (n O 3 fluorescence mic

of knockin cell line M1-2xFKBP-GFR2 x FKBP ( 6 GFP6) wi t h an -FRBimGhermnmikldcalizee x pr es s e
The cell culture was splinto two dishes: one served as control without rapalog (control), and the other grown in the
presence of 25AM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5

pm, DIC (differential interferenceontrast). The graph to the right of the image panelsshows parasite growth as

determined by flow cytometry of the MAXFKBP-GFR-2xFKBP knock sideways parasites grown in the presence of rapalog
(inactivated) and without rapalog (control). One represemtatif’ three independent experiments (replicas shown in

Appendix 5).

4.3 Candidate M2 (PF3D7_030430p

The M2 PF3D7_0304300 protein comprises 1429 AA and is annotatedcasserved
Plasmodiunprotein,with unknown function(according to: PlasmoDRBAurrecoechea et al
2009) BLAST search(Altschul et al., 1990)revealed no significant similarity outside
Apicomplexa, and a motif scan with MyHit®agni et al., 20043howed no significant hit.
Using HHPred to identify more remote relationships to known proteins or domains
(Zimmermann et al., 2018pnly hitsover short stretches or to common structural domains,
such as coiled coils were founbh the saturatiofbased mutagenesis scre@hang et al.,
2018)M2 was classified as dispensable for parasite growth. In contrastitiodogue protein

in P. bergheiparasiteqBushell et al., 2017yvas annotated as essential for parasite growth.
Attempts to disrupt the gene, using pSIGD were not successful. Also, endogenous C
terminal tagging with 2xFKB&SFR-2xFKBP was unsuccessful in four independent attempts,
indicating that Germinal tagging of M2 might interfere with correct protein function or

localization. This protein was therefore not further analyzed.

4.4 Candidate M3 (PF3D7_030520p

M3 (PF3D7_030520) is annotated as conservethsmodiunprotein withunknown function
(according to: PlasmoDBAurrecoechea et al., 29)). The protein consists of 1139 AA, and

BLAST search(Altschul et al., 1990yevealed no significant similarity with any protein
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outside Apicomplga. A motif scan with MyHits(Pagni et al., 20049howed a GRIP domain

in position1084- 1135(e-value:0.00043 which plays a role in Golgi traffickin(Barr, 1999;
Munro et al., 1999)The best hit usig HHPred(Zimmermann et al., 2018yith a putative
similarity to M3 was a myosin domain {Ballus gallus In the saturatiofbbased mutagenesis
screenZhang et al., 2018y13 was classified as dispensable for parasite growth, whereas the
orthologue protein if?. bergheiparasitegBushell et al., 201Avas annotated as essential for
growth.

To analyze M3, the corresponding gene product was tagged with 2xBkBRXFKBP by
modificaion of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M2xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
Parasites with a successful disruption of the gene coding for M3 were obtained, but
verification of correct integration of the plasmid in these parasites revealed that some
parasites in the population still comtad the intact locus (Figure M3_TGD). As judged by

PCR, the parasites with the disrupted locus disappeared after repeated selectR9210V

and G418 (neomycin), a procedure typically leading to the opposite effect and employed to
obtain clean disruption ling&igure 17.

Microscopy with the M2xFKBP-GFR-2xFKBP cell line revealed fluorescence detectable
levels from ring to segmenteragfes. In ring stages, M&FKBP-GFR-2xFKBP was visible
uniformly distributed in the cytoplasm witla single accumulation (Figure R0From
trophozoite to the segmented schizont stage the cytoplasmic localization remained together
with several foci that inease steadily in number with continued development in the asexual
cycle were observed. The foci were frequently, but not always, in proximity but not
overlgoping with the nuclei (Figure 20Nuclei typically had one or two foci of M3xFKBP-
GFR2xFKBP assciated, potentially indicating a Golgi or secretory pathway location.
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Figure 20: Localization of endogenously tagged candidate M3 (PF3D7_0305200).

Representative I|ive cell i mages ( nleasd203nspkedied cellsepsr session)eof mi cr o
knockin cell line M32xFKBP-GFR2 x FKBP ( 6 GFP&6) . The st ages are indicated on
stained with DAPI. Scale bar 5 um, DIC (differential interference contrast).

To functionally aalyze M3, the M2xFKBP-GFR-2xFKBP cell line was ctransfected with

an episomally expressed 1xNHERB-mCherry mislocalize(Birnbaum et al., 2017)Figure

21 panel) and knock sideways was carried. olihis revealed that M3 was efficiently
mislocalised to the nucleus 24 h after addition of rapalog to induce the knock sideways
(Figure 22 panel). Growth analysis over five days showed growth defect on parasite growth in
the parasites with the inactivat®B compared to the control (Figure 2ftowth curve, and
Appendix 5). Together with the failure to obtain a clean-BGD line for M3, this suggests

that M3 has some importance for efficient parasite growth in the asexual blood stage.
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Figure 21: Knock sideways and growth curve of endogenously tagged candidate M3 (PF3D7_0305200).
PanelRepresentative |ive cell i mages (n O 3 fluorescence mic

of knockin cell line M32xFKBP-GFR2 x FKBP ( 6 GFP&) wi t h an -RRBmGhermmikldcalizee x pr es s e
The cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the
presence of 258M rapalog (rapalog). The samples lige cell imaging were taken 24 h post addition of rapalog. Scale bar 5

pum, DIC (differential interference contrasffhe graph to the right of the image panelsshows parasite growth as

determined by flow cytometry of the M&FKBP-GFR2XFKBP knock sideways parasites grown in the presence of rapalog
(inactivated) and without rapalog (control). One representatifvéhree independent experiments (replicas shown in

Appendix 5).

4.5 Candidate M4 (PF3D7_030540p

M4 (PF3D7_0305400is annotatedas conserved protein witbnknown functionand is
composed of 145 AA (according to: PlasmolD®irrecoechea et al., 2009BLAST search
(Altschul et al., 1990yevealed a homology to an insulinase family proteivalee: 3el4,
percent identity: 26 %) iDesulfovibriohydrothermalis A motif scan with MyHits(Pagni et
al., 2004)showed no significant homology. Using HHPr@dmmermann et al., 2018pnly
hits over short stretch@s to common structural domains, such as coiled coils were fénind
the saturatiorfbased mutagenesis scrg@mang et al.,, 2018M4 was classified as essential
for parasite growth, similarly the orthologue proteirPinbergheiparasitesvas identifed as
essential for parasite grow{Bushell et al., 2017)Attempts to disrupt the gene, using pSLI
TGD were not successful. Also, endogenoushtefninal tagging with 2xFKBFSFPR
2XFKBP was unsuccessful in four independedtgmapts, indicating that -@&rminal tagging of
M4 might interfere with correct protein function or localization. This protein was therefore

not further analysed.

4.6 Candidate M5 (PF3D7_030550p

M5 (PF3D7_0305500 comprises 3933 AA and is annotated @mserve Plasmodium
protein with unknown function(according to: PlasmoDRAurrecoechea et al., 20Q9)
BLAST search (Altschul et al., 1990)revealed no significant similarity outside the
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Apicomplexa, and a motif scan with MyHi{Pagni et al., 20043howed no significant hit.
Using HHPred(Zimmermann et al., 2018nly hits over short stretches or to common
structural domains, such as coiled coils were foundthe saturatiofbased mutagenesis
screen(Zhang et al., 201815 was classified as essential for parasite growth. Similarly the
orthologue protein inP. bergheiparasiteswas identified as essential foagasite growth
(Bushell et al., 2017)Attempts to disrupt the gene, using pSIGD were not successful.
Also, endogenously @®rminal tagging with 2xFKBRE5FR-2xFKBP was unsuccessful in four
independent attempts indicating th&terminal tagging of M5 might interfere with correct

protein function or localization. This protein was therefore not fudhatyzed

4.7 Candidate M6 (PF3D7_030610p

M6 (PF3D7_0306100is annotated as conserved protein with unknown function and
comprises628 AA (according to: PlasmoDBAurrecoechea et al.,, 20Q9)BLAST search
(Altschul et al.,, 1990)revealed no significant similarity to other organisms outside
Apicomplexa, and a motif scan with MyHi{®agni et al., 20043howed no significant hit.
Using HHPred(Zimmermann et al., 2018)nly hits over short stretches or to common
structural domains, such as coiled coils were foundthe saturatiofbased mutagenesis
screen(Zhang et al., 2018M6 was classified as essential for parasite grosithilarly the
orthologue protein inP. bergheiparasiteswas identified as essential fgarasite growth
(Bushell et al., 2017)

To analyze M6, the corresponding gene product was tagged with 2xBEkBRxXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting inthe M6-2xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
whereas no correct integration could be achieved for the corresponding @8Lplasmid.
Microscopy with the M&xFKBP-GFR-2xFKBP cell line revealed detectable fluorescence
signal of M62xFKBP-GFR2xFKBP in all asexual parasite stages. The protein located to the

nucleus where it wasniformly distributed (Figure 22
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Figure 22: Localization of endogenously tagged candidate M6 (PF3D7_0306100).
Representative | ive cell i mages (n O 3 fluorescence micro

knockin cell line M62xFKBP-GFR2 x FKBP ( 6 GFP®8). The stages are indicated on
stained withDAPI. Scale bar 5 um, DIC (differential interference contrast).

To functionallyanalyzeM6, the M62xFKBP-GFR2xFKBP cell line was céransfected with

an episomally expressed HARB-mCherry mislocalizer for mislocalization to the PPM
(Birnbaum et al., 2017)Figure 23panel) and knock sideways was carried out. Inspection of
the cells after induction of the knock sideways revealed that the mislocalization was in
complete 24 h after inducinigp the parases with the inactivated M@n addition, reverse
localization from mislocalizer into the neels was also observed (Figure Z&el). Hence,

the knock sideways achieved only a partial inactivation. Growth analysis over five days
showed no effect on parésigrowth in the parasites with the inactivated M6 compared to the

control which may be due to the insufficienmislocalization (Figure 28rowth curve, and

80



Results

Appendix 5). In conclusion it is unclearttie M6 protein is important for growth of asexual

bloodstage parasites.
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Figure 23: Knock sideways and growth curve of endogenously tagged candidate M6 (PF3D7_030§100
PanelRepresentative |ive cell i mages (n O 3 fluorgssognce mic

of knockin cell line M62xFKBP-GFR2 x FKBP ( 6 GFPO6) wi t h a-RRBenghesyanisladalizey. Trex pr es s e
cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in thegiresence

250nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5 um, DIC
(differential interference contrgsfThe graph to the right of the image panelshows parasite growth as determined by flow

cytometry ofthe M62xFKBP-GFR-2xFKBP knock sideways parasites grown in the presence of rapalog (inactivated) and

without rapalog (control). One representative of three independent experiments (replicas shown in Appendix 5).

4.8 Candidate M7 (PF3D7_030750pD

M7 (PF3D7_030300 wasannotateds conserved protein with unknown function (according
to: PlasmoDB, release 3Aurrecoechea et al., 2009During the analysis of this protein the
name was chreged tospindle and kinetochorassociated protein 2, putatiyaccording to:
PlasmoDB, release 4@urrecoechea et al., 20Q9)The protein comprises 389 AA and a
BLAST search(Altschul et al., 1990)evealed a similarity to an uncharacterized protein DBB
from 17 346 AA in Piliocolobus tephosceldg-value 3e80, percent identity: 49 %). A motif
scan with MyHits(Pagni ¢ al., 2004)showed no significant hit. The top hits using HHpred
(Zimmermann et al., 2018yevealed putative similarities of M7 to thlmo sapienspindle
and kinetochorassociatd protein 3andspindle andkinetochoreassociated protein 1. The
saturatiorbased mutagenesis scre@thang et al.,, 2018)classified M7 as essential for
parasite growthSimilarly the orthologue protein iR. bergheiparasiteswas identified as
essential for parasite growth.

To analyze M7, the corresponding gene product was tagged with 2xBEKkBRxXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M72xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
whereas no correct integration could be achieved for the correspondingT@gd Iplasmid.

Microscopy with the M72xFKBP-GFR-2xFKBP cell line revealed detectable expression of
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M7-2xFKBP-GFR2xFKBP from young trophozoites to segmenter stagebeatend of the
cyde (Figure 24. The protein was uform, located in one (Figure 24r two foci(Figure 24
arrow head) close to the outer part of the nuclawose often towards the PPM. The M7
2XFKBP-GFR-2xFLBP focimultiplied with the number of nuclerhe outer part athe nuclei
typically had one ad sometimes two foci (Figure 2#&row head) of M2xFKBP-GFR

2XFKBP associated, might indicating a nuclear membrane location.
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Figure 24: Localization of endogenously tagged candidate M7 (PF3D7_03@0.
Representative | ive cell i mages (n O 3 fluorescence micro

knockin cell ine M7-2xFKBP-GFR2 x FKBP ( 6 GFP&6) . The st ages are indicated on
stainedwith DAPI. Scale bar 5 pum, DIC (differential interference contrast).
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To functionally analyse M7, the MZxFKBP-GFR2xFKBP cell line was cdransfected with

an episomally expressed FARRB-mCherry mislocalizeBirnbaum et al., 2017(Figure 26
panel) and knock sidewaysaw carried out. This revealed that M7 was efficiently
mislocalised 24 h after addition of rapalog to ioelihe knock sideways (Figure panel).
Growth analysis over five days showed severe growth defect on parasite growth in the
parasites with the inastited M7 conpared to the control (Figure afrowth curve, and
Appendix 5). Together with the failure to obtain a SIGD line for M7, this suggests that

M7 has importance for efficient parasite growth in the asexual blood stage.
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Figure 25: Knock sideways and growth curve of endogenously tagged candidate M7 (PF3D7_0307500).
PanelRepresentative |ive cell i mages (n O 3 fluorescence mic

of knockin cell line M7-2xFKBP-GFP-2 x FKBP ( 6 GFPO6) wi t h a-RRBenfhesyanisladalizey. Trex pr es s e
cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in thegfresence

250nM rapalog (rapalog). The samples for livel émaging were taken 24 h post addition of rapalog. Scale bar 5 um, DIC
(differential interference contrasifjhe graph to the right of the image panelshows parasite growth as determined by flow

cytometry of the M72xFKBP-GFR-2xFKBP knock sideways pasites grown in the presence of rapalog (inactivated) and

without rapalog (control). One representative of three independent experiments (replicas shown in Appendix 5).

Initial localization of M7Z2xFKBP-GFR2xFKBP indicated close localization at the outartp
of the nucleus often facing PPM. To understand how M7 behaved in relation to the parasite
nucleus, confocal time lapse imaging was performeeget spatigemporal information. The
M7-2xFKBP-GFR2xFKBP cell line thereforewas co-transfected with an egomally
expressed 3XNLEFRB-mcherry plasmidBirnbaum et al., 20170 see the nucleus during
time lapse imaging. For confocal time lapse imaging The2MFKBP-GFR-2xFKBP with an
episomally expressed Bk S-FRB-mcherry parasites were synchronized with sorbitol to a
time window of 8 h, coated on an Ibidi dish with a bottom suitable for microscopy and
imaged at the confocal microscope under culture conditions as described (Gruring et al.,
2011). Parasites ave imaged every 20 min using the 488 nM and B®@laser lines. M7
2XFKBP-GFR2xFKBP is displayed in greemd the nucleus in red (Figure 2@ime lapse
imaging of M72xFKBP-GFR-2xFKBP with an episomally expressed 3xNERB-mcherry
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plasmid over a time &me of 100 min, showed MZxFKBP-GFR2xFKBP from O min to 40
min, in a focus at the outer part of the nucleus (Figére@ min to 40 min). From 20 min to

40 min M7-2xFKBP-GFR2xFKBP fluorescence signal seemed to brighter in comparison to
the M7-2xFKBP-GFP-2xFKBP fluorescence signal at the 0 min time point (Fig@ed2min,

20 min, 40 min). After 60 min one nucleus was seen with twe2kFKBP-GFR2xFKBP

foci (Figure B, 60 min). The MZ2XFKBP-GFR2XFKBP foci seemed too migrated to
opposite directions ahé outer part of the nucleus (Figuré 30 min to 100 min At time
point 100 min two individual nuclei were seen with each one2MFKBP-GFR-2xFKBP foci

at the outer part of the nucleus (Figu® 200 min). These experiments might indicate an

association of Mseparatiorwith the division of the nucleus.

Figure 26: Candidate M7 (PF3D7_0307500) confocal time lap imaging.

Top row) Representative confocal live cellimagem O 3 confocal time | apse i maging ses
per session) of M2xFKBP-GFR2xFKBP cell line (green) with an episomally expressed 3xREB-mCherry plasmid

(red). The images show maximum intensity projections of 3D recatising of the merged green and red signal.
Additionally, the Gaussian filter of the Imaris software was applied for image processing. The images were taken every 20

min (time points labeled above the pictures) over a time frame of 10Botiom row) Schenatic model(not representative

results)of top row confocal images. The images are color codes of the 3D max protection transferradhieriBticsScale

bars 5 um.

Due to the localization of M2xFKBP-GFR-2xFKBP, the apparent separation of M7 foci

with nuclear division in the confocal time lapse imaging andpifeglictedhomology to the
human protein SKAZaccording to: HHPredZimmermann et al., 2018)it is possible that

M7 is the parasite orthologue of SKA2. To better assess this, approprisdeatpation
markers were selected. Because microtubules are associated with SKA2 in eukaryotes
(Helgeson et al., 2018; Jeyaprakash et al., 2@h#@)centrins might play an essential role in
microtubule servingSanders et al., 1994; Wolfrum, B)9the centrins marker Centrin3,

which was already used I falciparumparasites(Mahajan et al., 2008yas choosen as €0
localizaton maker. ThereforePfCentrin3 was @erminally tagged with mCherry and co
transfected (kindly performed by Jessica Kimmel) into the-2MFKBP-GFR-2xFKBP

integration cell line. The Centrin3 foci appeared to be positioned more towards the PPM
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while M7-2xFKBP-GFR2xFKBP foci appeared to be more abs facing the nuclei
(Figure27). Centrin3mCherry and M2xFKBP-GFR2xXFKBP were located very closely
together and partially overlppd(Figure 27.

Figure 27: M7 (PF3D7_0307500) ctocalization with Centrin3. ]
Representative | ive cell i mages (n O 3 fluorescence micro

knockin cell line of M7-2xFKBP-GFR-2xFKBP (green) with episomally expressed Centnin3Gherry (Centrin3, red).
Parasite nuclei were stained with DAPI (blue). Zoom pictures are displayed with a 3x magnification (grey square). Scale bar
5 um, DIC (differential interference contrast).

Next, M7-2xFKBP-GFR-2xFKBP was cdocalized with tubulin taletermine the involvement
of M7-2xFKBP-GFR2xFKBP in nuclear division. Alpha and bet#ulins polymerize into
microtubules(Gunring et al., 2015and are essential for mitosis and other cellular processes
(reviewedin: (Verhey et al., 2007; Westermann et al., 2003he tubulin staining was
performed withTubulin TrackeE Deep Red (Invitrogen, USA) in thé7-2xFKBP-GFR
2XFKBP cell line. Tubulin appearenh a bright focus, at the nuclei with two filaments to the
left and right originating from the centre towards the nucl&ts. bright central tubulin foci
was situated between the nuclei and Mg 2xFKBP-GFR-2xFKBP foci whereby thevi7-
2XFKBP-GFR2xFKBP foci were facing the PPMM7-2xFKBP-GFR-2xFKBP touched the
tubulin, but did not fully cdocalize with it (Figure 28ontrol).

To get more detailed information about the roleM? in mitosis, knock sideways was

induced to inactivate M in a mixedparasiteculture followed by staining with DAPI and
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Tubulin TrackeE . T he ¢ on without rapalaylappealed asexpected with normal
looking nuclei and correctly locatdd7-2xFKBP-GFR2xFKBP foci and tubulin (Figure 28
control). In corrast, thecell line where M7had been inactivated (Figure 2fpalog) showed
blurry and lumpy nuclei. Additionally, the nuclei weret correctly divided (Figure 28
rapalog, DAPI). In contrast to the control, the tubulin filaments appeared infilangernts
without a clearly defined centre. In the control, the tubulin filaments multiplied with the
number of nuclei. This was not seen in the parasitesre M7 wasinactivated (Figure 28
rapalog, tubulin).
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Figure 28: Candidate M7 (PF3D7_0307500) knock sideways and docalization with tubulin.

Representative |ive cell i mages (n O 3 fluorescence micro

knockin cell line of M7-2xFKBP-GFR-2xFKBP (green)with an episomally expressed WARB-mCherry mislocalizer. The
cell culture was split into two dishes: one served as control without rapalog (control), and the other was grown in the
presence of 25AM rapalog (rapalog). The samples for live cell imagivere taken 8 h post addition of rapalog. Parasite

nucl ei were stained with DAPI (blue) and TubulinTrackerE

magnification (grey square). Scale bar 5 pm, DIC (differential interference contrast).

To identify potential interaction partners and to get more indications regarding the function of
M7, DIQ-BiolD was performedBirnbaum et al., 2020yith the M7 protein. DIQBIoID is

based on a heterodimerization isflhmakes it easier to distinguish between background and
realinteractors of target proteins by using the same starting culture in similar way to a knock
sideways experiment. But instead of inactivating the protein, the hetero dimerization brings
the Bioin ligase BirA* in close proximity to the FKBP tagged target protein, when rapalog is
added(Birnbaum et al., 20205 biotin is added to the cell culture, the proteins in a range of ~
10 nm around the ligase are labeled with biotwotinylation) (ChoirRhee et al., 2004;
Cronan, 2005; Kim et al., 2016The labeled proteins can then be purified by streptavidin
beats and analyzed by mass spectrom@mybaum et al., 2020)To enable biotinylation of
potential M7 interaction partners from the M7 &d Nterminal sidetwo different BirA*
constructsBirA* -CL (Birnbaum et al., 202ndBirA* -NL (Birnbaum et al., 2020)ere co
transfected into the M2xFKBP-GFR2xFKBP cell line. To demonstrate th&irA* -CL and

BirA* -NL dimerize to M72xFKBP-GFR 2xFKBP, a mixedparasiteculture was incubateit

and witoutthe presence afapalog for 21 h and analyzed by fluorescence microscopy. The
dimerization was confirmed by the overlap BifA* -CL and BirA* -NL with M7-2xFKBP-
GFR2xFKBP foci (Figure29 A, B rapalog). As expected, the control cell lines showed no
overlap and only cytoplasmic stainiBgyA* -CL andBirA* -NL (Figure 29A, B control).
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Figure 29: Dimerization of candidate M7 (PF3D7_0307500) witbiotin ligase BirA*.
Representative live cell imaggs O 3 f |l uorescence microscopy sessi omk, wi t h

knockin cell line of M7-2xFKBP-GFR2xFKBP (green) withan episomally expressdBirA*-CL (A) or an episomally
expressedirA* -NL (B). Both cell cultures were split into two dishes: one served as control without rapalog (control), and
the other was grown in the presenafe250nM rapalog (rapalog)The samples for live cell imaging were taken 21 h post
addition of rapalogScale bar 5 um, DIC (differential interference contrast).

M7 + BirA* C-terminal

rapalog

control

M7 + BirA* N-terminal

rapalog

The DIQ-BiolD experiments were performed as described3.i8.10 with two individual
replicates. The quantitative mass spectrometry (MS) using dimethyl laijBlimgpaum et b,
2020; Boersema et al., 200&0d protein enrichment analysis were kindly conducted by the
Bartfai Lab (Radbound University, Netherlands).
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bait = M7 setD vs setE in malaria
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Figure 30: Scatterplots of DIQ-BiolD with candidate M7 (PF3D7_0307500).
Plotted are the lagratiosof 21 h grown in presence of rapalog cultures over the control (untreated culture) obtained from

two individual experiments. Experiment 1 was conducted with2MFKBP-GFR2xFKBP with an episomally expressed
BirA* -NL biotinyliser and experiment 2 was parfied with M72xFKBP-GFR2xFKBP with an episomdy expressed
BirA* -CL biotinyliser. The upper right quarter of the scatter plot showing enriched proteinsrgtay) with their ID
(PlasmoDB idetifiers) indicating potential interactors of -RMFKBP-GFR2xFKBP, on rapalog (biotinylizer on target),
compared with contro(biotinylizer cytoplasmic) The lower left quarter shows the unenriched proteins; (tatio) on
rapalog (biotinylizer on target), compared with con{labtinylizer cytoplasmicvith their piotein ID.

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

The two experiments of the mass spectrometry are displayed in scatterplots, indicating the
enrichment of proteins grown in the presence of rapalog (biotinyliser on target) over control
(biotinylizer cytoplasmic) The experiments were plotted bBgp-nomalized ratio on both

axes (fkgure 3Q. The significance was defined as the false discoveryfoatexperiment 1

and experiment Appendix 7 thatdescribes the expected proportiof false hits among all

hits. The hits were sorted according toeith significance from top (most significant)
downwards to the bottom of Table 8. Ten significant enriched proteins were found, and the

most significant hit in both experiments was Figure 3, Table 8 top hit), confirming the
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correct dimerization and Hioylation of M7-2xFKBP-GFR2xFKBP using BirA*-NL and
BirA* -CL. Appendk 7 showsthe individually DIQ-BiolD hits for BirA*-NL and BirA*-CL

experiments

Table 8: Top hits of M7 DIQ-BiolD.

The table shows the top hits of tbdQ-BiolD experiments according to their significants from top (most significant) to the
bottom, their protein ID, product description and the top hit of the HH&¥agr for protein remote homology detection and
3D stucture prediction

Protein ID Product description HHPred
PF3D7_0307500 M7 protein SKA 2
PF3D7_0911200 conserved, unknown SKA 3
PF3D7_1349600 conserved, unknown E3 ubiquitinprotein ligase
PF3D7_1247400 FKBP35 FKBP35
PF3D7_1331200 conservedunknown RNA polymerase H

associatedactor 1

PF3D7_0910800 NBP35 putative cytosolic FeS cluster

assembly factor

PF3D7_1446700 conserved, unknown nuclear pore complex
protein Nup155

PF3D7_0616200 kinetochore proteilNDC80 kinetochore protein NDC

80
PF3D7_1227600 conserved, unknown kinetochore protein
NDC80
PF3D7_1355300 histonelysine histone lysine
N-methyltransferase methyltransferase

putative

Five of the ten significanDIQ-BiolD hits of M7 are annotated as proteins with unknown
function (according to: PlasmoDPBAurrecoechea et al., 20Q09)The most significantit
besides M7 itself (Figure 30 able 8,PF3D7_0911200 revealed a putative similarity the
SKA 3 protein using HHPredZimmermann et al., 2018)SKA3 is in humans part of a
heterotrimeric SKA complex together with SKA 2 and SKAHEIgeson et al., 2018Also,

the proteins PF3D7_06260 and PF3D7_1227600 (Figure, 3@ble 8)revealed a putative
91



Results

similarity to homologue proteinsTéble 8)linked to the SKA complex in humans as they
showed homology to NDC8(MHelgeson et al., 2018PF3D7_0910800 (Figar3Q Table 8)
annotated as NBP35 can be linked to RNA processing and ribosome @qdkret al., 2005;
Hausmann et al., 2005; Netz et al., 2012; Netz et al., 2007; Yarunin et al), 2085
proteins with homologies to aRNA polymerase Hassociatedactor 1and a nuclear pore
complex protein Nup155 were identified (Figur@ Jable 8), suggesting that they are also
associated with the nucleus and hachinery. Overall, these hits validate M7 as a likely
orthologue of SKA2 and link it with the same biological process where the SKA complex is

involved inhumans.

4.9 Candidate M8 (PF3D7_030760pD

M8 (PF3D7_0307600comprises 746 AA and is anntad asconseved Plasmodiunprotein

with unknown functionaccording to: PlasmoDBAurrecoechea et al., 2009BLAST search
(Altschul et al., 1990yevealed no similarity outside the Apicomplexa, and also the motif scan
with MyHits (Pagn et al., 2004showed no similarity to domains in other organisrhe best

hit using HHPredZimmermann et al., 2018Wwith a putative similarity to M8 was a DNA
repair and recombinan protein in Sulfolobus solfataricusIn the saturatiorbased
mutagenesis screg@hang et al., 2018y18 was classified as dispensable for parasite growth
similarly the orthologue protein iR. bergheiparasitesvas identified as nemssential for
growth(Bushell et al., 2017)

To analyze M8, the corresponding gene product was tagged with 2xBEkBRXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M&xFKBP-GFR-2xFKBP knockin was confirmed by PCRFigure 17,
whereas no correct integration could be achieved for the corresponding GELplasmid.
Microscopy with the M&xFKBP-GFR-2xFKBP cell line revealed detectable fluorescence
signal from late trophozoite to segmenter stage. Microscopy withcblle failed to detect
M8-2xFKBP-GFR2xFKBP in rings. In a couple of trophozoites a uniform cytoplasmic pool
of M8 was evident and a small number of foci in the parasite periphery became apparent in
late trophozoites and early schizonts. During the segmestage, the M@xFKBP-GFP

2XFKBPwas visible in accumulations forming elongatedatites and disks (Figure B1
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Figure 31: Localization of endogenously tagged candidate M8 (PF3D7_0307600
Representative live cell imagés O 3 fluorescence microscopy sessions, with at least 20 inspected cells per safssion)

knockin cell line M82xFKBP-GFR2xFKBP( 6 G FThé gtages are indicated on the left of the panel. Parasite nuclei were
stained with DAPIScale bar 5 pm, DIC (differeiad interference contrast).

To functionally analyse M8, the M8xFKBP-GFR2xFKBP cell line was cdransfected with

an episomally expressed 1xNIFRB-mCherry mislocalize(Birnbaum et al., 2017(Figure

32 panel) and knock sideways was carried out. While the foci appeared to have fully
disappeared after induction of the knock sideways, left over of M8 at the membrane and
evenly distributed in the cytoplasm could not be excluded due to the low expreksien o
protein and low signal above background (Figu?eledt panel). Growth analysis over five

days showed no effect on parasite growth in the parasites with the inactivated M8 compared
to the controwhich may be due to the insufficientislocalization(Figure 32growth curve,

and Appendix 5). In conclusion it is uncleartlife M8 protein is important for growth of

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

Panel) Representative live cellimagésO 3 f |l uorescence microscopy sessions, wit
of knockin cell line M82xFKBP-GFR2xFKBP( 6 GFP6) wi t h an e pi-BRBm@Hertyynsloealizer essed 1
The cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the
presence of 258M rapalog (rapalog)The samples for live cell imaging were taken 24 h post addition of rapalog. Sc8le bar

pum, DIC (differential interference contrgs The graph to the right of the image panelsshows parasite growth as

determined bylow cytometryof the M82xFKBP-GFR2XFKBP knock sideways parasites groinrthe presence of rapalog

(inactivated and without rapalog (contro). One representative of three independent experim@etslicas shown in

Appendix 5).

4.10Candidate M9 (PF3D7_030770pD

The M9 PF3D7_0307700is annotated as conserved protein with unknown function and
comprises 1826 AA (according to: PlasmolBurrecoechea et al., 2009 BLAST search
(Altschul et al., 1990xhowed one hit to another uncharacterized protein f@arassius
auratus(e-value: 1el2, percenidentity: 25 %). An additional motif scan with MyHitBagni

et al., 2004khowed no significant sinatity. Using HHPredZimmermann et al., 2018pnly

hits over short stretches or to common structural domains, such as coiled coils werénfound
the saturatiorbased mutagenesis scré&hang et al., 2018Y19 was classified as dispensable
for parasite growth. In contrast the orthologuet@roin P. bergheiparasitegBushell et al.,
2017)was annotated as essential for parasite growth. Attempts to disrupt the gene, using
pSLI-TGD were not successful. Also, endogenouteinal tagging with 2xFKBfSFP
2XFKBP was unsuccessful in four independent attempts, indicating {teath@al tagging of

M2 might interfere with correct protein function or localization. This protein was therefore

not further analyzed.

4.11Candidate M10 PF3D7_030790p

M10 (PF3D7_0307900is annotated as conservdtlasmodium protein with unknown

function and issomposed of 3724 AA (according to: PlasmoD¥®irrecoechea et al., 20Q9)

BLAST search(Altschul et al., 1990jevealed no similarity outside the Apicomplexa. Also a
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motif scan with MyHits(Pagni et al., 20043howed no significant hit. The best hit using
HHPred (Zimmermann et al., 2018)yith a putatve similarity to M10 was aibosome
assemblyprotein in Saccharomyces cerevisia@ the saturatiorbased mutagenesis screen
(Zhang et al., 2018M10 was classified as dispensable for parasite gro®imilarly the
orthologue protein inP. bergheiparasiteswas identiied as essential for parasite growth
(Bushell et al., 2017)

To analyze M10, the corresponding gene product was tagged with 2xESkBRXFKBP by
modification of the endogenous locus using SLI. Correct integration of thé g&tmid
resulting in the M1@2xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
whereas no correct integration could be achieved for the corresponding GELplasmid.
Microscopy with the M1@xFKBP-GFR2xFKBP cell line revealed no detectable
fluorescence signal in rings, late schizonts and segmenters. In trophozoites and early schizonts
M10-2xFKBP-GFR2xFKBP was usually found in accumulations always close to vesicle like
DIC structures (Figure3.

95



Results

[

ring

).

late early
troph troph

early
schizont

late
schizont

segmenter

Figure 33: Localization of endogenously tagged candidate M10 (PF3D7_0307900).
Representative live cell imaggs O 3 fl uorescence microscopy sessi omb, wi t h

knockin cell line M102xFKBP-GFR2xFKBP( 6 G FTmhé stages aredicated on the left of the panel. Parasite nuclei were
stained with DAPIScale bar 5 pm, DIC (differential interference contrast).

4.12Candidate M11 PF3D7_030810p

M11 (PF3D7_0308100consists of 1711 AA and was at the beginning of this work annotated
as Plasmodiumconserved protein with unknown function (according to: PlasmoDB, release
31 (Aurrecoechea et al., 2009nd later changed to putative zinc finger protein (according to
PlasmoDB, release 4@\urrecoechea et al., 2009A motif scan with MyHits(Pagni et al.,
2004) showed no significant hit. BLAST seardqltschul et al., 1990)did not show a
significant similarity to other organisms outside the Apicawpl The best hit using HHPred
(Zimmermann et al., 2018yith a putative similarity to M11 was a transcription intermediary
factor domain inHomo sapiensin the saturaton-based mutagenesis scre@hanget al.,

2018) M11 was classified as dispensable for parasite growthcontrast the orthologue
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protein inP. bergheiparasitedBushell et al., 2017)vas annotated as essential for parasite
growth.

To analyze M11, the corresponding gene product was tagged with 2xSKkBRXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M12xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
whereas no correct integration could be achieved for the corresponding GELplasmid.
Microscopy with the M1:2xFKBP-GFR-2xFKBP cell line revealed no detectable signal,
beside background fluorescence in rings and trophozoites. In early schizonts to late schizonts,
the tagged protein was frequently but not always located in foci at the nndegneters the

foci increased in number and some foci were also visible, more centerdddhanschizonts
(Figure 34.
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Figure 34: Localization of endogenously tagged candidate M11 (PF3D7_0308100).

Representative live celmageshn O 3 f |l uorescence microscopy sessi omk, wi t h
knock-in cell line M11:2xFKBP-GFR2xFKBP( 6 G FThé stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPIScale bar 5 um, 03 (differential interference contrast).
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4.13Candidate M12 PF3D7_030830p

The 337 AA comprising M12 RF3D7_0308300 protein is annotated aRlasmodium
conserved protein with unknown function (according: to Plasm¢P#recoechea et al.,
2009). A BLAST search(Altschul et al, 1990)and the motif scan MyHitgPagni et al.,
2004) revealed no similarities to other organismgside the Apicomplexa. Using HHPred
(Zimmermann et al.,, 2018)o similarity to other proteins or domains was found. In the
saturatiorbased mutagenesis scre@hang et al., 2018)M12 was classified as essential
protein for parasite growth. In tHe bergheigenane screer{Bushell et al., 2017)he M12
orthologue was not listed.

To analyze M12, the corresponding gene product was tagged with 2xSkBRXFKBP by
modification of the endogenous locus using SLI. Correct integrationeop8L1 plasmid
resulting in the M12xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
Correct integration was also achieved for the corresponding-pSD plasmid (Figrre 17,
indicating that M12 is dispensable for growth of asexual blood gtagesites. Microscopy
with the M122xFKBP-GFR-2xFKBP cell line revealed no signal from ring to late trophozoite
stage (Figure 36). In schizonts, the protein was diffusely distributed at the PPM, whereas in

segmeters the nuclei were surrounded bgréscene signals (Figure 35
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Figure 35: Localization of endogenously tagged candidate M12 (PF3D7_0308300).
Representative live cell imaggs O 3 f |l uorescence microscopy sessi ormk, wi t h

knockin cell line M122xFKBP-GFR2xFKBP( 6 G FThé stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPIScale bar 5 pm, DIC (differential interference contrast).

4.14Candidate M13 (PF3D7_030870p

M13 (PF3D7_0308700 comprises 492 AA and is annotated as conseRkdgmodium
protein with unknown function (according to: Plasmo@Burrecoechea et al., 20Q9)
BLAST search(Altschul et al., 1990showed a hit to an also uncharacterized protein of
Piliocolobus tephroscek (e-value: 4e74, percent identity: 42.8 %) . The MyHits motif scan
(Pagni et al., 2004did not showsignificant hits. The best hit using HHPr&&mmermann et
al., 2018)with a putative similarity to M13 was a nucleoporin proteiidzmo sapiensin the
saturatiorbased mutagenesis ser§Zhang et al., 2018113 was classified as essential for
parasite growth. Similarly the orthologue proteinRnbergheiparasitesvas annotatd as

essential for growt(Bushell et al., 2017)
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To analyze M13, the corresponding gene product was tagged with 2xSkBRXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M132xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure Y17
whereas no correct integration could be achieved for the correspondingg @BLplasmid.
Microscopy with the GFP tagged M13 cell line showed no detectable signal in ringrand ea
trophozoite stages. Late trophozoites and early schizonts displayed a faint cytoplasmic
staining with some roundish accumulations. In late schizonts and segmente+2xMKIEBP-
GFR2xFKBP was visible in clear foci in closegximity to the nuclei (Figwer 36. The
localization might be similar to the AIPKBP-GFP rhoptry protein shown ki{seiger et al.,

2019) this could suggest M13 as an apical protein.
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Figure 36: Localization of endogenously tagged candidate M1@F3D7_0308700).
Representative live cell imaggs O 3 f |l uorescence microscopy sessi omk, wi t h

knockin cell line M132xFKBP-GFR2xFKBP( 6 G FThé stages are indicated on the left of the panel. Parasite weactei
stained with DAPIScale bar 5 pm, DIC (differential interference contrast).
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4.15Candidate M14 PF3D7_030880p

The protein sequence of M1#K3D7_0308800comprises 108 AA. M14 is annotated as
conserved Plasmodium protein with unknown function (accordingo: PlasmoDB
(Aurrecoechea et al., 2009)A BLAST search revealed similarity with an identity of 59 %
and a cover query of 37 % 8pdiumcoupled natral amino acid transporter 8ymbiodinium
microadriaticum No significant hit was shown with the motif scan MyH{Ragni et al.,
2004) Using HHPredZimmermann et al., 201&nly hits over short stretches or to common
structural domains, such as coiled coils were folin saturatiorbased mutagenesis screen
(Zhang et h, 2018) classified M14 as intermediate phenotype between essemtdl
dispensable for parasite growth. In tRebergheigenome scree(Bushell et al., 2017)he
M14 orthologuewas not listed. Attempts to disrupt the gene, using pBGID were not
successful. Also, endogenous-t€minal taggng with 2xFKBRGFR2xFKBP was
unsuccessful in four independent attempts, indicating thatr@inal tagging of M14 might
interfere with correct protein function or localization. This protein was therefore not further

analyzed.

4.16Candidate M15 (PF3D7_030990p

M15 (PF3D7_0309900is annotated as conservdtlasmodium protein with unknown
function and comprises 1673 AA (according to: Plasma@Brrecoechea et al., 20Q9)
BLAST search(Altschul et al., 1990jevealed 13 hypothetical, predicted and uncharacterized
proteins (evaluesO 3e-14, percent identitie© 4 9 . B motb)scan performed with
MyHits (Pagni et al., 20043howed no significant hitdJsing HHPred(Zimmermann et al.,
2018) only hits over shortteetches or to common structural domains, such as coiled coils
were found. Thesaturatiorbased mutagenesis scrg@hang et al., 2018xlassified M15 as
not essential for parasite growth. . In fAebergheigenome scree(Bushell et al., 2017the
orthologue M15 proteinwas notlisted. Attempts to disrupt the gene, uspgLI-TGD were

not successful. Also, endogenousteé@minal tagging with 2xFKBSFR2xFKBP was
unsuccessful in four independent attempts, indicating thatrr@inal tagging of M14 might
interfere with correct protein function or localization. This proteirs weerefore not further

analyzed.

4.17Candidate M16 (PF3D7_0310900)

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

conserved Plasmodium protein with unknown function (according to: PlasmoDB
101



Results

(Aurrecoechea et al.,, 2009)BLAST search(Altschul et al., 199Q)the motif scan with
MyHits (Pagni et al., 20049nd HHPredZimmermann et al., 2018howed no similarities to
other organisms outside the Apicomplexa. Shturatiorbased mutagenesis scréghang et

al.,, 2018) classified M16 as an essential protein for parasite growth. InPtHserghei
genome screefBushell et al., 201 he M16 orthologuevasnot lised.

To analyze M16, the corresponding gene product was tagged with 2xSkBRXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M1&xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
whereas no correct integration could be achieved for the correspondingg @8Lplasmid.
Based on live cell microscopy expression of M-KBP-GFR2xFKBP was detectable
from early trophozoites to segmenténgt not in ring stages and young trophozoites. M16
2XFKBP-GFR2xFKBP was in one or occasionally two foci in the periphery of every nucleus,
often facing thePPM (Figure 37, reminiscent of the pattern observed with -XFKBP-
GFR2xFKBP. During nuclear digion (when the nucleus stretches), generally two foci were
visible, one each at the narrow sidetlod stretched nucleus (Figure [&fe troph), similar to

the observed phenotype of MXKFKBP-GFR2xXFKBP.
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Figure 37: Localization of endogenously tagged candidate M16 (PF3D7_0310900).
Representative live cell imaggs O 3 fl uorescence microscopy sessi omb, wi t h

knockin cell line M162xFKBP-GFR2xFKBP( ¢ G FThé stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPIScale bar 5 pum, DIC (differential interference contrast).

To functionally analyse M16, the MiBxFKBP-GFR-2xFKBP cell line was ctéransfected

with an episomally exessed lyfFRB-mCherry mislocalize(Birnbaum et al., 2017Figure

38 panel) and knock sideways was carried out. This revealed that M16 was efficiently
mislocalised 24 h after addition of rapalog tduoe the knock sideways (Figure panel).
Growth analysis over five days showed severe growth defect on parasite growth in the
parasites with the inactivated M16 compared to the controu(€i@8growth curve, and
Appendix 5). Together with the failure bbtain a SLUTGD line for M16, this suggests that

M16 has importance for efficient parasite growth in the asexual blood stage.
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Figure 38: Knock sideways and growth curve of endogenously tagged candidate M16 (PF3D7_0310900).
Parel)Representative |live cell i mages (n O 3 fluorescence mic

of knockin cell line M162xFKBP-GFR2 x FKBP ( 6 GFP&6) wi t h a-RRBen@hersyonislachlicey. The x pr es s e
cell culture was glit into two dishes: one served as control without rapalog (control), and the other grown in the presence of

250nM rapalog (rapalog). The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5 pm, DIC
(differential interferene contrast)The graph to the right of the image panelshows parasite growth as determined by flow

cytometry of the M1&xFKBP-GFR-2xFKBP knock sideways parasites grown in the presence of rapalog (inactivated) and

without rapalog (control). One represatite of three independent experiments (replicas shown in AppBhdi

Due to the close proximity of M16 to the nuclei and the similarity to the localisation pattern
of candidate M7, a etocalization with tubulin (TubulinTrackér) was performed. Tubulin

was visible as expected in one focus at the outer part of the nucléwsithutgoing strings
(Figure 39control, tubulin, merge). M1@8xFKBP-GFR2xFKBP partially celocalized with

the center ofubulin facing the PPM (Figure 3%ntrol). When knock sidewa of M16 was
induced, tubulin stayed at the nuclei (Figure 40 rapalog). While this suggested a different
function of M16 compared to M7, there was nevertheless an effect on nuclear division
apparent in some parasites that displayed nuclei that were mettbpdivided and showed a
blurry shape whout clear boundaries (Figure 3@palog, yellow arrows head#) the
parasites with the inactivated M16 compared to the corffmure 39 control, DAPI).
However, otheparasites with the inactivated MXisplayednormal looking nuclei (Figure
39rapalog, white arrow heads). Further studies are therefore needed to clarify the function of

M16 in nuclear division.
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Figure 39: Candidate M16 (PF3D7_0310900) knock sideways awed-localization with tubulin.
Representative live cell imaggs O 3 f |l uorescence microscopy sessi omk, wi th

knockin cell line of M162xFKBP-GFR-2xFKBP (green) withan episomally expressed W¥RB-mCherry misloalizer.The

cell culture was split into two dishes: one served as control without rapalog (control), and the other was grown in the
presence of 25AM rapalog (rapalog)The samples for live cell imaging were taken 8 h post addition of rapalog. Parasite

nuclei were stained with DAPI (blugnd TubulinTrackéf deep red (tubulin, redZoom pictures are displayed with a 3x
magnification (grey squareYellow atrowvh eads pointing to O6unusual d nuclei, white
nuclei. Scale ars 5 pm.

4.18Candidate M17 (PF3D7_0312900)

M17 (PF3D7_0312900 is annotated as hypothetical protein and comprises 273 AA
(according to: PlasmoDBAurrecoechea et al., 2009BLAST searchAltschul et al., 1990)
revealed no significant similarity outside the Apicomplexa. A motif scan with My(R&gni

et al., 2004)showed no significant hitUsing in HHPred(Zimmermann et al., 2018no
significant hit found The saturatiorbased mutagenesis screelassified the protein as
dispensable for pardasigrowth(Zhang et al., 2018)n theP. bergheigenome screefBushell

et al., 2017}he M17 orthologue was not analyzed.

To analyze M17, the corresponding gene product was tagged with 2xSkBRXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M172xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure Y17
whereas no correct integration could be achieved for the correspondingg @BLplasmid.

The M172xFKBP-GFR2xFKBP cell line was analyzedythive fluorescence microscopy and
no signal was detected in paragiteg stages of the asexual development of the parasite in
RBCs(Figure 40) In trophozoites and schizonts a very low fluorescence sigreatetzcted

at the PPM (Figure 40and in segmenter the signal was diffuse visihkde the parasites
(Figure 40.
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Figure 40: Localization of endogenously tagged candidate M17 (PF3D7_0310900).

Representative live cellimagégs O 3 fl uorescence microscopy sessi o)os, wi t h
knock-in cell line M172xFKBP-GFR2xFKBP( 6 G FThé stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPIScale bar 5 pm, DIC (differential interference contrast).

4.19Candidate M18 (PF3D7_0313000)

PF3D7_0313000(M18) is annotated as conservdtlasmodium protein with unknown
function and the AA sequence comprises 346 AA (according to: Plasri®iB:coechea et

al., 2009). BLAST search(Altschul et al., 1990)revealed similarity (to aprobable
serine/threoning@rotein kinase in Piliocolobugephrosceles (e-value: 3e08, percent
propability: 36.2 %). A motif scan with MyHits(Pagni et al., 20043howed no significant
hits. Using HHPredZimmermann et al., 2018pnly hits over short stretches or to common
structural domains, such as coiled coils were found.sHberatiorbased mutagenesis screen
(Zhang et al., 2018)vealed a dispensable function of this protein for parasite growth. The

orthologueP. bergheiproteinwas not analyze(Bushell et al., 2017)
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To analyze M18, the corresponding gene product was tagged with 2xESkBRXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M1@xFKBP-GFR2xFKBP knockin was confirnred by PCR (Figure 17
whereas no correct integration could be achieved for the corresponding @8Lplasmid.
Microscopy revealed detectable fluorescence signal expression for2MFKBP-GFR
2xFKBP in the cytoplasm over all asexual erythrocyte stégiggire 41) In addition to the
cytoplasmic distribution of M1xFKBP-GFR2xFKBP, one focus was seen in early
trophozoites, and from late trophozoites to segmenters multiple foci were observed that often
were in proxmity to the nucleus (Figure. #1This fluorescence pattern could indicate a Golgi

location but a cdocalisation analysis would be needed to confirm this hypothesis.
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Figure 41: Localization of endogenously tagged candidate M18 (PF3D7_0313000).
Representative live cell imaggs O 3 fl uorescence microscopy sessi omb, wi t h

knockin cell line M182xFKBP-GFR2xFKBP( 6 G FThé stages are indicated on the left of the panel. Parasite nuclei were
stained withDAPI. Scale bar 5 pm, DIC (differential interference contrast).
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To functionally analyse M18, the MiBFKBP-GFR2xFKBP cell line was caransfected

with an episomally expressed 1xNIERB-mCherry mislocalizerBirnbaum et al., 2017)
(Figure 43 panel) and knock sideways was carried out. While most of the M18 protein was
mislocalizedsome foci were seen outside the nucleushe parasites with the inactivated
M18, potentially indicating that some of thelll protein population remaineat its site of
action (Figure 4anel). Growth analysis over five days showed no effect on parasite growth
in the parasites with the inactivated M18 compared to the contrich may be due to the
insufficient mislocalization (Figure 42growth curve, and Appendix 5). In conclusion it is

unclear if this protein is important for growth of asexual blood stage parasites.
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Figure 42: Knock sideways and growth curve of endogenously tagged candidate M18FD7_0313000).
Representative live cell imaggs O 3 f |l uorescence microscopy sessi omb, wi t h
knockin cell line M182xFKBP-GFR2xFKBP( 6 GFP®6) wi t h an e p i-ERBm&hefryymislecalger.e ssed 1
The cell culture was split into two dishes: one served as control without rapalog (control), and the other grown in the
presence of 258M rapalog (rapalog)The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5

pm, DIC (differential interference contrgs The graph to the right of the image panelsshows parasite growth as

determined byflow cytometryof the M182xFKBP-GFR2xFKBP knock sideways parasites grownthe presence of
rapalog(inactivated andwithout rapalog(control). One representative of three independent experin(espticas shown in

Appendix 5).

4.20Candidate M19 (PF3D7_0313200)

M19 (PF3D7_0313200)s annotated as conserved protein with unknown function and
comprises 233 AA (according to: PlasmoD®urrecoechea et al., 2009A motif scan with

MyHits (Pagni et al., 20043howed no similarity to other domains. BLAST seaihschul

et al., 1990showed a similarity to an unnamed protein produdfioklla brassicaformige-

value: 1e10, percent identity 26.1 YoUsing HHPredZimmermann et al., 2018pnly hits

over short stretches or to common structural domains, such as coiled coils were found. The

saturatiorbased mutagenesis scre@ang et al., 2018)classified M19 as an intermediate

109



Results

phenotype between essential and dispensableai@sipe growth. In th®. bergheigenome
screenBushell et al., 201 7he orthologue protein was not listed.

To analyze M19, the corresponding gene product was tagged with 2xESKkBRXFKBP by
modification of the endogenouscus using SLI. Correct integration of the pSLI plasmid
resulting in the M12xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
whereas no correct integration could be achieved for the corresponding GELplasmid.
Microscopy of the M12xFKBP-GFR2xFKBP cell line revealed no detectable fluorescence
signal expression in ring stages and a faint uniform cytosolic location in young trophozoites
(Figure 43) From late trophozoites to segmenters kGFKBP-GFR-2xFKBP was visible in
irregular accumuitions in the parasite cytosplasm that did not overlap with nuclei with some

addtional isolated foci (Figure 43
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Figure 43: Localization of endogenously taggedandidate M19 (PF3D7_0313200).

Representative live cell imaggs O 3 f |l uorescence microscopy sessi omb, wi th
knockin cell line M202xFKBP-GFR2xFKBP( 6 G FThé stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPIScale bar 5 um, DIC (dérential interference contrast).

4.21Candidate M20 (PF3D7_0313400)

M20 (PF3D7_0313400)is annotated as conservd®lasmodium protein with unknown
function and comprises 784 AA (according to: Plasmo@Brrecoechea et al., 2009)A
BLAST search(Altschul et al., 1990)revealed a similarity to a ribonuclease ETatumella
saanichensis(e-value: 0.007, percent identity: 35 %) and additional seven hypothetical
proteins (evauluesO1e-04, percent identitie®47.9 %). In a motif scan with MyHItagni

et al., 2004) no significant hit was shown. Using HHPr&&immermann et al., 2018pnly

hits over short stretches or to common structural domains, such as coiled coils were found.
The saturatiorbased mutagenesis scre@mang et al., 2018)xlassified M20 as essential for
parasite growth. In th€. bergheigenane screer{Bushell et al., 2017)he M20 orthologue
protein was not listed.

To analyze M20, the corresponding gene product was tagged with 2xESkBRXFKBP by
modification of the endogenous locus using SLI. Correct integrasi the pSLI plasmid
resulting in the M2@xFKBP-GFR-2xFKBP knockin was confirmed by PCR (Figure 17
whereas no correct integration could be achieved for the correspondingg @BLplasmid.
Fluorescence microscopy with the cell line M2XFKBP-GFR2XFKBP revealed only a
mostly uniform cytosolic GFP signal, indicating that M2XFKBP-GFR-2XFKBP was only
poorly expressed in all asexudllood stages (Figure 34 As typically nonspecific
background shows a signal in the FV (like described for @¥hbaum et al., 2017hnot the
parasite cytosol, it is most likely that M20 is present evenly distributedha@nptirasite

cytoplasm (Figure 44
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Figure 44: Localization of endogenouby tagged candidate M20 (PF3D7_0313400).
Representative live cell imaggs O 3 f |l uorescence microscopy sessi ormk, wi t h

knock-in cell line M202xFKBP-GFR2xFKBP( 6 G FThé stages are indicated on the left offlhael. Parasite nuclei were
stained with DAPIScale bar 5 pm, DIC (differential interference contrast).

4.22Candidate M24 (PF3D7_031470)

At the time this work was started®PF3D7_0314700(M24) was annotated as conserved
Plasmodium protein with unknown function (according to: PlasmoDB, release 31
(Aurrecoechea et al., 20Q9During the course of this work, the annotation changed to ring
finger protein RNF1 (according to: PlasmoDB, releasd¢A@recoechea et al., 2009)The
protein comprises 1181 AA, and a BLAST sean@tschul et al.,, 190) showed no
significant similarity to other organisms outside the Apicomlexa. A motif scan with MyHIts
(Pagni et al., 2004lso displayed a Zinc finger (RING finger) domain at posifié81-1171

The best hit using HHPreg@immermann et al., 2018)vith a putative similarity to M24 wsa

an ERADassociated E3 ubiquitiprotein ligase HRD1 fronsaccharomyces cerevisiathe
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saturatiorbased mutagenesis scrgethang et al., 2018)classified M24 as dispensable for
parasite growth. Similarly the orthologue proteinRnbergheiparasiteswas annotated as
non-essential for parasite growth.

To analyze M24, the corresponding gene producttagged with 2xFKBFGFR2xXFKBP by
modification of the endogenous locus using SLI. Correct integration of the pSLI plasmid
resulting in the M22xFKBP-GFR2xFKBP knockin was confirmed by PCR (Figure 17
whereas no correct integration could be achievedhercorresponding pSEtIGD plasmid.
Fluorescence microscopy with the cell line M24FKBP-GFR-2xFKBP revealed only a
mostly uniform cytosolic GFP signal, indicating that M24FKBP-GFR-2xFKBP was only
poorly expressed in allsexual blood stages (Figure )45As typically nonspecific
background shows a signal in the FV (like described for @¥nbaum et al., 2017not the
parasite cytosol, it is most likely that M24 is present evenly distributedhe@nparasite
cytoplasm (Figure 45).
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Figure 45: Localization of endogenously tagged candidate M24 (PF3D7_0314700).
Representative live cell imaggs O 3 fl uorescence microscopy sessi o)os, wi t h

knockin cell line M242xFKBP-GFR2xFKBP( 6 G FThé stages are indicated on the left of the panel. Parasite nuclei were
stained with DAPIScale bar 5 pm, DIC (differential interference contrast).
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To functionally analyse M24, the M2Z2XFKBP-GFR2xFKBP cell line was cdransfected

with an episomally expressed 1xNIERB-mCherry mislocalizer(Birnbaum et al., 2017)
(Figure 46panel) and knock sideways was carried out. This revealed that M24 waenéific
mislocalised to the nucleus 24 h after addition of rapalog to induce the knock sideways
(Figure 4 panel). However, growth analysis over five days showed no effect on parasite
growth in the parasites with the inactivated M24npared to the contrqFigure 46growth

curve, and Appendix 5). In conclusion the knock sideways reveals that M24 dispensable for

growth of asexual blood stage parasites.
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Figure 46: Knock sideways and growth curve oendogenouslytagged candidate M24 (PF3D7_0314700

Panel) Representative live cellimagésO 3 f |l uorescence microscopy sessions, wit
of knockin cell line M242xFKBP-GFR2xFKBP( 6 GFP&6) wi t h an e p i-FRBmChérly mislezalizer e ssed |
The cell culture was split into two dishes: one servedamral without rapalog (control), and the other grown in the

presence of 256M rapalog (rapalog)The samples for live cell imaging were taken 24 h post addition of rapalog. Scale bar 5

pm, DIC (differential interference contrgs The graph to the right of the image panelsshows parasite growth as

determined byflow cytometryof the M242xFKBP-GFR2xFKBP knock sideways parasites grownthe presence of
rapalog(inactivated andwithout rapalog(control). One representative of three independent experisr(egplicas shown in

Appendix 5).
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5 Discussion

More than one third(according to: PlasmoDBurrecoechea et al., 200Q9)of the

approximately5700 P. falciparum genes(Gardner et al.,, 2002are annotated to be of

ounknown functiond. Mo s t of t hespargaesnietse basr el
cycle, and their investigation wil!/| l ead to
understanding of the parasiteds biology i s &

work specifically deals with genes with urdwn function and a medium throughput screen

of the genes of the third. falciparumchromosome was carried out. To achieve this, the SLI
system was used to obtain endogenously tagged versions of the corresponding gene products,
permitting the localisationf the physiological protein in living cells, its functional analysis
using the knock sideways technique and for selected cases, an interaction analysis using DiQ
BiolD (Birnbaum et al., 2017; Birnbaum et al., 20283ditionally, a functional analysis of
PfRab5bwas carried out which served as proof of principle for the knock sideways method
and subsequent functional assays while the cell lines for the analysis of the candidates from

chromosome 3 were generated.

5.1 Role of Rab5b in host cell cytosol uptake

In humans, the RaBTPasesnd Rab likeGTPases comprise more than 70 protéBwck et

al., 2001; Stenmark et al., 2004nd are members of the Ras superfart@yplicelli, 2004)

RabGTPasesvere identified as essential regulators for membrane traffiolggci et al.,

2006; Salminen et al., 1987; Schmitt et al., 1986; Touchot et al., a88Aestular / tubular

transport(Pfeffer, 1992) Thereby, they can switch between an active GdiPan inactive

GDP-bound conformatior{Becker et al., 1991; Tisdale et al., 1992alworth et al., 1992;

Walworth et al., 1989)catalyzed bya guanine nucleotide exchange factGEF) (Delprato et

al., 2004) In recent years it veashown that RalsTPases are important for several events,

including vesicle budding from donor membranes, coat assembly, cargo selection and

physical buddingréviewedin: (Stenmark, 2009)

In mamnalian cells the Rab5 GTPasewas localized to early endosomes and on the

cytoplasmic surface of the plasma membréDeavrier et al., 1990a; Chavrier et al., 1990b)

and has baeshown to be involved in early endocytod&icci et al., 1992; Gorvel et al.,

1991) It was also postulated thRab5, forming a complex with GDP dissociation inhibitor

(GDI), is an essential factor for Clathrin caatpit formation at the plasma membrane and

during Clathrin mediated endocytosis for transferrin recepficlauchlan et al., 1998)

Rab5 was renamed to Rab5a as two additional isoforms (Rab5b and Rab5c) were found
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(Chavrier et al., 1992; Wilson et all992) It was shown that the isoforms share all the
structural features and cooperate in the regulation of endocyBasisi et al., 1995)

In P. falciparumparasitesa gene with a significant similarity tab5 was dentified(Gardner

et al., 1998)Later on, also two otheab5 homologs Pfrab5b andPfrab5¢) were identified,
wherebyPfrab5b does not encode a classical Ratbe@ninus but is Nerminally modified
(Quevillonet al., 2003) Recently, it was shown th&fRab5a is not involved in endocytosis
(Birnbaum et al., 2017)lhe function of Rab5b and Rab5c is still unclégbine et al., 2016;
Ezougou et al.,, 2014)Sven Flemming could show that Rab5b-lacalizes with the
endosomal marker B)P at the FV and its extension and propoBéidab5b as a protein
putatively involved in endocytos(&lemming, 2015)

In order to validatehat Rab5b is involved in endocytosis, the Rai&#-KBP-GFRFKBP

cell line (kindly provided by Sven Flemming) was used for further analysis in this thesis.

By functional analysis and quantification experiments, Rab5b revealed an essential role in
host cell cytosol uptake like the recently postulated VPS45 protein (Jonscher et al., 2019).
VPS45 was the first protein shown to be involved in HCCU, whereby tndivation of
VPS45 led to the formation of PI(3)P positive vesicles in the parasite and a lethal phenotype.
VPS45 was localized near the FV and Gdalgonscher et al., 2019Rab5b mactivation
revealed a similagrowth defect in addition to vesicle accumulationphserved foparasites
whereVPS45was inactivatedHowever, a lowenumberof accumulated vesicles over time
wereobservedn parasites, wherBab5b was inactivatetbmpared tgarasites whergPS45

was inactivated and the growth phenotypr Ra5b inactivated parasitesas not as
pronounced. A possible explanation for this could be a partial compensation by one of the
otherPfRab5 proteins. In mammalian cells, the three Rab5 isoforms cooperate in endocytosis
regulation, suggesting functional redundariBycci et al., 1995; Su et al., 2006jowever,

there is also evidence that different Rab5 isoforms have different functions in different cell
types or specie@arbieri et al., 2000; Birnbaum et al., 2017; Chen et al., 2009; Chiariello et
al., 1999; Rastogi et al., 2016; Rof#d et al., 2001) Because inP. falciparum parasites
Rab5a was not linked to endocytodsrnbaum et al., 2017pnly Rab5c can be considered to
partially compensate the loss of Rab5b. Another option could be an incomplete knock
sideways, whereby a small amount of the protein might refugctional and ensure the
parasitesd survival. Whil e no Rab5b was app
sideways it cannot be fully excluded that a small fraction of the Rab5b population remained at

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

To further assess a similarity of the Rab5b and the VPS45 phenotype, efaitroscopy
experiments ofparasites with inactivate®fRab5b could characterizeresicle membrarse
composition to compare it to those published in fiheasitesvhere VPS45 was inactivated
Electron microscopy images @farasiteswith inactivatedVPS45 displayed vesicles with
double membranes (could indicate early endocytosis) as well as vesicles with only one
membrangJonscher et al., 2019¥hich might suggest matured vesicles in later endocytosis.

In other organisms Rab5b, functions together with VPS45 and a third protein, rabBrinsyn
endocytosigDeneka et al., 2002; Eathiraj et al., 20B&ngyeAndo et al., 2007; Nielsen et

al., 2000; Rahajeng et al., 2010; Tall et al., 199% results in this thesis therefore support

the assumption that Rab5b and VPS45 participate in the same endocytic intermediate step
with similar function and maybe even in the same complex, suggesting an at least partially
canonical endolysosomal pathway in malaria parasties. -Baadization with VPS45 and
subcellular analysis with a Golgi marker, like GRASP, would give additional information
abaut this interaction. A good method to show protein complexes is the B
(Birnbaum et al., 2020). Unfortunately, the dimerization of Rab5b with an episomally co
transfected BirA* ligase seems to displace Rab5b from its site of action and resulted in a
lethal, vesicle accumulating phenotype. This was also observed when in a similar attempt the
biotin ligase BirA* was recruited to VPS45 in an attempt to carry out-Bi§)D
(unpublished: Jonscher and Spielmann). To overcome this problem, the BirA* \igase
endogenously fused to Rab5b (Rat¥&SBirA*) but due to time reasons no BiolD was yet
carried out with this cell line. The resulting mass spectrometry may show the interactors of
Rab5b and might validate the interaction with VPS45. However, it sheuttbnsidered that

this would be a regular BiolD (Roux et al., 2012) which likely would show more background
than DiQBiolD. Another method to demommate interaction could be th8LI2 system
(unpublished: NaranjPrado, MesefRamirez, Stacker), wherebyotlh proteins can be

endogenously tagged in the same cell line. Also fluorescence resonance energy transfer

118



Discussion

(FRET) (Sekar et al., 2003nd ceimmunoprecipitation assaySimon et al., 2009\ould be
suitable methods to validate interaction partners.

Interestingly, the most prominent artemisinin resistance marker Kelch13, as well as an
EPS15like protein and AP2u were shown to be involvedRn falciparum endocytosis
(Birnbaum et al.,2020) Rab5b showed no docalization with the Kelch1l3 complex, and
parasites deficient for certain Kelch1l3 complex proteins did not show a vesicle accumulation
phenotypes, although they reduced endocytosi®.irfalciparum parasites This reveals
different protein complexes, one characterized by Kelchl3 and Epsl15, and another one as
VPS45 and Rab5b in different intermediate steps during HCCU. Due to the missing Kelch13
vesicle phenotype and the-tmxalization of VPS45 with the Golgi marker Grasp, Kédlgh

and EPS15 could be involved in an eargnd Rab5b with VPS45 in a latdHCCU (Figure

47).

For Rab5b, an additional functional analysis was conducted, by performing gene
complementation studies using mutated versions of Rab5b, which should leaRlatibla

GTP- and Rab5b GD#®ound conformation. In human cells these resulted in different
phenotypes, either unusually large early endosomal structures, or accumulation of very small
endocytic vesiclegStenmark et al., 1994alFunctional analysis did not reveal a phenotype
when Rab5#2xFKBP-GFR2xFKBP was inactivated and episomally complemented with a
Rab5b codon adjusted copy, including themutations. This could be due to the
overexpression of the episomal mutated Rab5b protein. This can lead to surplus amounts of
the protein which might have complemented even though they contained the mutation
(reviewed in:(Rosano et al., 201))If this is the case, complementing with a construct
leading to a more moderate expression of the complementing Rab5b variant could be a
soluion. Furthermore, Rab5BxFKBP-GFR2XFKBP remaining at its site of action during

the knock sideways could compensate the effect of the episomally expressed Rab5b mutated
copy, although it is unclear why this should have happened when it did not in the
uncanplementecell line. Using the DiCre system instead of the knock sideway to excise the
genomicrab5b gene might be a solution for this. It is also possible that the position of the
mutations did not affect the GTP/GDP bindindirfalciparumRab5b

In summary, the results indicate that Rab5b is involve®.ifialciparumHCCU, probably
located in the same complex as VPS45 (Figure 47). Amongst the eleven Rab proteins in the
P.falciparum p a r a sgenbree@Quevillon et al., 2003) Rab5b is the first linked to
endocytosis and represents the secBndalciparum protein identied to be involved in
HCCU.
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Figure 47: Model of Rab5bduring host cell cytosol uptake
Based on the resuls of this thesis and results from previous Boribaum et al., 2020; Jonscher et al., 20t@) figure

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

5.2 Functional investigation of P. falciparum proteins with unknown
function

The genome oP. falciparump a r a gsirdine3D7®d comprises approximatep00 genes
annotated with Oddunknown f u(Aucrdcdoechaadet &.,a2000)or di n
distributed on 14 chromosoméSardner et al., 2002)his project continued the functional
investigation of chromosomes (chromo®e 3), based on to the work of Sabine Schmidt
(Master thesis, Sabine Schn)idivho partly analyzed chromosome 1, and Jakob Birnbaum,

who was focusing on chromosoméBirnbaum, 2017; Birnbaum et al., 2017)

5.2.1 Selection of the unknown candidates

The third chromosome contair249 predicted gene products (proteingjaccording to:
PlasmoDB (Aurrecoechea et al., 20Q9)Fifty-five proteins with a signal peptide ar®
proteins cordining transmembrane domain(s) were excluded. This was done because these
proteins are not suitable for functional analysis using the knock sideways niBthdzhum

et al., 2017) because they are e#thinserted into a membrane or enter the secretory system
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where they are unavailable for current mislocalis€Erg 55proteins which included a signal
peptideamong others includedfin proteins (like:PF3D7_0300500PF3D7_0300700stevor
proteins (like PF3D7_0300400PF3D7_0324600a putative ER membrane subunit complex
protein PF3D7_0306700a putative membrane transporter proté&rID7 0302600 Also,

13 conserved unknown proteins contained a signal peptide and were excluded. Of the
removed transmembrane proteins, almost one half (24 proteins) was annotated as proteins
with unknown function. The other half was annotagetbng otheras PfEMP1pseudogene
(PF3D7_0300200 v-SNARE protein, putative RF3D7_0314100or as ubiquitin ligase
protein PF3D7_0312100In view of the potential of unknown protei(see 1.5), the total of

37 unknown proteinswhich were removed highlight to develop a knock sideways system
suitable for such proteins.

A suitable solution for the SP and TMs containing proteins would be the mislocalization
before proteins wth a signal peptide or transmembrane domain(s) reachsideiof action.A
mislocalizer for the secretory pathway potentially could inactivate proteins during passage
through the ER or Golgi. A suitable system would be the RUSH system (retention using
selective hooks). This system is basedstreptavidinbinding peptide (SBRhteracting with
streptavidin and was already used in other systems to control the release of proteins from the
ER (Boncompain et al., 20120 use a specific signal in ER, eSDEL (Kulzer et al., 2009)

as mislochlizer, and to make it inducible using FKBHRB, Melissa KoshNaucke constructed
anfrb-mScarletsdelvector which was transfected to a knaokcell line. The results showed

no or very little mislocalization, and it was concluded that the construct riegtisr
optimization for large scale analyglsosh-Naucke, 2018)

Another conditional approach to control the trafficking destination of secretory proteins in
P. falciparum parasitesvas recently published for apicoplast proteiReberts et al., 2019)

The approach is based on unique structural requirements of apicoplast transit peptides, which
the authors replaced with @onditional localization domain (CDL). In the presence of the
effector ligand Shield, Shieldl binds to the CDL and causes secretion from the cell to the PV
(Roberts et al., 2019)The use of CDLdomains might also be possible for other secreted
proteins.

Currently, the best alternative method for the excluded SP and TM proteins of the present
screen might be the conditional gene excision using D{Bmmbaum et al., 2017; Mesén

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

During the presenstudy, 21 proteinsf the thirdP. falciparumchromosomevere analyzed
using theSLI-method. Of thesel5 proteins were successfully endogenously tagged with
GFP. These proteinsere found to be located at various locations within the pardsitele
9). One proteinof the 15 GFP tagged proteiffable 9, M6) wasfound havinga nuclear
localizaion. This amounts to 6.7 % and isoaver percentag®f nuclear proteinsompared to
other studiessuch aghe study of Oehring et alwhere ina total of 1518 proteindistributed
on all the 14P.falciparum chromosomegqpresent inP. falciparumasexual od stage
parasitesusing mass spectrommgtand bioinformatic approache#)3 % were determined as
nuclear proteingOehring ¢ al., 2012) as well as an earliSLI study, where in a total of 18
proteinsof chromosome two46 % had a nuclear localizatigBirnbaum et al., 2017)The
present screen also revealkeaytosolic localization (cytadic and cytosolic/fogi (Table 9)

for 6 of the 15 GFP tagged proteins (40 %). This lBgher number of proteins located in the
cytosol, compred tothe study of Oehringt al, where 18% of the proteins were found in the
cytoplasm (includes cytosol and cytoplasm proteins, excludes nuclear pr¢ais)ng et
al., 2012) as well asthe earlier SLI study where 33 %of the proteins had a cytosolic
localization (Birnbaum et al., 2017)The comparison ofnuclear and cytosoligrotein
localizationsin P. falciparum parasitesshows a varying distribution among the dgrent
chromosomesnd might also differ due to the methaded In conclusion P. falciparum
chromosome 3 reveals less nuclear proteins but more cytosolic protmmgared tdhe P.
falciparumchromosomeéwo (Birnbaum et al., 20179nd the more general localizations of all
the 14P. falciparumchromosomes

The former SLI study also revealed IMC localization doe protein(Birnbaum et al., 2017)

A possible IMC localization was also considered for MAP the present study. HE
localization of M122xFKBP-GFR2xFKBP might be similar to IMC proteirasit was shown
for BTP1 (Kono et al.,, 2016) Additionally, PF3D7_0308300 (M12) a8 found as a
significant enriched hit within mass spectrometry analysis performed by Stephan Wichers
(unpublished) for PhikBirA, an IMC protein, indicating M12 as protein within these
structures.

A special localization was observed for the GFP taggedidates M7, M11and M16, located
in foci at the nucleusThis localizationrmight indicate a role in nuclear division (se8& and
5.4).

Among these 15 proteins, two proteins showeadunclear localization due ®weak GFP

signal(Table9).
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Table 9: Overview of analyzed candidates with localization, knock sideways and SITGD

In the knock sideways colunoheck marks indicate efficient KS; red check marks indicate essentiality of target
by KS analysis;check mark in parenthesis indicate inefficient K&d., not @éne; in localization column
guestion mark indicates unclear localization due to low expression;léweBi [-TGD column check marks
indicate successful disruption of gene, x marks unsuccessful integration

Candidate Protein ID Localization Knock sideways SLI-TGD
M1 PF3D7_ 0303100 cytosolic/some foci PPM P X
M2 PF3D7_0304300 - - X
M3 PF3D7_0305200 cytosolic/foci P X
M4 PF3D7_0305400 - - X
M5 PF3D7_0305500 - - X
M6 PF3D7_0306100 nuclear (P) X
M7 PF3D7_0307500 foci at the nucleus P X
M8 PF3D7_0307600 cytosolic/foci (P) X
M9 PF3D7_0307700 - - X
M10 PF3D7_0307900 foci in cytosol n.d. X
M1l PF3D7_0308100 foci near the nucleus n.d. X
M12 PF3D7_0308300 PPM/IMC/cytosolic n.d. P
M13 PF3D7_0308700 cytosolic/foci n.d. X
M14 PF3D7_0308800 - - X
M15 PF3D7_0309900 - - X
M16 PF3D7_0310900 foci at the nucleus P X
M17 PF3D7_0312900 ? n.d. X
M18 PF3D7_0313000 foci in cytosol (P) X
M19 PF3D7_0313200 accumulation in cytosol n.d. X
M20 PF3D7_0313400 cytosolic n.d. X
M24 PF3D7_0314700 ? P X

5.2.2.1 Factors to consider for nonessential proteins

For nonessential proteins a facttw consideregarding localizations protein degradation,

which might result in a cell line with a correct integration on genomic level, but without
presence of full length tagged protein. Also partially degraded protein might result in a GFP
signal being present at a false location, atitamhal staining at other subcellular locations. To
exclude a degradation issue, western blot analysis could be performed in order to detect the
full length tagged protein.

For essential proteins, these possibilities are much more unlikely than aneabcorr
localization, or protein degradation would affect parasite fithess. However, it cannot be
excluded that little amounts of the protein are still at the correct location and sufficient for the

parasiteb6s survival
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5.2.2.2 Influencing factors of C-terminal tagging

Of the 21 proteins tagged with pSsandwich 2xfkbpgfp-2xtkbp, 6 did not show integration

cell lines.As it was shown that many proteins depend on thder@inal sequences and C
terminal modifications(Chavrier et al.,, 1991; Hori et al., 199Hrycyna et al., 1993;
Quevillon et al., 2003; Vorburger et al., 1989; Zhang et al., 2@068)could also be the case

for the 6 candidatesand C-terminal tagging by SLImight be detrimental forproteins
depending on their-@&rminal sequencirnbaum et al., 2017)hus it is likely that the nen
C-terminal taggable protes are essential for parasite growth, as the tag hinders protein
function, which is highlighting them as worthwhile targets for future studies.

A solution which permits live cell imaging and KS analysis might befinal tagging,
whereby the gene is desyed and at the same time complemented with daridinal tagged

copy that is expressed under the physiological promoter from the original locus. In addition,
this new gene copy is also floxed (flanked by I®ife9, which can then be excised via a
diCre recombinase for an alternative method for the functional analysis. This is also possible

with the SLIsystem and has already been establigBedbaum et al., 2017)

5.2.3 Candidate essentiality predictionon the gene level

The essentiality of the proteins was tested on the genomic level as well as on the protein level.
For the candidateds essent i allGh was used, withiact i on
homology region of 273 up to 393 bp. tlme presenscreen, the TGD was only possible for
one generfil?. For another genend), the TGD integration bands were observed, but some
parasites with an original locus remained. Furthermore, the integration bands for M3
disappeared after additional WR99210 andl&4reatment, and only the original locus
remained. As the knock sideways results suggested that this candidate was needed for
efficient parasite growth (3.1 % reduction in growth over 5 days), it suggests that truncation
of M3 incurred a negative seleatipressure, explaining this result.
As no further TGDs were obtainetigble 9, this would mean that, judged on gene level, the
remaining 19 candidates and thu809% of the tested genes have to be classified as essential
for parasite growthin other genome wide screens, approximately &% of the genes were
classified as gens whi ch are requi r ed (Bushel etnab, 2017% | par
Zhang et al., 2018Wwherebythe genome screen of Bushell et al. was conducted in vivo with
the closelyP. falciparumrelated parasit®. berghei(Bushell et al., 2017)in a former pSL
TGD study(Birnbaum et al., 201718 genes were tested, wherebyould not be disrupted,
suggesting that ~ 39 % of thenalyzedgenes are essential for parasite grovithus a
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proportion of 90 % essential genes as suggested hyrésentSLI-TGD screen igprobably

an overestimation. The possibility of a corrupted pSIGD vector was considered during

this work but fulllength sequencing of the vector (Appendix 6) excluded this possibility. It is
alsopossible that the skipping of the neomyoasistance was inefficiemr missing, leading

to parasites that were not resistant. This scenario, however, is very unlikely as thenknock
cell lines with pSLisandwich vector contained the same skip and neonmgsistance
cassette, and the correct skipping was shown for botistcts(Birnbaum et al., 2017)
Furthermore, previous SLTGD studies would have suffered the same problem. Therefore, a
technical error has to be considered, such as for instance a start of Gad®rsalf the
cultures containing the episomal SLGD for integration at a parasitemia that was too low or
too high. However, the procedure was carried out according to previously established
standard procedures and was successful for therriinal taggng with the sandwich tag,
indicating that a general error was unlikely. Possibly, fine details of this procedure might have
reduced the efficiency of integration. This could be relevant, as much shorter homology
regions were chosen for the SLGD approachthan for the sandwich tagging. Homology
region length is the most important known parameter affecting integration efficiency
(Birnbaum et al., 2017). Thus, the rather short homology regions used could be a reason for
the low number of correct TGD integiats. The reason for shorter homology regions in the
SLI-TGD is that for this approach, longer homology regions could lead to a gene that retains
partial or fullyfunctional. Nevertheless, it was also shown that even shorter HR (less than 200
bp) integraton was successful with SLI, although the efficiency is often lower and takes more
attempts (Jakob Cronshagenand (Master thesis 2088) TuyenTran (Master thesis 20138)
(MesénRamirez et al., 201R)In conclusionmore integration attempts a longer HR might

lead to a higher integration rate of the chosen candidates usingGELI

524 Candi dateds essentiality prediction on

For testing candidate essentiality on the protein level, the knock sideways approach was used.
To do this te 2xFKBRGFR2xFKBP tagged protein is pulled to an episomally expressed
mislocalizer containing a FRB domain, by dimerizing the FKBP domain of the protein tag,
with a small dimerizer to the FRB domain. Using knock sideways, the parasites were
analyzed in aggrowth assay. This was performed for a total of eight proteins, whereby five
proteins showed an efficient mislocalization and three only revealed a partial mislocalization
(Table 9) From the eight proteins three showededect on parasite growih the parasites

where the protein was inactivated compared to the cofeddle 9) These results suggest
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that, judged on protein level,38% of the tested proteins can be classified as important for
parasite growth and is similar to the observed ~ 3%8émtial genes in the former SLI study.
Compared to the genome wide screen®inberghei(in vivo) (Bushell et al., 2017and

P. falciparum(Zhang et al., 2018)ere~ 62 - 63 % of the genes were classified as required

for normal parasite growth the rate for the candidates tested on protein level using KS is
reduced by ~ 24 peent. This might be due to the much smaller number of tested proteins, but
it is also possible that some of the partially mislocalized proteins might also be essential for
parasite growth, as the remaining (not mislocalized) protein could be sufficieparasite
survival. It is also possible that some parasites were missing the mislocalizer, or did not
express the mislocalizer in a sufficient amount. Another option could be that the mislocalized
protein is an enzyme that can also fulfill its functiontla mislocalized location. These
possibilities would all result in & a | dsgensdb e f o r asgumpgtioninltdntrast to a
false O6dispensable for parasite growtho ass
assumptiorcan arise is if the tagdeprotein would induce a lethal effect in the mislocalized
compartment. Complementation of the KS would reveal this negative éfi@oever, ecent
studies(Birnbaum et al., 2017; Jociser et al., 20199nd also the Rab5b cell linasalyzedn

the presentthesis was successfully complemented, excluding detrimental effects of the

mislocalizedproteins in the nucleus.

5.3 Functional investigation of candidate M7

Candidate M7 showed localizationat the nuclar membraneThe focimultiplied with every
nuclear division. Images of dividing nuclei revealed two foci at one stretched nucleus. This
observationwas a first hint for M7 coulbe a protein that might be involved in nuclear
division during schizogony. M7 was, at the date of the analysis, annotated as conserved
protein with unknown functionagcording to:PlasmoDB, release 3@Aurrecoechea et al.,
2009). The HHpred server for protein remote homology detection and 3D steuctu
prediction (Zimmermann et al., 2018lso linked the candidate to nuclear division, as it
revealed a SKA2 (spindle and kinetochore associated 2) domain in its AA sequence. The
human Sk complex comprises Skal, Ska2 and Ska3 and was shown to be essential for
correct kinetochorenicrotubule interactioiiDaum et al., 2009; Gaitanos &t 2009; Hanisch

et al., 2006; Ohta et al., 2010; Raaijmakers et al., 2009; Welburn et al., PB@dhe Ska
complex in humansknock sideways experiments revealed M7 as an eskprtigin during
nuclear division The nuclear divisionprophase and metaphase of the parasite take place in
early trophozoites. The foci of MZxFKBP-GFR2xFKBP appeared in this stage, and the
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fluorescence signal was increasing until the focus was separhat pre to metaphase
conversion, tB human Ska complex also statts accumulate and peaked in metaphase
(Auckland et al., 20%;7Hanisch et al., 2006)The separation of foci during nuclear division
was also confirmed by time lapse imaging, using confocal microscopy. A similar localization
in foci at the nucleus was seen in a study from Mahejaal, in which theP. falciparum
Centrins were characterizésllahajan et al., 2008Centrins arealcium binding proteins that
are associated with centrosomes, centrisoles and mitotic spindle(Bales et al., 1991)
Like candidate M7, Centrins play a critical role in the cell cycle. Their knockout leads to
failures during basal body and centrosome duplicgiaum et al., 1986; Baum et al., 1988;
Koblenz et al., 2003; Salisbury et al.,02) A comparable phenotype was observed during
the M7-2xFKBP-GFR2xFKBP knock sidewaygxperiments, in which the nuclei failed to
divide correctly. Due to the similarities in localization and function, M7 waecalized with
overexpressed CentrirfBCherry. The images revealed anpartial, coelocalization ofM7-
2XFKBP-GFR2xFKBP with Centin3-mCherry, whereby M2xFKBP-GFR2xFKBP foci,
localizing between Centrin3 and the nuclei.

Another protein criticaffor nuclear division is tubulin, whereby forms an intra nuclear
spindle(Byers, 1981) To classify M7 in the mitoti¢nuclear divisionprocess, M72xFKBP-
GFR2xFKBP was also ctocalizedwith a tubulin marker. Irparasites withinactivatedM7

the tubulin wasmislocalizedand long tubulin filaments were seen from trophozoite to
schizonts, indicating a connection between-B&AFKBP-GFR2xFKBP and the function of
tubulin in nuclear division. This also showed tlpairasites wherd17 was inactivatedare
viable until the schizont stage. In the control, tubulin was located between the nucleus and
M7-2xFKBP-GFR2xFKBP foci. Taking the localizations of the nucleus, CentnrGherry,
tubulin and M72xFKBP-GFR-2xFKBP all together, we develog¢he following model: The
chromosome is attached to tubulin and Might bebound to tubulin of the tubulin center.
The partial overlap of Centrin3i@herry and M22XFKBP-GFR2xFKBP might indicate an
interaction or at least a close localization of M7 amahi@n (Figure 49)In order to validate
M7 as aP. falciparum Ska protein, two cell lines (M2ZxFKBP-GFR2xFKBP with
episomally expressed BirANL and M72xFKBP-GFR-2xFKBP with episomally expressed
BirA* -CL) were used for two individual DiBiolD experimats. This was done to enrich
interacting proteins from the -Cand Nterminal part of M72xFKBP-GFR2xFKBP. The
individual DIQ-BiolD experiments showed a very different qua({fyppendix 7).To increase

the significance of identifying putative interactioarmers, the results were combined, as it
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was shown that the biotinylation from the &d Nterminal showed similar hitBirnbaum

et al., 2020)

The combined DICBiolD revealed ten significantly enriched proteins, wheréfy most
enriched pragin was M7 itself. This verifiethe correct dimerization of the BirA* constructs
(BirA* -CL or BirA*-NL) to M7 and a successful biotinylatigBirnbaum et al., 2020)f the

M7 protein The second most significant hit of the DB®ID showed a potential homology
with Ska 3 using HHPredndicating M7 as part of a Ska like complex, as it wiagwn in
humans, that the Ska compleomprises Skal, Ska2 and SK&aitanos et al., 2009 he
potential function of M in a Ska like complex was also indicated by two significantly
enriched hits; one was annotated as kinetochore protein 80 (Ndc80), and another one revealed
a predicted homology to Ndc8dsing HHPred. The NDC80 protein has been shown to be
present in otheorganisms during nuclear division and is assumed to be part of the receptor
for Ska, the nuclear kinetochore complex Ndc80c, which comprises four sufudad8Q

Nuf2, Spc24 and Spc2%Chan et al., 2012; Gaitanos et al., 2009; Raaijmakers et al., 2009;
Welburn et al., 2009; Zhang et al., 2012he interaction between Ndc80c and Ska has been
shown to be essential for Ska functi@hang et al., 2012; Zhang et al., 201lf)was also
shown that Ndc80c contains microtubbi@ding domaingD'Archivio et al., 2017)

The DIQBiolD of M7 also revealed a protein with a predicted similarity (according to:
HHPred) to a nuclear pore pein. The nuclear pore is embedded between the mitotic nuclear
envelope and the intra nuclear and is critical for the exchange of moléKeleser et al.,
2018; Kiseleva et al., 2001; Makhnevych et al., 2003; Weiner et al., .20id plso assumed
that nuclear poresnight give access to spindle regulating fact@ehrer et al.,, 2018;
Makhnevych et al., 2003)The nuclear pore complex is probably not directly part of the
Ska/Ndc80 complexes, bumight bein a close localization with a potentially supporting
function for nuclear divisionThe potential interaction partners Ska3, Ndc80 and the nuclear
pore complexprotein support the function of M7 as Ska2 like proteinPinfalciparum
parasites

As the M7 DIQBiolD showed no hit with a similarity to a Skal protein, which is for example
the case in the human part of the Ska comfitanisch et al., 2006; Jeyaprakash et all,220
Raaijmakers et al., 2009nore DIQBIiolD replicates fom the C and N terminal partcould
potentially reveal a Skal proteiihis couldespeciallybe the casdecause the combined
DIQ-BiolD used br individual cell linesshowed avarying quality of the results. The varying
quality of the two experiments also decreased the overall quality of the combined results,

leading to a loss of significant enriched proteins only from ther@l-terminus, like Tubulin
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alphalA chain or kinesins (se@ppendix 7) which igprobably both involve in the nuclear
division process (reviewed iiGoldstein, 2001; Hirokawa, 1998; Vale, 200Rgvertheless,

a putative Skabr a protein (annotated as unknown) with a remote homolzag neither
significantly enriched in the -Cnor N-terminal M7 DIQBiolD, which may be due to the
guality of the experimentAppendix 7) Also the absence of Skal falciparumparasites

is passible as PlasmoDB showed no protein annotated as Skal.

In addition to the results for M7 shown tihe present thesishe role of M7 during nuclear
division was further confirmed by the work of Jessica Kimmel (Master tR829. Electron
microscopy imags with parasite wherd7 was inactivatedevealed mature parasites with
morphologically changed nuclei. Additionally, a detailed stage experiment was performed, in
which the growth effect was linked to schizogony by showing an arrest in schizonts.
Consideing all the results together, we assume thatpéasites wher#7 was inactivated

are able to mature until late schizont stage, but the parasite is not able to form merozoites due
to a failure in correct division of nuclei. This phenotype could be dukdP. falciparum
schizogony which ischaracterizedoy nuclear division without cell division and without
dissolving the nuclear membrane (closed mito&egrald et al., 2011; Schrevel et al., 1977)
During closed mitosis, as e.g. observed in y¢Bsng et al., 1997)which also cordin a
functional homologu€DASH/DAM complex)of the human Ska compldhan et al., 2012;
Varma et al., 2012)the chromosomes condense, and in this phase no transcription of genes
takes placéCooper, 2000)An explanation for the late arrest in schizonts after inactivation of
M7 might be that although the nuclear division is impaired, theamlensed chromosomes
might still duplicate theirDNA. This hypothesis is supported by fluorescence images of
arrested schizonts, with a DNA amount comparable to the control. Additioaddly, the
tubulin filaments still increased in number from trophozoites to schizonts after inactivation of
M7. In order to show normal DNA replication after inactivation of M7 quantification of the
DNA amount could be performed. Further experiments will maed to confirm the M7
interaction partners identified here by DEpID. Validation of these candidates can be
carried out by taking advantage of the SLI system for localization studies and functional
analysis.

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

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

P. falciparumparasites

Centrin3
NchOCWJM7 / Ska2

2 = ! microtubulule center

nuclear pore

microtubule

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

The nucleus (blue) is attached during nuclear division by the microtubules (green). On top of the microtubules (mitotic
spindle) the Ska complex (turquoise (including Ska2 / M7)) connects the microtubules with the cestr@sdinef the

mitotic spindle. The receptor for the Ska complex might be Ndc80c (grey tubes). Next to the binding complexes nuclear
pores might be enriched (light blue tube).

5.4 Functional investigation of candidate M16

M16-2xFKBP-GFR2xFKBP showed a simildocalization anda similar growth phenotype as

M7 during knock sideways experimeniBo investigate a possible role of Mi® mitosis
during schizogony, the M1@xFKBP-GFR2XFKBP expressing parasites were stained with a
tubulin marker, and knock sidewawy&s induced. In comparison to inactivating M7, tubulin
was not affected when M16 was inactivated, indicating that M16 is not directly connected
with tubulin. Also, the mass spectrometry results in the M7-BiQD did not show M16 as
putative interactor oM7. However, some nucleafter inactivation of M16n parasiteswvith
inactivated M16showed an incomplete division as observed after inactivation ofNV¥7
inactivated parasitesndicating a role of M16 during nuclear division. To confirm this
assumgpon, further experiments are planned, such as the identification of potential interaction
partners using DIBiolD, co-localization studies with Centrin3 and M7, detailed stage

experiments and time lapse imaging using confocal microscopy.

5.5 Origin of the unknown genes

It is likely thatM7 playsa role during nuclear divisionwhich takes place in many organisms
(reviewed in: (Lubischer, 2007; Sullivan et al., 2007hlowever, the protein sequence
revealed norelation to other proteins outside of the Apicoexains similar tothe other
unknown proteinsthat were analyzed. Onlg very sensitive server for protein remote
homology detectiorfHHPred)and the analysis of the M7 interactdirsked M7 to the Ska
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complex which is also known in othepecies (Chan etl., 2012; Daum et al., 2009; Gaitanos

et al., 2009; Helgeson et al., 2018; Welburn et al., 2009; Zhang et al., 2012; Zhang et al.,
2017). This raises the question if two proteins with a related function have a common ancestor
(divergent evolutionsee.1.5.3, or are of independent origin (convergent evolutisee.

153

Divergentevolution might be possible for the Rab family, as Rab proteins are present in
Plasmodiunm(11rab genes)Quevillon et al., 2003andits relatives, likeToxoplasmg15 rab
genes),Neospora(15 rab genes), Theileria (9 rab genes),Babesia(9 rab genes) ad
Cryptosporidia(8 rab genes) feviewedin: (Langsley et al., 2008)r'he different numbers of

rab genes indicate an adaption of the single genes regarding their host. Thus, the genus of
Neosporaand Toxoplasmaxpress the highest numbers of rab genes and have the largest host
rangegDi Genova et al., 2019; Dubey et al., 1996; Dubey et al., 19T@) presence in these
organisms and the high genetic similarity reveal a common ancestor. In addition to the
different number ofrab genes, some of the comparabkbs like rab5 have different
functions and expression piles within the different specigéangsley et al., 2008).ooking

at thePfRab5 and the interact¥PS35 known from other species regarding the funciion

early endocytosisrab5aandrab5cexpression profilesluster withvps34but not withrab5b
(Langsley et al., 2008Additionally, rab5bis lacking the Germinal prenylation motif which

is postulated to be important for its membrane attach(@@rdvrier et al., 1991; Quevillon et

al., 2003) The results of this thesis also support the assomphatPfRab5b has a different
function thanPfRab5a, aPfRab5b was shown to bevolved in HCCU, likely during a
similar step as VPS45, whereas Rab5a has a schizont pheriBiypeaum et al., 2017,
Jonscher et al., 2019)n Cryptosporidia,Rab5b is missing entirely; this seems fitting, as
these parasites do not need HCCU. The various functions of the conseabvepkne
sequences in relatespecies suggest a common ancestor and tHivegentevolution of the

Rab proteins. This assumption is also supported by the sequence similarity of Rab proteins in
not so closely related organisms\iewedin: (Stenmark, 2009)

In comparision to the Rab familjxé unknown genes which were found and analyzed during
this work appeared to ibe resultof convergent evolutignas there was no indication to a
common ancestor or sequence similarity general this seems possible for proteins as this
was postulated foantifreeze proteins that share similar structural attributes (Chen et al.,
1997; Davies et al., 2012) and hairtike structures (Tomii et al., 2012). Another example

for a probablynewly raised function, originating from convergent evolution, might be true for

most interactors of the artemisinin resistance marker Kelch13, as they have no homologies to
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other known proteins and play a role in the HCCU (Birnbaum et al., 2020). Nevssthéde

two annotated proteins (Eps15 and AP2) with a known and similar function to proteins in
other organisms were fourfBirnbaum et al., 2020)Also for the unknown proteins it seems
more likely that they are only divergent in sequepegticularly because a potential related
protein in the human (Ska2) was found also for the unknoweiprit7.

In summary, it can be said that many of the apparently unique proteins might in fact derive
from divergent evolution, whereby the protein sequehaéhas been changed extensivaly i

a homology isho longerdetectable.

5.6 Conclusion

The aim of the @een carried out in this thesis was the functional analysks faficiparum
proteins with unknown function. In order to do this, the SLI system was applied to analyse a
selected set of genes on chromos@woé the parasite. In this study, 15 newly estdi®d SLI

cell lines of previously uncharacterized genes were generated, followed by their localisation
under physiological conditions. wther systemdocalisation of proteins alores proved to

be a decisive advance in understandingp e o r gomlogy EHohoet al., 2003) The
proteins were located in the nucleus, at the nuclear membrane ttpéasyn,in foci in the
cytoplasm and thePPM (Table 9) For all of the proteins, six independent target gene
disruption attemptgon gene levelvere performed for essgality prediction, whereby the
observed rate for essential proteins of 90 % mighameverestimation compared to other
studies dealing with essentiality prediction f8lasmodiumgenes and their productsor

eight cell lines, the essentiality was additionally tested on the protein level using knock
sideways whereby the observed rate-688 % of essential proteins was similar to an earlier
SLI study (Birnbaum et al., 2017and ~ 25 % lower compared to the genome wide
Plasmodiumscreens(Bushell et al., 2017; Zhang et al., 2018)hich might be due to
inefficient KS mislocalizationln comparison tdhe two high throughpwgenone screens, the
screen in this thesis included only a chosen amount of unknown proteins, but grovide
locations and functional data to investigateRhdalciparump ar asi t eds bi ol ogy.
A detailed functional analysis was performed for Rab5b, in which aimoleCCU was
revealed, providing evidence for a canonical function of Rab5b together with VPS45 in
endolysomal transport of the parasite. A further protein analysed in detail was candidate M7,
which might be theP. falciparum orthologue of Ska2with an esential function inP.
falciparummitosis during schizogonyn addition,all the cell lines serve as a oesce forthe

community for further analysis.
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For further screens using the Shkthod an increase dfiec a n d i thrauglgstwould
supportthe investigation of more unknown proteins and Ehdalciparump a r a $ioldge 6 s
Therefore he SLImethodcould be combined with CRISPR/Cas9 to mediateemedficient
genomic modification and hence, a larger number of parasites with the genomic change to
permit immediate selection using SLI. These methods would also save the limited resistance
markers. One disadvantage would be the absence of episomaheslldo that in case of
missing integrands, the transfection has to be repeated.

Another possibility to increase the number of functional analysed proteins is the investigation
of the not Cterminal taggable proteins using-tBkminal gene tagging and theready
established SEDiCre combinatior(Birnbaum et al., 2017)

By means othe researchdone by thdab members of the Spielmann groupcluding this
thesis, it was possible analyse the unknawgenes (with some limitations as to which genes
couldnot be analysed) from three of the 14 chromosomd3. tdlciparumparasitesising the
current SLI methodThis permitted to investigate the role of many unknown essential genes
and linking them to parasigpecific processes iR. falciparumparasites These candidates
aremilest ones to elucidate novel ppwthewajoorfew t he
drug targets. In the future, the S&ystem will be useful to continue the analysis of unknown

P. falciparumgenes, potentiallyn order to improve the system for increasthgpughput, to

identify more essential candidates to understand and combatianzdrasites.
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