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Summary

Malaria is a vector-borne disease, which is caused by a protist of the Plasmodium genus.
Plasmodium spp. are obligate intracellular parasites with a complex life cycle that alters

between a vertebrate and a mosquito host.

One of the essential steps in the vertebrate host is the asexual proliferation within the
erythrocytes that allows the exponential multiplication of the pathogen and is
responsible for all clinical symptoms in humans. To survive and multiply the parasite
invades its host cell rapidly. It relies on an orchestrated cascade of molecular
interactions between parasite ligands and surface structure on the erythrocyte. The aim
of this work is i) to probe into the role of putative phosphorylation sites in the
cytoplasmic domain of one well established parasite ligand called “Erythrocyte Binding
Antigen 175” (EBA175) and ii) to identify novel parasite proteins that are secreted and

might function as ligands during the invasion process.

Towards the first sub aim — | assessed six predicted phosphorylation sites within the
cytoplasmic domain. To do so, | generated a transgenic parasite line with six amino acid
exchanges targeting each of these putative phosphorylation sites. Using an assay that
allows the quantification of EBA175 function, | could show that — in contrast to other
parasite ligands — none of these putative phosphorylation sites are essential for protein

function.

The second sub aim of my project focused on the identification of novel secreted
proteins playing a role in the invasion process. Candidates were identified using
bioinformatics tools that identified genes with i) a transcriptional profile similar to
known parasite ligands and other host cell invasion related proteins and ii) encompass a
predicted sequence coding for a signal peptide. This resulted in a list of 289 genes
fulfilling these criteria out of which 156 were not characterized. Out of these, 38 genes

with unpublished function were selected for further analyses. The first step in the



functional investigation was the tagging of the genes of interest at the 3’end with GFP,
which resulted in 29 transgenic parasite lines with a gene specific GFP tag. Using
fluorescence microscopy in live parasites expression and localization of the fusion
proteins were investigated and subdivided into five categories. 15 proteins could be
localized to the invasion relevant compartments surface, inner membrane or basal
complex, and apical organelles. In order to analyze the function of these 15 proteins a
gene knock-out approach was initiated that already reveals that 6 proteins of these are
redundant and 4 appear to be likely essential. Taking together, this approach allows the
rapid identification of novel candidate gene that might play an important role in

erythrocyte invasion.
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Zusammenfassung

Malaria ist eine durch einen Vektor Ubertragene Infektionskrankheit, die durch einen
intrazellularen Parasiten der Gattung Plasmodium ausgeldst wird. Plasmodien haben
einen komplexen Lebenszyklus, der zwischen Wirbeltieren und Micken alterniert. Ein
wesentlicher Schritt dieses Lebenszyklus ist die asexuelle Vermehrung, die innerhalb von
Erythrozyten im Wirbeltier-Wirt stattfindet. Sie ermoglicht eine exponentielle
Vermehrung des Parasiten und ist fiir das Krankheitsbild der Malaria verantwortlich. Um
zu Uberleben, ist eine schnelle Invasion in die Wirtszelle notwendig. Der
Invasionsprozess ist sehr komplex und umfasst viele streng regulierte
Wechselwirkungen zwischen Liganden des Parasiten und Rezeptoren auf der Oberflache

der Wirtszelle.

Ein wichtiger und gut charakterisierter Invasionsligand ist , Erythrocyte Binding Antigen
175“ (EBA175). Ziel dieser Arbeit war es zum einen, die Rolle von putativen
Phoshphorylierungsstellen innerhalb der zytoplasmatischen Domédne von EBA175 zu
untersuchen. Zum anderen sollten neue sekretierte Parasitenproteine identifiziert

werden, die als Invasionsliganden in Frage kommen.

Um die Phosphorylierung der zytoplasmatischen Domane von EBA175 zu untersuchen,
wurde eine Zelllinie generiert, in welcher sechs vorhergesagte Phosphorylierungsstellen
ausgetauscht wurden, um deren Phosphorylierung zu unterbinden. Mit Hilfe eines
Invasionsassays wurde gezeigt, dass — im Gegensatz zu anderen Invasionsliganden des
Parasiten — keine dieser putativen Phosphorylierungsstellen einen essentiellen Einfluss

auf die Funktionalitadt des Liganden hat.

Das zweite Projekt zielte auf die Identifikation neuer sekretierter Proteine ab, die eine
Rolle im Invasionsprozess spielen. Von anderen Invasionsliganden und Proteinen, die an
der Invasion beteiligt sind, ist ein spates Transkriptionsprofil bekannt. Mit Hilfe eines

bioinformatischen Ansatzes wurde nach Kandidatengenen gesucht, die ein solches Profil

Vi



und zusatzlich ein vorhergesagtes Signalpeptid aufweisen. Aus einer Liste von zunéachst
289 Genen wurden 38 Kandidaten mit unbekannter oder nicht veréffentlichter Funktion
ausgesucht, um diese weiter zu charakterisieren. Alle Kandidaten wurden zunachst C-
terminal mit GFP fusioniert. Es konnten 29 transgene Zelllinien generiert werden, die
fluoreszenzmikroskopisch untersucht wurden. Anhand ihrer Lokalisation und
Expressionsrate wurden die Fusionsproteine in finf Gruppen eingeteilt. 15 der Proteine
wurden auf der Parasitenoberfache, an dem Inneren Membran- und Basalkomplex, oder
in den apikalen sekretorischen Organellen lokalisiert. All diese Kompartimente kénnen
mit der Invasion in Verbindung gebracht werden. Zur weiteren funktionellen Analyse
wurde ein Gen-Knock-Out initiiert. Sechs der untersuchten Proteine konnten bereits als
redundant eingestuft werden und vier der Kandidaten haben moglicherweise eine

essentielle Funktion fur den Parasiten.

Zusammenfassend ermoglicht dieser bioinformatische Ansatz die schnelle
Identifizierung neuer Kandidatengene, die eine wichtige Rolle bei der Invasion des

Parasiten in die Wirtszelle spielen konnten.
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Introduction

1 Introduction

1.1 Malaria — a vector-born disease

With the first Chinese documentation almost 5000 years ago (2700 BC) malaria has been
known ever since (Cox, 2010). Even the old Greeks knew about the fevers although back
then it was thought to be caused by bad air rising from the swamps giving the disease its
name (mala:bad, aer:air). In the late 19" century the parasites were discovered in the
blood of malaria patients when Alphonse Laveran could show for the first time that it is
a protozoan parasite. It also was the first time that a protozoan was found to be able to

inhabit human blood cells (Cox, 2010; Laveran, 1881, 1884).

Malaria is a vector-borne disease caused by a protist of the Plasmodium genus.
Plasmodium spp. are obligate intracellular parasites with a complex life cycle that alters
between a vertebrate and a mosquito host. Over 200 Plasmodium species exist but only
five of them are known to infect humans: P. vivax, P. ovale, P. malariae, P. knowlesi, and
P. falciparum — the most virulent out of all causing the severest form, falciparum malaria
(Keeling and Rayner, 2015). Plasmodium spp. are part of the phylum Apicomplexa,
which are known to be obligate intracellular parasites. And although P. falciparum is the
most virulent out of them, P. vivax is gaining attention as infection rates caused by this
species have significantly increased over the last few years (Ahmed and Cox-Singh, 2015;
White et al., 2014). P. knowlesi was predominantly known as a zoonotic parasite but a
rising number of Knowlesi-infections of human has been reported recently in South-East

Asia (Ahmed and Cox-Singh, 2015).

1.1.1 Epidemiology

Malaria is a disease endemic in mostly the poor and underdeveloped countries. It

predominantly occurs in the tropical and subtropical regions with the highest infection
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rates seen in the Sub-Saharan African region (114 million people in 2015). Besides
AIDS/HIV and tuberculosis malaria is the disease with the highest mortality rate
worldwide. The malaria incidence is continually decreasing (21% from 2010 to 2015) and
the mortality rate has fallen about 29% between 2010 and 2015 (62% between 2000
and 2015). Therefore the number of countries and territories considered to be endemic
has changed from 108 to 91 over the last 15 to 20 years (Figure 1) (WHO, 2016).
Nonetheless, half of the world population still lives at risk of malaria infection (with 216
million estimated cases in 2016) and over 400 000 people are dying every year (445 000
in 2016), with two thirds being children under the age of five (WHO, 2016; WHO malria
report, 2017). Globally P. falciparum is responsible for most of the malaria infections
while not more than about 4% can be referred to P. vivax. Similar can be reported for
the estimated deaths caused by malaria infections. Of the globally 429 000 deaths in
2015, 92% occurred in the Sub-Saharan African region with the vast majority of 99%

being caused by P. falciparum (WHO Malaria report, 2016).

Countries endemic for malaria, 2016 [ Countries endemic in 2000, no longer endemic in 2016
[ Countries not endemic for malaria, 2000 Not applicable

Figure 1: Countries endemic for malaria in 2000 and 2016. Countries with 3 consecutive years of zero indigenous
cases are considered to have eliminated malaria (WHO, 2016).
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1.1.2 Clinic

Malaria infection of human happens due to a bite of a parasite-carrying female
Anopheles mosquito. Via the bloodstream the parasite migrates to the liver, where it
invades hepatocytes and transforms into an erythrocyte-invading merozoite, that is
released into the blood stream (Cowman and Crabb, 2006). All symptoms of a malaria
infection are caused by the blood stage of the parasite life cycle when newly formed
parasites are released from the erythrocytes, which causes the malaria descriptive fever
(for detailed description of the parasite life cycle see section 1.2.2). The preceding liver
stage in contrast remains without symptoms as only a small number of hepatocytes are
infected. Nonetheless, the liver stage strongly influences the incubation period, which in
general varies between 9 and 30 days (P. falciparum and P. malariae, respectively)
(Bartoloni and Zammarschi, 2012). The duration of this period depends on the infecting
species and the way of transmission as well as the general immune status of the

infected person.

1.1.1.1 Infecting species and clinical outcome

The course of disease can be differentiated into uncomplicated and severe malaria,
depending on different factors such as the host and the infecting parasite, as well as
geographic and social factors (Figure 2; reviewed in Miller, 2002). The clinical malaria
symptoms are rather diverse and the severity ranges from mild headache to serious
complications that may lead to death if not treated properly. The first symptoms are
common to all malaria species. They emerge as rather unspecific flu-like symptoms
including headache, backache, lassitude, dizziness, anorexia and vomiting pursued by

recurring fever.

Malaria infections caused by P. vivax and P. ovalae mostly develop uncomplicated. They
both come with a fever occurring every three days (tertian fever), which is defined by

first a cold stage, followed by a hot stage of fever ending in sweating. The parasitemia
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usually does not exceed 2%. Both strains are able to form dormant stages, called
hypnozoites, which upon activation develop into hepatic schizonts (late, multinucleated
parasite stages). Depending on strain, origin and previous treatment these relapses may
occur even years after the primary infection. Severe malaria cases caused by these
species have been barely reported. Although increasing evidence of severe P. vivax
malaria has recently been reported (Bartoloni and Zammarchi, 2012; Guerra et al., 2010;
Price et al., 2007). P. malariae causes the mildest but the most enduring form of the
disease. Even though P. malariae is not able to form dormant stages relapses may occur
up to 50 years after the primary infection from persisting blood stages. The incubation
period differs from at least 18 days up to 40 days and the fever intervals typically recur
every 72 hours (due to the 72h-life cycle of the parasite; quartan malaria) and
parasitemia usually does not exceed 1%. Infection caused by P. falciparum significantly
differs in its clinical outcome. Because of the asynchronous growth of the blood stage
parasites the fever occurs irregular as a quotidian (daily) fever, tertian or in 36-hour
intervals (subtertian malaria). Due to specific host cell modification infected red blood
cells (iRBC) bind to the endothelium (cytoadherence) or other RBCs (called rosetting).
This sequestration results in blockage of the microvasculature and may contribute to
severe malaria (Rogerson et al., 1997; Gamain et al., 2001; Miller, 2002). A change from
a mild to a severe form may develop at any stage and rapid if not treated properly.
Severe malaria affects the central nervous system resulting in cerebral malaria, the
pulmonary system leading to respiratory failure, the renal system, which results in acute
renal failure, as well as the hematopoietic system, which subsequently leads to severe
anaemia and may result in death (Bartoloni and Zammarchi, 2012). The species that was
most recently discovered as a human pathogen is P. knowlesi, which usually infects
primates (Garnham, 1966). The clinical disease equals P. falciparum and P. vivax

infection (Daneshvar et al., 2009).
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Figure 2: Different influences on the clinical outcome of malaria infection (Miller, 2002).

1.1.3 Treatment and prevention
1.1.3.1 Drugs

Quinine was the first antimalarial drug, extracted from the bark of the Cinchona tree in
the early 19™ century. It was found to be highly efficient against late blood stages. In P.
vivax and P. ovale it was also shown to have a weak effect against gematocytes, the
sexual form of the parasite (see section 1.2.2.2). Chloroquine (CQ) and amodiaquine
(AQ) are derivates of quinine. They both are 4-minoquinolones, the most widely used
class of drugs against malaria these days (WHO, 2016; Winzeler, 2008). The
intraerytrocytic parasite digests the haemoglobin of the RBC in the so-called food
vacuole (FV), a compartment to safely store metabolic waste products. This process
serves as its main source of nutrition. During this process haemoglobin gets degraded
into amino acids and heme (ferriprotoporphyrin IX), which is a toxic side product and
therefore has to be turned into hemozoin. CQ inhibits this conversion resulting in the

death of the parasite (Parhizgar and Tahghighi, 2015).
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Currently, the treatment mostly recommended by the WHO is artemisinin-based
combination therapies (ATCs) (WHO, 2016). Artemisinins are short-acting antimalarial
drugs, which are active against asexual blood stage parasites as well as sexual
gametocytes. ACT is a therapy combined of two antimalarial compounds, with one of
them being artemisinin or its derivates. In combination with long-acting drugs the
development of P. falciparum resistance is supposed to be delayed (Parhizgar and
Tahghighi, 2015). The hallmark of artemisinin activation is the generation of highly
reactive radicals upon peroxide cleavage, however, the exact mechanisms are not
known to date (Meshnick et al., 1993; O’Neill et al., 2010). The access to ACTs in
endemic areas has expanded in recent years with the negative side effect of emerging

parasite resistances (Dondorp et al., 2009).

1.1.3.2 Drug resistance

Increasing drug resistance is one of the major problems that have been of high interest
over the last years (Miller, 2002). To date parasite resistance to antimalarial drugs has
been documented in already three of the five human-infecting malaria species, namely
P. falciparum, P. vivax and P. malariae, which seems to result from cross resistances

(WHO, 2016).

In the 1950s the first resistance to CQ was reported from South-America and South-East
Asia (Payne, 1987; D’Alessandro and Buttiéns, 2001). Mutation in the P. falciparum CQ
transporter (PfCRT) (at amino acid 76) was shown to reduce CQ uptake into the FV. And
further reduction of CQ import results from a mutation in the multi-drug resistant
protein-1 (PAMDR1) (Fidock et al., 2000; Sidhu et al., 2002; Sanchez et al., 2008).
Although not entered yet or completed all clinical phases, new analogues based in 4-
minoquinolones are currently tested to overcome resistance and toxicity issues
(reviewed in Parhizgar and Tahghighi, 2015). Additionally, increasing drug resistance
against artemisinin has already been reported in five countries in the Greater Mekong

subregion. It is assumed to account for additional 100 000 deaths per year (Lubell et al.,
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2014; WHO, 2016). To date more than 200 mutations in the Pfkelch13 gene originating
from multiple independent emergence events have been reported (WHO malria report,
2017). However, C580Y is the most frequent mutation in the PfKelch13 protein and
considered as a primary marker for artemisinin resistance (Ariey et al., 2014). The
underlying molecular mechanisms are unknown, although they have been discussed
controversially. Wang and colleagues suggested the activation to be haem dependent (J.
Wang et al.,, 2015) upon haemoglobin digestion as the main haem source in later
parasite stages. Other studies designate artemisinin as an inhibitor of P. falciparum
phosphatidylinositol-3-kinase (PfPI3K) or associated artemisinin resistance with
increased expression of unfolded protein response (UPR) pathways involving the major

PROSC and TRiC chaperone complexes (Mbengue et al., 2015; Mok et al., 2015).

1.1.3.3 Vaccine development

During their life cycle malaria parasites pass through multiple stages implicating intra-
and extraerythrocytic phases, as well as different hosts (section 1.2.2). Also, they
express a variety of antigens each specific to the different stages. These specific parasite
features make the development of effective malaria vaccines challenging. In fact there is
no vaccine available to date to prevent humans from any parasitic infection thus not
against malaria (Hoffman et al., 2015). Only one vaccine has been progressed through
phase 3 clinical trial to date, termed RTS,S/AS01 (also known as Mosquirix®). RTS,S is an
injectable, recombinant vaccine that targets the pre-erythrocytic parasite. More
precisely, it targets the Plasmodium falciparum circumsporozoite protein (PfCSP), which
is present on the sporozoite surface and is expressed by early liver stages. It was shown
to reduce the incidence of clinical malaria by ~51% over the first 14 month among
children 5-17 month old when receiving the first of three doses. However protection
waned over time. Among children (5-17 month) who completed four doses clinical
incidence was reduced by 39% and severe malaria by 31.5% (RTS,S Clinical Trials

partnership and Agnandji et al., 2012; RTS,S Clinical Trials partnership, 2015; Oyen et al.,
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2017). Although this is a big step in malaria vaccine development RTS,S displays
relatively little efficacy and continued efforts are required and undertaken to enhance
efficacy and duration of protection. So far, WHO and the European Medicine Agency
(EMA) strongly consider RTS,S as a complementary malaria control tool that could be

added to the usual prevention and treatment procedure (Oyen et al., 2017; WHO, 2016).

A further approach is the immunisation against pre-erythrocytic stages due to bites of
irradiated mosquitoes infected with Plasmdoium falciparum sporozoites (PfSPZ). It has
been known for over 40 years that high levels of immunity can be reached with this
method (Nussenzweig et al., 1969; Seder et al., 2013). The first PfSPZ vaccine candidates
were designed for subcutaneous or intradermal application, which led to low immune
responses and minimal protection. Intravenous administration of attenuated, aseptic,
purified, cryopreserved PfSPZ vaccine composition was recently shown to establish high-
level protection (Seder et al.,, 2013). This approach is of high interest, as immune
responses against PfSPZ would prevent blood stage infection and thereby stopping
gametocyte production thus preventing from further transmission. But the challenge for

high-scale sporozoite extraction from mosquito salivary glands still must be mastered.

Transmission blocking vaccines (TBV) target antigens present on early sexual
erythrocytic stages and early mosquito stages during transmission. Such antigens are for
example Pfs25 and Pfs28. So far TBVs are poorly immunogenic but a newly designed
vaccine combination is currently tested in phase 1a clinical trial (Moreno and Joyner,

2015).

Blood stage vaccines target antigens present on the merozoite surface such as the
merozoite surface protein 1 (MSP1) and apical membrane antigen 1 (AMA1), which is
also expressed in sporozoites. The time before merozoite invasion into the RBC is the
only time of the blood cycle when the parasite is exposed to the human immune system
and therefore antigens present on the merozoite surface are highly interesting targets.
Despite several attempts to date no statistically significant efficacy was observed. But

the chimeric protein GMZ2 is currently tested in phase 2b clinical trial. GMZ2 results
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from fusing the glutamate-rich protein (GLURP) to the merozoite surface protein 3
(MSP3), and is a promising candidate as in phase 1 trials immunization inhibited parasite

growth in vitro (Audran et al., 2005; reviewed in Moreno and Joyner, 2015).

Another promising candidate for blood stage vaccines is the reticulocyte binding
homologue 5 (Rh5) that was recently found to be essential for blood stage invasion. It
exhibits limited genetic diversity and binds to a receptor on the erythrocyte surface
(Crosnier et al., 2011). Rh5-specific human antibodies were shown to block parasite
growth in vitro and are linked to a reduced risk of malaria in Mali (Tran et al., 2014). This

makes Rh5 an attractive new vaccine candidate (Moreno and Joyner, 2015).

1.1.3.4 Control strategies

Current vector control strategies to prevent infections are mainly the use of insecticide-
treated mosquito nets (ITNs) and indoor residual spraying (IRS). In the Sub-Sahara
African region up to 53% of the people at risk sleep under ITNs but still one fifth of the
households do not have access to treated nets or at least not all people living in one
household have ITNs (WHO, 2016). Further increasing mosquito resistance against
insecticides has already been reported. There are currently four insecticide classes used
for ITN treatment and IRS, namely pyrethroids, organochlorine (DDT), carbamates, and
organophosphates. Out of the 73 countries that provide monitoring data already 60
reported resistance to at least one, and 50 countries reported resistance to two or more

insecticide classes (data from 2010; WHO (2016)).

All together these data clearly demonstrate the urgent need for the development of

new prevention strategies, vaccines and especially new effective antimalarial drugs.
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1.2 Parasite biology

1.2.1 Systematic classification

Plasmodium species belong to the genus Plasmodium and are members of the family
Plasmodiidae in the order of Haemosporidae. They are part of the phylum Apicomplexa
(Storch and Welch, 2003), which are known to be obligate intracellular parasites. Beside
Plasmodium spp. other Apicomplexan parasites are Toxoplasma gondii, Cryptosporidium

spp., Theileria spp., and Eimeria spp. (Levine, 1988).

A common feature of all Apicomplexa is the apical complex comprising specialized
organelles, namely rhoptries, micronemes and dense granules, situated at the apical
pole of the parasite. A second Apicomplexa characteristic is the apicoplast. It is a plastid
that was acquired via secondary endosymbiosis of a red algae and therefore is
encompassed by four membranes. The apicoplast has lost its ability to perform
photosynthesis but has still essential functions for the parasite such as the synthesis of

isoprenoid precursors (L. Lim and McFadden, 2010; Ralph et al., 2004).

Together with Dinoflagelata and Ciliata, the Apicomplexa form the super-phylum of
Alveolata, which are phylogenetically linked by different features such as a double
membrane structure underlying the plasma membrane called inner membrane complex
(IMC) and a conserved protein family termed “alveolins” (Cavalier-Smith, 1993; Gould et

al., 2008).

1.2.2 The life cycle

The life cycle of P. falciparum parasites is a complex process that takes place in different
hosts, alternating between mosquitoes and humans. It is divided into asexual replication
in the human host and sexual reproduction in the vector (mosquito) (Figure 3). The
infection of a human starts with the bite of a Plasmodium-infected female Anopheles

mosquito. Sporozoites, the motile and infective form of the parasite, are injected into
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the blood stream. As Plasmodium parasites can only survive inside a host cell,
sporozoites use the blood stream to migrate to the liver where they pass through
several Kupffer cells before they actively invade hepatocytes, endothelial liver cells
(Mota et al., 2001). In the hepatocytes sporozoites rapidly multiply in a process called
hepatic schizogony during which they develop into liver merozoites. In a so-called
merosome, a host cell membrane-derived vesicle protecting merozoites from host cell
immune responses, thousands of hepatic merozoites are released into the blood stream.
Upon rupture the extracellular merozoites start to invade erythrocytes thereby
beginning the asexual erythrocytic phase of the life cycle (Sturm et al., 2006). The
parasites develop within erythrocytes over 36 to 48 hours from ring stages to
trophozoites into schizonts. Due to rupture of the major schizonts up to 32 newly
formed daughter-merozoites are released into the blood stream and the invasion
immediately starts again (the blood cycle is described in section 1.2.3) (Bannister and

Mitchell, 2003; Bannister et al., 2000).
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Figure 3: Schematic representation of the life cycle of P. falciparum. With the bite of an infected Anopheles
mosquito sporozoites are injected into the dermis. Via the blood stream the sporozoites migrate to the liver and
invade hepatocytes. Here they develop into thousands of merozoites, which are released into the blood stream to
infect erythrocytes. The parasite undergoes asexual replication. A small proportion develops into gametocytes, the
sexual form of the parasite (see section 1.2.2.2). With a second blood meal gametocytes can be taken up by an
Anopheles mosquito and undergo a sexual reproduction (Frénal et al., 2017).

1.2.2.1 The asexual blood stage

During invasion into the erythrocyte the asexual blood-stage parasites establish a
parasitophorous vacuole (PV), which derives from an invagination of the host cell
plasma membrane (PM) during the invasion process. Herein the parasites develop
morphologically. From the ring stage the parasite transforms into a trophozoite, the
stage in which the parasite mainly grows. As the parasite needs access to essential
nutrients from the RBC cytosol to grow and reproduce it establishes its own
tubuvesicular membrane network (TVM) inside the iRBC. The TVM is used to import
nutrients and to dispose waste products (EImendorf and Halder, 1993; 1994; Elford and

Ferguson, 1993; Grellier at al., 1991; Pouvelle et al., 1991). To maintain growth and
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asexual replication over 80% of the erythrocyte haemoglobin is digested by the parasite
(Ginsburg, 1990). Haemoglobin uptake occurs due to cytostomes but the detailed
process is not clarified to (Aikawa et al., 1966). Due to the toxicity of the iron ions in the
heme group of metabolized haemoglobin, the resulting ferromagnetic hemozoin has to
be stored safely in the lysosome-like FV, the parasite’s “safety cabinet”, whereby the
globin is used as a source for amino acid metabolism (Ashong et al., 1989; Lazarus et al.,
2008; Goldberg et al., 1990). This conversion can be inhibited by CQ, which results in the
death of the parasite (see section 1.1.2.1) (Golan et al., 2011; Parhizgar and Tahghighi,
2015). To avoid clearance by macrophages in the spleen some further remodelling is
necessary. Therefore the parasite exports numerous proteins to modify the host cell
suitable for its own needs. The P. falciparum erythrocyte membrane protein 1 (PfEMP1),
which is encoded by members of the var gene family, is expressed at the erythrocyte
surface. This results in adherence of the iRBCs to the endothelial cell wall (Baruch et al.,
1995; Deitsch and Wellems, 1996; Howard et al., 1988; Su et al., 1995). Further, the
attachment of several uninfected RBC to one iRBC, called rosetting, as well as
autoagglutination of iRBCs help the parasite to escape clearance by the spleen and are
thought to be implemented in the pathology of cerebral malaria (Wahlgren et al., 1994;
Roberts et al., 1992; Berendt et al., 1994). By the end of its growth phase the parasite
matures into a schizont and starts to replicate. In a process called schizogony nuclear
division takes place resulting in a multinuclear schizont holding up to 32 newly formed
daughter merozoites, which upon rupture of the erythrocyte are released into the blood
stream. They invade uninfected RBCs and the cycle restarts (Figure 4) (Bannister, 2003;
Sturm et al., 2006).
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Figure 4: Plasmodium spp. asexual erythrocytic stages. The upper panel graphically represents the four main blood
stages merozoite, ring, trophozoite, and schizont. The lower panel shows 4D imaging of a developing parasite (blue) in
an erythrocyte (red) via confocal microscopy. The development is shown from ring stage to schizont stage; the white
arrow (31h 20m) indicates a freshly invaded ring; scale bar, 2 um (De Niz et al., 2016).

1.2.2.2 Gametocytogenesis — the development of sexual stages

A small proportion of the invaded merozoites start to differentiate into male and female
gametocytes (micro- and macrogametes, respectively), the sexual forms of the parasite.
This process, called gametocytogenesis, is the essential part of the life cycle to ensure
further transmission of the parasite to the next host defining the elusive role of
gametocytes (Janse et al.,, 1986; Taylor and Read, 1997; Guttery et al.,, 2015).
Gametocyte production in P. falciparum takes approximately 10 to 12 days whereby all
merozoites of one schizont are committed to either develop into gametes or continue
their asexual cycle (Bruce et al., 1900; Silvestrini et al., 2000; Guttery et al., 2015). The
exact circumstances that trigger these differentiations are not clear to date but it is
suggested that stressors such as high parasitaemia or nutrition depletion result in a
higher production of sexual parasite forms (Dixon et al., 2008; Smith et al., 2000; Alano,
2014; Carter and Miller, 1979; Williams, 1999). Gametocytes develop through five
morphologically distinct stages (I-V) resulting in crescent-shaped mature gametocytes

(Figure 5). Early gametocyte stages (l-1la) are morphologically rather similar to early
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asexual stages. During development the gametocytes undergo drastic changes. In stage
IIb they start to elongate and one side straightens resulting in a D-shaped form (stage Il1).
The gametocytes further elongate and their ends become rounded (stage IV and V). The
sexual parasite uses about 75% of the haemoglobin and covers about half of the
erythrocyte’s volume (Hanssen et al., 2012; Hawking et al., 1971, Dixon et al., 2012).
Notably only stage V gametocytes can be found circulating in the blood stream as all
other stages, protected from clearance by the spleen, are thought to develop in the

bone marrow (Joice et al., 2014; Farfour et al., 2012; Aguilar et al., 2014).

I-lla lb-111
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Figure 5: Representation of the different stages during gametocytogenesis. The gametocytes develop through five
distinct stages (I-V) during which they elongate (stage llb-1l) and become their defining banana-shaped form (stage V).
Upper panel: schematic representation including the nucleus, osmophilic bodies (Ob), aggregated hemozoin crystals
(Hz), Maurer’s clefts (MC), IMC, and microtubules (MT). Lower panel: Giemsa-stained blood smears of infected
erythrocytes showing the different stages from day 2 to day 9 of development (Graphic modified from Dixon et al.,
2012, upper panel and Chaubey et al., 2014, lower panel).
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1.2.2.3 The sexual phase of the life cycle

Once gametocytogenesis is completed, mature male and female stage-V-gametocytes
can be taken up during the blood meal of a female Anopheles mosquito. The
gametocytes are ingested in the mosquito midgut where the sexual replication takes
place. Compared to the human body the temperature as well as the pH is significantly
lower in Anopheles mosquitoes. Together with the exposure to xanthurenic acid (XA),
which is present in the midgut, these changes subsequently trigger the maturation of
the gametocytes into gametes (Taylor and Read, 1997; Billker et al., 1998; Guttery et al.,
2015). It takes about 12 minutes for a haploid male gametocyte to develop into eight
flagellated sexually competent male gametes. These octoploid gametes are released
during a process called exflagellation (Janse et al., 1988; Guttery et al., 2015; Sinden,
2015). Meanwhile female gametocytes develop into fertile macrogamete. Upon
fertilization haploid male and female gametes fuse to a diploid zygote, subsequently
developing into a tetraploid ookinete in which meiotic recombination occurs (Sinden,
1983). In this form the parasite is able to traverse the mid-gut epithelial cell wall where
an oocyst is formed. Its rupture results in the release of sporozoites. These haploid
sporozoites actively migrate through the haemocoel into the salivary glands where they
remain until the next blood meal of the mosquito, through which they are transmitted

to the next human host (Figure 3, left panel).

1.3 Invasion

1.3.1 Merozoites — the erythrocyte-invading parasite stage

Two invasive forms are found in Plasmodia: the hepatocyte-invading sporozoites and
the erythrocyte-invading merozoites. Both are highly specialized, as they are responsible
to ensure the parasites ability to find a new host cell where it can hide from the host

immune system. Even though sporozoites and merozoites invade completely different
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cell types they use the same molecular background. The erythrocyte invading
merozoites (Figure 6) are 1-2 um in size and are the smallest cells of the parasites life
cycle and one of the smallest eukaryotic cells at all (Bannister et al., 1986; Cowman et al.,
2012). They encompass two rhoptries and a few micronemes. Sporozoites in contrast
are significantly larger and contain a higher number of micronemes, which correlates
with their motility (Carruthers and Tomley, 2008). Erythrocytes do not possess a nucleus
or any other organelles. Plasmodium spp. therefore bring their own invasion machinery
and express all proteins involved in invasion on their own. Because the extracellular
parasite is directly exposed to the human immune system the invasion process needs to
be rapid and takes less than 30 seconds (M. Treeck et al., 2009). Also over 400 proteins
are involved in this process (Hu et al., 2009), which makes it even more necessary to be

tightly coordinated.
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Figure 6: 3D representation of a free merozoite and its core secretory organelles. Organelles are listed beside with
core molecular compounds of key invasion-related compartments (Cowman et al., 2012).
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1.3.2 The apical complex

The apical complex is a special feature of the phylum Apicomplexa. It comprises four
secretory apical organelles, namely rhoptries, micronemes, dense granules, and
exonemes that were added recently (Yeoh et al., 2007). All motile and invasive stages of
Apicomplexa — sporozoites, tahyzoites, merozoites and ookinets — are all highly
polarized and comprise secretory organelles at their apical pole. The content of these
organelles is secreted depending on the step of invasion or motility. While micronemes
are present in all motile stages, rhoptries are restricted to invading forms and thus are

absent in ookinets (Carruthers et al., 2008; Frénal et al. 2017).

The rhoptries are the biggest of the organelles. They are built very late during the last
hours of schizogony and are situated in a pairwise arrangement. Among other proteins
members of the Rh family are stored in these organelles (Bannister et al., 2000).
Micronemes store invasion related proteins such as members of the erythrocyte
binding-like (EBL) family, which are secreted to the surface during invasion (Cowman
and Crabb, 2006; Carruthers and Sibley, 1999). Dense granules are supposed to secrete
their protein content into the freshly established PV during the final phase of invasion
(Bannister et al., 1975; Aikawa et al., 1990) (Figure 6 and Figure 8A). Exonemes are
dense granule-like organelles that are released into the PV. They are suggested to

mediate protease dependent rupture and egress from the iRBC (Yeoh et al., 2007).

1.3.3 The process of invaison

Apicomplexa invade their host cell in an active process, which significantly differs from
other parasites. The stepwise invasion process of the parasite into the RBC is tightly
organized (Figure 7). Although it is not completely resolved to date, the current state
suggests the involvement of external signals that are passed through internal pathways
resulting in successful invasion. The process starts after egress of the merozoites, which
requires disruption of the erythrocyte cytoskeleton as well as the rupture of first the

parasitophorous vacuole membrane (PVM) and subsequently of the erythrocyte PM
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(Riglar et al., 2011; Salmon et al., 2001; Wickham et al., 2003). Egress is followed by the
initial step of invasion, which is the attachment of the parasite to the erythrocyte
surface. This is supposed to be triggered by the sudden exposure of the merozoites to
the low ionic conditions of the blood plasma. Low potassium levels may lead to the
release of intracellular Ca** stores resulting in secretion of microneme proteins such as
the erythrocyte binding ligand 175 (EBA175) and AMA1 onto the parasite surface (Singh
et al., 2010; Treck et al., 2009). Importantly only microneme proteins are secreted at
that stage. Rhoptry proteins are not yet affected. While there are contradictory theories
suggesting rhoptry proteins such as the P. falciparum reticulocyte homologue 1 (PfRh1)
to be responsible for microneme secretion (Gao et al., 2013), it rather seems to be the
other way around. At least for T. gondii it was shown that secreted microneme proteins
might trigger the release of rhoptry proteins, once more demonstrating the strict order
of the invasion process (Kessler et al., 2008). Following microneme secretion, the first
attachment of the parasite to an erythrocyte is a weak and reversible binding to surface
receptors, which occurs randomly and is likely mediated by merozoite surface proteins
such as the glycosylphosphatidylinositol (GPl)-anchored MSP-1 (Cowman and Crabb,
2006). Interaction of the C-terminus of MSP-1 with band 3 receptor on the host cell
surface is supposed to result in a non-covalent binding (Gerold et al., 1996; Holder at al.,

1992; Goel et al., 2003).
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Figure 7: Schematic description of the steps of merozoite invasion from egress until post-invasion when the vacuole
is sealed. The invasive phase is depicted with the associated steps of invasion and the signals triggering the single
steps. Following egress the free merozoite attaches to the RBC and reorientates. After formation of a tight junction
the active process of invasion is powered by the actin-myosin motor driving the parasite through the moving junction
into the host cell. In the last step the membrane is sealed behind the parasite and the PV is established due to dense
granule secretion (Cowman et al., 2012).

As all invasion-relevant organelles are located at the apical pole, the parasite re-
orientates to ensure that the apical end is directly located to the host cell surface
(Preiser et al., 2000; Dvorak and Miller, 1975; Gilson and Crabb, 2009). Adhesion
proteins stored in the micronemes are now in close proximity to the erythrocyte surface
to enable binding to host cell receptors. The ligand EBA175 (see section 1.2.8.2), a
member of the EBL family, is a well-characterized invasion ligand during this step. It
interacts with the Glycophorin A (GlyA) receptor, which is present on the RBC surface
(Camus and Hadley, 1985; Sim et al., 1994). This binding subsequently restores basal
Ca”* levels as mentioned before, triggering the discharge of rhoptry proteins (Singh et al.,
2010; Singh and Chitnis, 2017, review). Due to interaction of these proteins with
receptors on the RBC surface the weak initial binding changes to an irreversible
connection, called “tight junction”, due to which the parasite finally commits to invasion.
One essential receptor-ligand interaction at this stage is the binding of AMA1 to a
complex of rhoptry neck proteins (RONs) (Srinivasan et al., 2011; Tonkin et al., 2011).
Following upstream triggers the rhoptry proteins RON2, RON4, RON5, and RONS8 are
translocated into the host cell membrane. RON4, 5 and 8 hereby seem to fix the
complex to the erythrocyte cytoskeleton whereas RON2 is inserted as an integral
membrane protein. Thereby it acts as the anchor for the membrane antigen (Besteiro et
al., 2009). Recent data proofed the interaction of AMA1 with RON2 to be essential for T.
gondii as well as for P. falciparum invasion as it triggers tight junction formation
(Lamarque et al.,, 2011; P Srinivasan et al., 2011). Specific prevention of AMA1-RON2
interaction disables junction formation and further blocks the induction of the PV. The
tight junction is considered as the last checkpoint for an on-going coordinated invasion

process (Riglar et al., 2011). This master switch triggers all downstream invasion steps
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that are organized sequentially with rhoptry contents being secreted in a strict order
(Singh et al., 2005; Riglar et al., 2011). Albeit this interaction is important for on-going
invasion it does not seem to be the only event contributing to tight junction formation.
In T. gondii another tight junction protein was discovered recently, called claudin-like
apicomplexan microneme protein (CLAMP) (Sidik et al., 2016). While its role in P.
falciparum is not completely resolved, absence of this protein in T. gondii leads to

interruption of the invasion process due to the inability to form a tight junction.

To finally invade the RBC, the tight junction is transformed into a 'moving junction” —
the actin-myosin motor of the parasite actively moves the parasite into the RBC (Miller
et al.,, 1979; Heintzelman, 2003; Baum et al., 2006). During this process the tight
junction is pulled across the merozoite surface until the parasite is completely enclosed
by the PVM, which finally seals due to fusion of the membranes (Bannister et al., 1986;
Lingelbach and Joiner, 1998; Riglar et al., 2011). To enable moving irreversible receptor-
ligand interactions have to be broken and processed. This so-called shedding of the
merozoite surface coat is suggested to happen due to the proteolytic processing of the
surface ligands. The cleavage is performed by proteases such as the P. falciparum serine
protease subtilisin-like sheddase 2 (PfSUB2) and P. falciparum rhomboid-like protease 4
(PfROMA4) (Aikawa et al., 1978; Ladda et al., 1969). PfSUB2 hereby cleaves the binding of
MSP1 as well as the binding of AMA1 to RON2 (Baker et al., 2006; Olivieri et al., 2011).
MSP1 is processed already early in invasion but shedding itself does not occur before
invasion is close to completion while the parasite runs through the moving junction
(Boyle et al., 2010; Riglar et al., 2011). The membrane associated PfROM4 removes
binding of EBA175 to the erythrocyte receptor GlyA (O’Donnell et al., 2006). With the
last step of invasion, the sealing of the membrane, the parasite “closes the door behind”
and is now perfectly hidden from the human immune system. The dense granules can
now secrete their content into the newly formed PVM starting to modify the host cell

immediately after invasion (Aikawa et al., 1990; review: de Koning-Ward, 2016).
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1.3.3.1 Gliding motility and the motor complex

All motile forms of the parasite rely on an exclusive mode of substrate-dependent
locomotion, called gliding motility. This process is mediated by a unique machinery
called the glideosome, which enables active migration across biological membranes and

host cell invasion.

The glideosome is composed of the actin-myosin motor underlying the PM. Stage
specific adapter proteins, such as proteins that are structurally related to the sporozoite
thrombospondin related analogous protein (TRAP), interconnect the motor system with
the three-layered pellicle of the merozoite encompassing the PM and the underlying
IMC. The necessary force to drive the parasite into the host cell is generated by
anchoring of the glideosome to the IMC membranes (Siddall et al., 1997; Morrissette et
al., 1997; Morrissette and Sibley, 2002; Opitz and Soldati, 2002; Aikawa et al., 1978;
Blackman and Carruthers, 2013; Baum et al., 2008). The IMC is a Golgi-derived double
membrane structure composed of small flattened vesicular sacs and is interconnected
with the cytoskeleton (Figure 8A and Figure 8) (Striepen et al., 2007; Aikawa et al., 1981).
This interconnection to the subpellicular microtubules is mediated by so-called alveolins,
a network of intermediated filament-like proteins. It mainly confers stability and shape
to the cell and was shown to play a central role in cytokinesis and invasion (Aikawa et al.,

1981; Meszoely et al., 1987; Kono et al., 2012).
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Figure 8: Schematic representation of the invasion associated organelles of an invasive merozoite. A. The black box
highlights the apical pole of the merozoite attaching to the RBC (illustrated in red). Depicted are the apical organelles:
dense granules (circles in light orange), micronemes (light brown) and the two rhoptries (yellow). The IMC (blue), the
PM (green), mitochondrion (purple), apicoplast (light blue), and the nucleus (NC, dark blue) (adapted from Hu et al.,
2008). B. Schematic zoom of the inner and outer membrane of the IMC underlying the PM, which together form the
pellicle of the merozoite.

1.3.3.2 The motor complex

The motor complex itself is composed of myosin A (MyoA), the associated protein
myosin A tail domain interacting protein (MTIP) (Bergman et al., 2003), and the three
gliding associated proteins GAP45, GAP50, and GAP40 (Gaskins et al., 2004; Baum et al.,
2006; Frénal et al., 2010) that act as secure anchors linking myosin to the cholesterol-
rich membranes of the IMC (Johnson et al., 2007). MyoA acts as fast motor converting
the chemical energy that is released by ATP (adenosine triphosphate) hydrolysis into

direct movement along actin filaments (Frénal et al., 2017) (Figure 9).

Therefore MTIP binds to MyoA, which acts as a lever arm and converts energy into
movement (Bosch et al., 2007; Green et al., 2006). GAP45 is targeted to the PM by N-
terminal acylation. The C-terminal domain in contrast associates with the IMC. By
recruiting MyoA to the IMC it forms a bridge between the IMC and the PM (Frénal et al.,
2010; Ridzuan et al., 2012). GAP50 and GAP40 possibly anchor MyoA to the parasite

cytoskeleton. A family of glideosome-associated proteins with multiple-membrane
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spans (GAPMs) that reside in the IMC interact with alveolins and GAP50 thereby linking
the glideosome to the underlying cytoskeleton, which probably enables the generation
of traction forces (Bullen et al., 2009) (Figure 9B and C). During the process of invasion
the principal task of the motor complex is the tight and moving junction. The junction
consists of intimate molecular connections between the parasite and the host cell
membranes, for example due to receptor binding of AMA1 to the RON complex (Baum
et al., 2008; Srinivasan et al., 2011). Actin filaments distributed at the tight junction
interact with myosin heads thereby generating the force to move the parasite into the
host cell right into the space which is generated due to rhoptry release. To enable
movement into the host cell adhesins are cleaved in their transmembrane domain (TM).
This cleavage occurs due to proteases such as SUB1, SUB2 and ROM4 and leads to

disengagement of the receptor-ligand interactions (Harris et al., 2005; Yeoh et al., 2007).
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Figure 9: Gliding motility and the motor complex. A. Attachment of the merozoite to the host cell surface and
generalized model of gliding motility. Adhesins (orange) inserted in the parasite PM (pPM) are present on the
merozoite surface and interact with host cell receptors (black) inserted in the host cell PM (hPM). Gliding motility
derives from rearward translocation of adhesion—receptor complexes powered by the myosin motor (blue) anchored
to the IMC. Gliding occurs along the actin filaments (yellow). Nucleus, NC. B and C. Schematic description of the
traction. The core compounds of the motor complex are listed in the grey box. The conformational change of the
myosin head on the actin filaments due to ATP hydrolysis drives the forward movement of the parasite. ROM4
separates adhesin—receptor interaction by cleaving the TMs of adhesins and thereby enables movement (adapted
from Frénal et al., 2017).

1.3.4 Molecular basis for invasion — Receptor-ligand interaction

Already in 1976 the essentiality of a molecular interaction between the merozoite and
the RBC could be outlined as P. vivax invasion was shown to depend on the Duffy
antigen receptor for chemokines (DARC), the Duffy blood group antigen (Miller et al.,
1976; Langhi and Orlando, 2006). Since this discovery it was thought that P. vivax
completely depends on this interaction of DARC with the erythrocyte receptor. However

recent studies found Duffy-negative humans in different regions of the world to be
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infected with P. vivax parasites (Ryan et al., 2006; Cavasini et al., 2007; Ménard et al.,
2010; Singh and Chitnis, 2017, review). These findings give important hints for
alternative invasion pathways and therefore the implication of different ligands that can

be used.

For P. falciparum it is known that different strains vary in their use of invasion receptors
and thereby on their dependency on sialylated receptors on the erythrocyte surface.
While some strains rely on sialic acid-dependent receptor binding, others prefer
invasion pathways that are sialic acid-independent. W2mef parasites for example
predominantly invade in a sialic acid-dependent manner but are able to alter their
invasion pathway upon treatment with neuraminidase. Neuraminidase catalyses the
hydrolysis of terminal sialic acid residues thereby cleaving off all sialic acid moieties,
which prevents EBA175 from binding to the erythrocytes. A switch to another invasion
pathway using PfRh4 as a ligand allows for reinvasion of W2mef parasites into RBCs. The
switching is a reversible process and therefore a helpful tool to face selection pressure
(Dolan et al., 1990; Reed et al., 2000; Duraisingh at al., 2003; Gilberger et al., 20033;
Stubbs et al., 2005). Parasites of the 3D7 strain in contrast are not able to switch their

invasion pathway but invade erythrocytes in a sialic acid-independent manner.

Most of the parasite proteins that are directly involved in invasion can be subdivided
into two groups: adhesins and invasins (Cowman and Crabb, 2006, review; Cowman et
al.,, 2012, review). Proteins of both groups are type | TM proteins, they display an N-
terminal signal peptide (SP) and a single TM followed by a short cytoplasmic tail of
about 50 amino acids at its N-terminus (Di Christina et al., 2000; Adams et al., 2001).
Further both groups display specific binding domains that are essential for receptor-
ligand interaction. Invasins do not necessarily bind to host cell receptors but are
implicated in the active invasion process. Adhesins mainly function as ligands binding
directly to specific receptors present on the RBC surface. They are responsible for the
initiation of the first contact to the erythrocyte surface. Two families of important

adhesins are known. The Duffy binding-like (DBL) and the reticulocyte binding-like (RBL)
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family. The DBL family comprises the Duffy binding proteins of P. vivax and P. knowlesi
as well as the P. falciparum EBL proteins. The RBL family includes the P. yoelii 234-kDa
rhoptry protein, the reticulocyte binding proteins PvRBP-1 and 2 of P. vivax as well as
several Rh proteins of P. falciparum (Gaur et al., 2004; Cowman and Crabb, 2006; lyer et
al., 2007).

1.3.4.1 Reticulocyte binding homologue family

The P. falciparum Rh family consist of six members: PfRhla, PfRhlb, PfRh2a, PfRh2b,
PfRh3, PfRh4, and PfRh5. Besides PfRh3, which does not seem to be translated (Taylor et
al., 2001), all members are localized in merozoites. Each Plasmodium species possesses
at least one Rh protein but not all strains display PfRh ligands (Duraisingh et al., 2003).
Rh family members are well conserved although they significantly differ in sequence and
binding manners. Sequence polymorphisms might likely be used to regulate changes in
the binding properties of the ligands. A recent study by Lobo and colleagues supposed
variations in the ligand sequence to be associated to changes in the invasion pathway
that is used by the parasite (Lobo et al.,, 2006). The binding of PfRh1 for example is
known to depend on sialic acid. PfRh2b in contrast could not been proven to directly
bind erythrocytes at all but seems to be required for the sialic acid-independent
invasion pathway (Rayner et al., 2001; Duraisingh et al., 2003). The so far best
characterized Rh-ligand PfRh4 binds to the complement receptor 1 (CR1) on the host
cell surface. This erythrocyte receptor is neuraminidase-resistant. In the P. falciparum
clone Dd2 the Rh4 gene was shown to be up-regulated when parasites were cultured in
neuraminidase-treated erythrocytes. It further could be confirmed that it is essential for
switching of the invasion pathway as parasites with a depleted Pfrh4 gene are disabled
to change to a sialic acid independent invasion (Kaneko et al., 2002; Gaur et al., 2007;

Stubbs et al., 2005; Tham et al., 2010).

Rh members in general are large proteins. PfRh4 for example is expressed as a 220 kDa

protein, displaying a TM. Rh5 in contrast is relatively small (63 kDa) and lacks the
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cytosolic region at the C-terminus that is common to all other family members as well as
the TM. Instead it was shown to be associated to the membrane via the Rh5 interacting
protein (PfRipr) (Baum et al., 2009; Rodriguez et al., 2008). PfRh5 is the only member of
both the Rh and the EBL family that seems to be essential for invasion. It binds to the
RBC receptor basigin (also called CD174). Basigin is a glycosylated receptor, which is
resistant to chymotrypsin, trypsin and neuraminidase. This interaction seems to be
essential to form the tight junction and therefore for proceeding of the invasion process

(Hayton et al., 2008; Baum et al., 2009; Crosnier et al., 2011).

1.3.4.2 The erythrocyte binding like family

The erythrocyte binding ligands are a family of proteins located in the micronemes and
known to bind sialoglycoproteins on the RBC surface with high affinity (Sim et al., 1992;
Adams et al., 2001; Treeck et al., 2006). In P. falciparum this family comprises six
members: EBA165, EBA175, EBA181, EBL1, BAEBL, and MAEBL (Thompson et al., 2001;
Camus and Hadley, 1985; Sim, 1990; Adams et al., 2001; Mayer et al., 2001; Gilberger et
al., 2003a; Blair et al., 2002). Their binding to a number of divers but specific receptors
on the host cell provides a set of different invasion pathways. The identified receptors
for the EBL family members are Glycophorin C (GlyC), GlyA, receptor E, and GlyB (Maier
et al., 2003; Camus and Hadley, 1985; Gilberger et al., 2003b; Mayer et al., 2009). Most
EBL proteins are involved in the invasion of merozoites into RBCs. MAEBL on the other
hand could be shown to be essential for sporozoite invasion of salivary glands (Kariu et
al., 2002). All members of the EBL family possess a conserved N-terminal cysteine-rich
domain for the binding to erythrocytes, the DBL domain. Name giving was the first
erythrocyte-binding domain that was ever identified, region Il of the P. vivax Duffy-
binding protein (Chitnis and Miller, 1994). MAEBL in contrast to all other members
displays a duplicated MAEBL ligand domain instead of the double DBL domain (Figure

10). This binding domain shows similarities to the AMA1 ectodomain.
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Figure 10: Schematic representation of the gene structure of EBL family members of P. falciparum and P. vivax
represented by the exon structures. All members display a double DBL domain (F1 and F2) except for maebl, which
displays a duplication of the MAEBL ligand domain. Common features are the signal domain (grey), the ligand
domains (light and darker lilac) as well as the carboxyl cysteine-rich (c-cys) domain (green). The yellow boxes
represent the putative TM and cytoplasmic domains (Adams et al., 2001).

1.3.4.3 Erythrocyte binding antigen 175

The 175-kilodalton EBA was the first ligand identified to bind erythrocytes with high
affinity (Camus and Hadely, 1985). EBA175 binds to the integral TM host cell receptor
GlyA in a sialic acid dependent manner, which specifically requires the sialic acid
moieties of the O-glycans of GlyA (Camus and Hadley, 1985; Orlandi et al., 1992; Sim et
al., 1994; Marchesi et al.,, 1972). It is expressed during late schizogony and secreted
from their micronemal localization in the merozoites during invasion (Orlandi et al.,

1990; Sim et al., 1990). PfEBA175 shows a highly conserved gene structure. The N-
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terminal SP is followed by a duplicate cysteine-rich region Il (F1 and F2), which was
shown to be responsible for receptor binding (Mayor et al., 2005; Sim et al., 1994).
These region Il domains are highly conserved among over 30 laboratory and field
isolates and importantly these domains are unique Plasmodium features (Aravind et al.,
2003; Liang and Sim, 1997). Further their significant homology to the DBL proteins of P.
vivax and P. knowlesi classifies all three proteins as members of the EBL family. The N-
terminal single TM domain separates the extracellular cytoplasmic domain (CPD) from a
3’cysteine-rich region, which might function in protein sorting (Figure 11) (Adams et al.,

1992, Gilberger et al., 2003b).

EBA175 - 1502 aa

Il i)

Figure 11: Schematic structure of the type | transmembrane protein PfEBA175. The N-terminal SP is depicted in red.
The duplicate cysteine-rich region Il (F1 and F2, green) is responsible for receptor binding. The 3’cysteine-rich region
(3’Cys, orange) is followed by a TM (blue) and the CPD (light green).

The cytoplasmic tail plays an essential role during merozoite invasion. Gilberger and
colleagues could show that removal of the CPD results in a protein unable to fulfil its
function (Gilberger et al., 2003b). Treatment with neuraminidase cleaves off all sialic
acid moieties of the O-glycans of the receptor GlyA, which then prevents EBA175 from
binding. As described before only sialic acid-independent binding remains possible.
Parasites of the W2mef strain predominantly invade in a sialic acid-dependent manner,
using EBA175 as preferred ligand. Culturing W2mef parasites in neuraminidase treated
erythrocytes interestingly leads to a switch to the earlier mentioned sialic acid-
independent Rh4 invasion pathway. The switch even between members of different
gene families illustrates the perfect adaption of the parasite to threatening challenges

such as host receptor polymorphisms and the host immune system. Further there seems
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to be certain functional overlap between members of the RH and EBL families. (Sim et
al., 1992; Dolan et al., 1990; Reed et al., 2000; Duraisingh at al., 2003; Gilberger et al.,
2003b; Stubbs et al., 2005).

1.4 Post-translational modifications

The parasite travels between many diverse stages and has to adapt to different hosts as
well as host cells during his life cycle. Numerous proteins are involved in the different
steps, which need to be strictly regulated. The Plasmodium blood stage proteome
comprises ~5300 proteins and their timing of expression must be strictly adhered to
their moment of function (Gardner et al., 2002). One option to control parasite
development is the regulation at the epigenetic level by gene silencing, which was
initially thought to be the main way of regulation (Le Roch et al., 2003; Bozdech and
Llinas et al.,, 2003). Nevertheless, post-translational regulation is now commonly
accepted as crucial regulatory mechanism implicated in controlling protein folding,
localization, binding, and activity of enzymes as well as stability. Importantly, failure may
lead to diverse pathologies or death of the parasite (Foth et al., 2008; Doerig et al.,
2015). Post-translational modification (PTM) in general is understood as covalent
alterations of specific functional groups on a polypeptide mediated by enzymes. The fact
that many PTMs are reversible enables dynamic regulation. Well-understood
modifications in Plasmodium include lipidation (myristoylation and palmitoylation),
acetylation and methylation, as well as phosphorylation. These alterations are involved
in the regulation of host cell invasion, egress, transition, and even virulence (reviewed in

Doerig et al., 2015).

Expression of the 60 members of the var gene family encoding P/EMP1 for example is
tightly regulated by histone acetylation and methylation (Lopez-Rubio et al., 2007; Kyes

et al., 2007). Lipidation can mediate membrane-attachment and sub-cellular trafficking
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of proteins such as the glideosome associated protein 45 (GAP45) (Maurer-Stroh et al.,

2002; Resh, 1999; Rees-Channer et al., 2006).

Probably the most common mechanism to regulate cell physiology is phosphorylation. A
phosphate group is transferred mostly from ATP and covalently attached to specific
amino acids. This process is mediated by kinases and protein phosphatases. The P.
falcimarum kinome comprises 85-99 genes encoding protein-kinases related enzymes
and 30 genes encoding phosphatases (Talevich et al., 2012; Doerig et al., 2015). It is well
known, that eukaryotic protein kinases target residues carrying an alcohol group. These
are the amino acids serine (S), threonine (T), and tyrosine (Y). Most phosphorylation
events occur at serines (89%), followed by T (10.4%) and only 0.5% of the
phosphorylated sites were found to be tyrosines (Treeck et al., 2011). This is still
astonishing given the fact that no tyrosine specific kinases or phosphatases are known in
P. falciparum (Ward et al., 2004). Nevertheless, phosphorylated Y are often involved in
signalling pathways such as the mitogen-activated protein (MAP) kinase pathway, which
is critical for the parasite (Lim and Pawson, 2010; Tan et al., 2009). This phosphorylation
is suggested to result from autophosphorylation (which is also known for the glycogen
synthase kinase 3 (GSK3)). Interestingly, many phosphorylated proteins were found in
the IMC and invasome (Treeck et al., 2011) underlining the importance of PTM of
invasion-related proteins, which might — although not proofed yet — be also true for

EBA175.

Phosphorylation is not only used for post-translational protein regulation. It also
mediates transcriptional regulation such as the eukaryotic translation initiation factor
(elF2). Phosphorylation of the o subunit elF2a was shown to regulate maintenance of
dormancy in Plasmodium spp. (reviewed in Zhang et al.,, 2013). Nonetheless,
phosphorylation is a well-known PTM, which occurs in diverse life stages of the parasite,
including mosquito, liver and — importantly — blood stages. In the late blood stages
almost 1700 proteins are predicted to be phosphorylated (Treeck et al., 2012; Pease et

al., 2013), comprising many invasion ligands such as AMA1, Rh4 and Rh2b (Treeck et al.,
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2009; Tham et al., 2015; Engelberg et al.,, 2013). Apparently the majority of adhesin
CPDs is phosphorylated in vitro (Tham et al., 2015).

Phosphorylation of the cytoplasmic domain of AMAL is essential for host cell invasion
and it was shown that phosphorylation of AMA1 CPD by the cyclic AMP-dependent
protein kinase A (PKA) relies on a phospho-priming step mediated by GSK3 (Treeck et al.,
2009; Leykauf and Treeck et al., 2010; Engelberg et al., 2013; Prinz et al., 2016). This
type | TM protein is synthesized during late schizogony and is secreted from the
micronemes to the merozoite surface where it interacts with the parasite-derived RON
complex (Besteiro et al., 2009). At its C-terminus AMAL1 provides a relatively short CPD,
which is crucial for the functionality of the protein (Treeck et al.,, 2009). Six
phosphorylation sites are available in the tail and it was shown that phosphorylation of
specific amino acid residues in the CPD is essential (Leykauf and Treeck et al., 2010).
Interestingly the functionality of AMA1 seems to be dependent on a two-step
phosphorylation. The first phosphorylation step is mediated by the protein kinase 2
(PK2), which phosphorylates a serine at position 610 (S610) (Leykauf and Treeck et al.,
2010). It is suggested that a resulting conformational change of the protein exposes the
second phosphorylation site (T613), which is then accessible for another kinase — GSK3
(Leykauf and Treeck et al., 2010; Engelberg et al.,, 2013; Prinz et al.,, 2016).
Phosphorylation of the CPD is not required to anchor AMA1 to the actin-myosin motor
as aldolase can still bind the tail. However it appears to be essential for the formation of

the moving junction (Leykauf and Treeck et al., 2010).

Recently, phosphorylation of the CPD was also demonstrated for PfRh4 (Tham et al.,
2015). PfRh4 is essential in the sialic acid-independent pathway (Maier et al., 2003;
Tham et al., 2009). W2mef parasites were not able to switch invasion pathways to
invade neuraminidase-treated RBCs upon disruption of the gene (Maier et al., 2003).
During invasion PfRh4 interacts with CR1 on the RBC surface and it was shown that
tyrosine residues within the CPD of PfRh4 are essential for this invasion pathway (Tham

et al., 2010; 2015). Albeit no P. falciparum tyrosine kinases are identified to date it was
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suggested that this likely involves the phosphorylation of Y residues (Ward et al., 2004;
Tham et al., 2015). This suggests the implication of specific amino acids in the CPD in
signalling of downstream invasion events and it was shown that these residues are
essential for RBC invasion via receptor-ligand interaction of PfRh4 and CR1 (Tham et al.,
2015). It was further demonstrated that mutant P. falciparum merozoites without
functional Rh4 protein are not able to invade neuraminidase-treated RBCs, though they
still attach to the host cell (Tham et al., 2015). Nonetheless, the exact role of this ligand

in invasion could not be identified to date.

Another invasion ligand of the Rh family is PfRh2b. Deletion of the CPD of the mutation
of conserved acidic residues within this domain is not tolerated by P. falciparum
parasites (DeSimone et al., 2009). Further it was shown that the exchange of the PfRh2a
CPD with PfRh2b CPD activates the otherwise inactive ligand (Dvorin et al., 2010). These
findings demonstrate a specific function of the tail of the invasion ligand. Engelberg and
collaborators therefore suggested specific phosphorylation of residue S3233 likely
mediated by P. falciparum casein kinase 2 (PfCK2) (Engelberg et al., 2013). Despite late
stage phosphorylation of Pf/Rh2b CPD, mutation of $3233 did not alter parasite invasion.
It therefore was suggested that instead of directly influencing the invasion event
phosphorylation of S3233 might trigger a pre-invasive process, which might be

connected to translocation or to priming for invasion (Engelberg et al., 2013).

1.5 The invadome

Together these finding demonstrate that invasion is a complex process involving a not
yet fully understood network of interacting proteins. Most of these proteins are situated
either in the apical secretory organelles or on the surface of merozoites (Cowman and
Crabb, 2006). Further it is known that many invasion related proteins such as AMA1 or

MSP1 share structural and transcriptional features. They all comprise a N-terminal SP,

34



Introduction

which enables entry into the secretory pathway and are transcribed during late
schizogony (Bozdech et al., 2003; Le Roch et al., 2003). Proteins that are predicted to be
involved in invasion are collated as the “invadome”. Different investigations have been
carried out to functionally annotate proteins based on primary sequence and expression
data (Le Roch et al., 2003; Bozdech et al., 2003; LaCount et al., 2005). Haase and
collaborators combined predicted localization with transcriptional and structural
features to perform a genome wide search. They could identify 49 hypothetical proteins
likely to be involved in invasion (Haase et al., 2008). Hu, Cabrera and collaborators
generated a transcriptional data set based on DNA microarray profiling of perturbations
that reflects the functional relationships between P. falciparum genes (Hu and Cabrera
et al., 2009). Based on this data set, a high confidence gene network was generated —
called PlamsoINT — which enables functional prediction of almost 90% of the proteome
(function of 2545 hypothetical proteins was predicted). Concentrating on late blood
stages, a subnetwork of 416 genes likely to be implicated in invasion was generated. By
the use of an ectopically GFP (green fluorescent protein)-tagging approach it could be
shown that 31 out of 42 expressed and localized proteins actually were associated to
invasion-related compartments such as the merozoite surface, the IMC, or apical

organelles.

Substantial progress has been achieved during the last decades to unravel the complex
network of invasion-related proteins. But an indefinite number of proteins implicated in
the multifaceted process of invasion still remains unknown necessitating an update of

the invadome.
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1.6 Aims of this work

Invasion of the obligatory intraecellular Plasmodium parasite is a process not completely
understood to date implicating an unknown number of proteins. The aim of this thesis

therefore was to:

I. Investigate the impact of CDP-phosphorylation on EBA175-functionality:

For other invasion proteins it was shown that phosphorylation of their cytoplasmic
domain was essential for their function in invasion. For EBA175 it was shown before that
deletion of the cytoplasmic domain results in a switch of the invasion pathway of
W2mef parasites. To investigate into the role of the phosphorylation sites within the
cytoplasmic domain a CPD-phospho-mutant should be generated to asses specific

phosphorylation sites within the C-tail using a neuraminidase invasion assay.

IIl. Identify novel parasite proteins that are secreted and might function as ligands during
the invasion process. Using a bioinformatic screen putative candidate genes were

identified and endogenous GFP tagging allowed for further localization analysis.
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2 Material and Methods

2.1 Material

2.1.1 Chemicals and biological reagents

Material and Methods

Reagents

Acetic acid

Acrylamide/Bisacrylamide solution (40 5)
Agar LB (Lennox)

Agarose

Albumax Il

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

Ampicillin

Bacto ™ Yeast extract

Bacto ™ Peptone

Blasticydin S (BSD)

BODIPY® TR Ceramid

Bromphenol Blue

Calcium chloride (CaCl,)

Clarity™ Western ECL Substrate
Concanavalin A G-250

Coomassie Brilliant Blue G-250

Dako Fluorescence mounting medium
DAPI (4’,6-Diamidino-2-phenylindole)
Deoxynucleoside triphosphate (dNTP)
Dimethyl sulfoxide (DMSO)

Disodium phosphate (Na,HPO,)
Disodium hydrogen phosphate (NaH,HPQO,)
1,4-Dithiothreitol (DTT)

Dulbecco’s Phosphate Buffered Saline (DPBS)
Ethanol

Manufacturer / Distributor
Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe
Invitrogen

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

BD, USA

BD, USA

Invitrogen, Karlsruhe
Sigma-Aldrich, Steinheim
Merck, Darmstadt
Sigma-Aldrich, Steinheim
Bio-Rad

Sigma-Aldrich, Steinheim
Merck, Darmstadt
DAKO, Hamburg

Roche, Mannheim
Thermo Scientific
Sigma-Aldrich, Steinheim
Roth, Karlsruhe

Roth, Karlsruhe

Roche, Mannheim

Pan Biotech, Aidenbach

Merck, Darmstadt
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Ethidium bromide
Ethylenediaminetetraacetic acid (EDTA)
Ethylene glycol-tetraacetic acid (EGTA)
Formaldehyde 10%, methanol free, Ultra Pure
Gentamycin

Giemsa’s azur eosin methylene blue solution
D-Glucose

Glutaraldehyde (25%)

Glycerol

Glycine

HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid)
Hoechst33342

Hydrochloric acid (HCI)

Hypoxanthine

Isopropanol

Magnesium chloride (MgCl,)
Manganese(ll) chloride (MnCl,)
[B-Mercaptoethanol

Methanol

Milk powder
3-(N-morpholino)propansulfonic acid (MOPS)
Neomycin, G418

Neuraminidase [1.5 U/ml]

Percoll

Potassium chloride (KCl)

Potassium dihydrogen phosphate (KH,PQ,)
Protease inhibitor cocktail

RPMI (Roswell Park Memorial Institute)
Medium

Rubidum chloride (RbClI)

Saponin

Material and Methods

Sigma-Aldrich, Steinheim
Biomol, Hamburg
Biomol, Hamburg
Polysciences
Ratiopharm, Ulm

Merck, Darmstadt
Merck, Darmstadt

Roth, Karlsruhe

Merck, Darmstadt
Biomol, Hamburg

Roche, Mannheim

Chemodex, Switzerland
Merck, Darmstadt
Biomol, Hamburg

Roth, Karlsruhe

Merck, Darmstadt
Merck, Darmstadt
Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
GE Healthcare, Sweden
Merck, Darmstadt
Merck, Darmstadt
Roche, Mannheim

Applichem, Darmstadt

Sigma-Aldrich, Steinheim

Sigma-Aldrich, Steinheim
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SimplyBlue™Safestain Coomassie
Sodium acetate (C,H;NaO,)

Sodium bicarbonate (NaHCO:;)

Sodium chloride (NaCl)

Sodium dihydrogen phosphate (NaH,PO,)
Sodium dodecyl sulfate (SDS)

Sodium hydroxide

Sorbitol

TEMED (N,N,N,N-
Tetramethylethylenediamine)
Tris-Base

Tris-EDTA (TE)

Triton X-100

Tween 20

Water for molecular biology (Ampuwa)
WR 99210

Xylencyanol

Material and Methods

Merck, Darmstadt
Sigma-Aldrich, Steinheim
Gerbu, Gaiberg

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

Merck, Darmstadt

Roth, Karlsruhe

Invitrogen, Karlsruhe

Biomol, Hamburg

Merck, Darmstadt

Fresenius Kabi, Bad Homburg

Jacobus Pharmaceuticals, Washington, USA

2.1.2 Labware and Disposables:

Labware / Disposables Specification

Manufacturer / Distributor

Cryotubes (1.6 ml)

Culture bottles (50 ml)
Dako pen

Disposable pipette tips

(1-10, 20-200, 100-1000 pl)

Sarstedt, Nimbrecht
Sarstedt, Nimbrecht
DAKO, Hamburg

Sarstedt, Nimbrecht

Sarstedt, Nimbrecht

Eppendorf reaction tubes
Falcon tubes, conical

Filter tips

Flow cytometry tubes

Glass cover slips

(1,5and 2 ml)

(15 and 50 ml)

(1-10, 2-20, 20-200,
100-1000 pl)

55.1579

(24x65 mm thickness)
(0.13-0.16 mm)

Sarstedt, Nimbrecht

Sarstedt, Nimbrecht

Sarstedt, Nimbrecht

R. Langenbrinck, Emmendingen
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Glass slides

Gloves, latex

Leukosilk tape
Microscopy dishes, 60 ul
uncoated

Multiply-p Strip Pro 8-Strip
PCR reaction tube
Nitrocellulose blotting Amersham 0.45 um
membrane Protran™
One way cannulas
One way syringe
Parafilm

Pasteur pipettes
Petri dishes 15x60mm, 14x90 mm

Plastic pipettes (5,10, 25 ml)

Sterile filter 0.22 pm
Transfection cuvettes 0.2cm
Whatman™ 3 MM Chr

Chromatography Paper

2.1.3 Technical and mechanical devices

Devices Specification

Material and Methods

Engelbrecht, Edermiinde
SHIELD scientific, Bennekom,
Netherlands

BSN medical, Hamburg

Ibidi, Martinsried

Sarstedt, Nimbrecht

GE Healthcare

Braun, Melsungen

Braun, Melsungen

Bemis, USA

Brand, Wertheim
Sarstedt, Nimbrecht
Sarstedt, Nimbrecht
Sarstedt, Nimbrecht
Bio-Rad, Munich

GE Healthcare UK Limited

Manufacturer / Distributor

Acylamide gel chamber Protean

Agarose gel chamber Wide Mini-Sub® Cell GT
basic
Analytical balance 572

Casting stand Mini-PRPTEAN®

Casting plates Mini-PRPTEAN®

Casting frames Mini-PRPTEAN®

Centrifuges: Megafuge 1.0R

Bio-Rad, Munich

Kern, Balingen

Bio-Rad, Munich
Bio-Rad, Munich
Bio-Rad, Munich

Heraeus, Hannover
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Tabletop centrifuge
Developer
Electrophoresis chamber

Electroporator

Flow cytometer

Gel documentation

Gel doc cam.

Ice machine

Incubator:

Bacterial incubator

P.f. culture incubator
Shaking incubator
Laboratory scale
Magnetic stirrer
Microscopes:

Confocal microscope
Fluorescence microscope
Light microscope
Microscope Hamamatsu digital
camera

Microwave

PCR cycler

pH-meter
Pipettes

Pipettor

J2 HS Ultracentrifuge
Rotor JA-12

Avanti J-26S Xp
Rotor Ja-14

5424

ChemiDoc XRS+
Mini-PRPTEAN®
Gene Pulser XCell
Nucleofector || AAD-
1001N

LSR I

EF 156 easy-fit

C0-150, CO, Incubator
Heratherm 1GS400
innova 40

Kern 572

RSM-10HP

Olympus FV1000
Axioscope 1
Axio Lab.Al
Ocra C4742-95

micromaxx

C1000 Touch Thermo
Cycler

SevenEasy

10, 20, 200, 1000 pl
Matrix CellMate |l

Material and Methods

Beckmann Coulter, Krefeld

Beckmann Coulter, Krefeld

Eppendorf, Hamburg
Bio-Rad, Munich
Bio-Rad, Munich
Bio-Rad, Munich

Amaxa Biosystems, Germany

BD Instruments, USA

Scotsman

New Brunswick Scientific
Thermo Scientific, Langenselbold
New Brunswick Scientific

Kern & Sohn, Balingen

PHOENIX Instrument

Olympus, Hamburg

Zeiss, Jena

Zeiss, Jena

Hamamatsu Photonics K.K.,

Japan

Bio-Rad, Munich

Mettler-Toledo, GieRen

Gilson, Middleton, USA

Thermo Scientific, Langenselbold
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Power-supply

Roller mixer
Safety cabinet
Spectrophotometer

Sterile laminar flow bench

Thermoblock

Ultrapure water purification
system

UV-transilluminator

Vacuum pump

Vortexer

Waterbath

2.1.4 Kits and standards

Designation

Consort EV231
PowerPac basic

SRT 6D

NanoDrop 2000c
Sterile Gard Ill Advance
Safe 2020
Thermomixer F1.5

Milli Q

PHER Olum 289
BVC Control

Vortex-Genie 2

1083

Material and Methods

Merck, Darmstadt

Bio-Rad, Munich

Stuart

Diperthal

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

Biotech Fischer, Reiskirchen
Vacuunbrand, Deutschland
Janke & Kunkel IKA
Scientific Industries

GFL, Burgwedel

Manufacturer / Distributor

NucleoSpin®Plasmid Kit

NucleoSpin® Gel and PCR Clean-up

QlAam® DNA Mini Kit
QIAGEN® Plasmid Midi Kit

Western Blot ECL-Clarity™ Detection Kit

GeneRuler™ 1 kb DNA Ladder

PageRuler™ Prestained Protein Ladder

PageRuler™ (Plus) Prestained Protein Ladder

Macherey-Nagel, Diiren
Macherey-Nagel, Diiren
Qiagen, Hilden

Qiagen, Hilden

Bio-Rad, USA

Thermo Scientific, Schwerte
Thermo Scientific, Schwerte

Thermo Scientific, Schwerte

2.1.5 Software, data bases and bioinformatical tools

Adobe PhotoShop CS5
Adobe lllustrator CS5
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AxioVision v 4.7

BLAST

Clustal W2

Expasy Proteomic Tools
FACS Divav 6.1.3

MS Office

NanoDrop 2000
NetPhos 3.1

PlasmoDB

SnapGene Viewer 2.5.0

2.1.6 Stock solutions, buffers and media
2.1.6.1 Cell biological work

P. falciparum cell culture (in vitro)

RPMI-complete medium

10xPBS

Material and Methods

Carl Zeiss Microscopy

https://blast.ncbi.nlm.nih.gov/Blast.cgi

BD Bioscience
Microsoft Corporation
Thermo Fisher Scientific
http://www.cbs.dtu.dk
Plasmodb.org

GSL Biotech

15.87 g RPMI 1640

1 g NaH,CO;

2 g Glucose

0.5% Albumax Il

0.0272 g Hypoxanthine

0.5 ml Gentamycin (40 mg/ml)
Fill up to 1 | with ddH,0

pH 7.2, sterile filter

5.7 g Na,HPO,

1.25 g NaH,PO,

15.2 g NaCl

Fill up to 1 | with ddH,0
pH7.4
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Sorbitol-synchronization solution

Cryo-Freezing solution (MFS)

Thawing solution (MTS)

Transfection buffer — Cytomix

Amanxa transfection buffer

Saponin lysis buffer

Fixing solution

Permeabilization buffer

Material and Methods

5% (w/v) D-Sorbitol
in ddH,0, sterile filter
38.8 g Sorbitol

8.1 g NaCl

350 ml Glycerol

in dH20, sterile filtered

3.5 % (w/v) NaCl

in ddH,0, sterile filter

120 mM KCl

0.15 mM CaCl,

2 mM EGTA

5 mM MgCl,

10 mM K,HPO,

10 mM KH,PO,

25 mM HEPES,

pH 7.6, in dH,0, sterile filter

90 mM NaPO,

5 mM KCL

0.15 mM CacCl,

50 mM HEPES

pH 7.3, in dH,0, sterile filter

0.03 % Saponin in 1xPBS

4 % Formaldehyde

0.0075 % Glutaraldehyde (25 %)
500 pl 10xPBS

fill up to 5 ml with dH,0

0.1 % Triton X-100 in 1xPBS
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Material and Methods

Blocking buffer 3 % BSA in 1xPBS
Blood Sterile human erythrocyte concentrate, blood

group O (Blutbank UKE, Hamburg, Germany)

Selection drugs:
WR99210 - Stock solution 20 mM WR99210, in DMSO
- Working solution 20 uM WR99210 (stock solition 1:1000), in

fresh RPMI complete medium, sterile filter

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

G418 (neomycin) working solution 50 mg/ml G418 in RPMI complete medium,
sterile filter

10% Giemsa 10 ml Giemsa solution
90 ml dH,0

Percoll stock solution (90 %) 90 % (v/v) Percoll

10 % (v/v) 10xPBS
60 % Persoll solution 6.7 ml Persoll stock solution
3.3 ml RPMI complete medium
Lysis buffer 4 % SDS
0.5 % Triton X-100

0.5xPBS

in dH,0
Ho33342 stock solution (10x) 4.5 mg Ho33342, in 1ml DMSO
Ho33342 working solution (1x) 0.45 mg Ho33342, in 1ml DMSO
FC stop solution 0.5 pl Glutaraldehyde (25%),

in 40ml RPMI complete medium
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2.1.6.2 Microbiological work

E. coli culture:

Ampicillin stock solution

10x LB-Medium — Stock solution

LB-Agar

LB+AMP selection medium

Glycerol stabilate solution

Chemical competent cells:

TFBI solution

TFBII solution

Material and Methods

100 mg/ml Ampicillin in 70% ethanol
10 % yeast extract

5 % Peptone

10 % NaCl

in ddH,0, autoclave

1.5 % Agar-Agar in 1x LB-medium,
autoclave

1x LB-medium (autoclaved)

100 pg/ml Ampicillin

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

30 mM sodium acetate

50 mM MnCl,

100 mM RbCl

10 mM CaCl,

15 % (v/v) Glycerol

pH 5.8 (using 0.2 N sodium acetate),

in dH,0, sterile filter

10 mM MOPS

75 mM CacCl,

10 mM RbCI

15 % (v/v) Glycerol
pH 7.0 (using NaOH),

in dH,0, sterile filter
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2.1.6.3 Molecular biological work

Gibson assembly

5x isothermal reaction buffer

Assembly master mixture (1.2 ml)

DNA precipitation

Sodium acetate

Ethanol

TE buffer (Tris-EDTA)

DNA separation

50x TAE buffer

Agarose gel

Material and Methods

3 ml Tris-HCI, pH 7.5

150 pl 2 M MgCl,

60 pl 100 mM dGTP, dATP, dTTP, dCTP
300 ul 1 M DTT

1.5 g PEG-8000

300 pul 100 nM NAD

add to 6 ml dH,0

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

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

addto 1.2 ml H,0

3 M NaAc, pH 5.2
100 %
70 %

10 mM Tris-HCL, pH 8.0
1 mM EDTA, pH 8.0

2 M Tris-Base

1 M Glaticial acetic acid

0.5 M EDTA,

pH 8.5, add to 1 | with ddH,0, autoclave

1-2 % Agarose in 1x TAE buffer
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6x DNA loading dye

2.1.7 Biochemical work
2.1.7.1 Protein separation via SDS-PAGE

10x Electrophoresis buffer — stock solution

1x Electrophoresis buffer — working solution
Stacking gel buffer

Separating gel buffer

Stacking gel (4 %) 5 ml, 2 gels

Separating gel (8 %) 10 ml

Separating gel (12 %) 10 ml, 2 gels

Material and Methods

40 % (w/v) Glycerol

2.5 % (w/v) Xylene cyanol
2.5 % (w/v) Bromphenol blue
in dH,0

1% (w/v) SDS
1.92 M Glycine
250 mM Tris-HCl,
in dH,0

1:10 dilution of stock solution in dH,0
1 m Tris-HCI, pH 6.8

1.5 M Tris-HCL, pH 8.8

4.35 ml dH,0

0.75 ml stacking gel buffer

0.75 ml Acryl amide (40 %)

6 ul TEMED

60 pl SDS (10 %)

60 pl APS (10 %)

5.2 ml dH,0

2.5 ml separating gel buffer
2 ml Acryl amide (40 %)

4 ul TEMED

100 pl SDS (10 %)

100 pl APS (10 %)

4.2 ml dH,0

2.5 ml separating gel buffer
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5x SDS loading dye

Ammonium persulfate (APS)

2.1.7.2 Protein transfer — Western blotting

10x Transfer buffer — stock solution

1x Transfer buffer — working solution

Blocking buffer
Wash buffer (PBS-Tween)

2.1.8 Bacterial and parasite strains

Bacterial strains:

E. coli XL-10 gold

Material and Methods

3 ml Acryl amide (40 %)
4 ul TEMED

100 pl SDS (10 %)

100 pl APS (10 %)

12 % SDS (w/v)

300 mM Tris, pH 6.8

60 % (v/v) Glycerol

0.05 % (w/v) Brophenol blue
600 mM DTT

10 % (w/v) APS in dH,0

250 mM Tris-HCI

1.92 M Glycine

0.37 % (w/v) SDS, in dH,0

25 mM Tris-HCI

192 mM Glycine

0.037 % (w/v) SDS

20 % (v/v) Methanol, in dH,0
5 % milk powder in 1xPBS
1xPBS

0.05 % Tween-20

thi-1 recA1 gyrA96 relA1l lac Hte [F’ proAB lacl'Z AM15
Tn10(Tet") Amy Cam']

Tet'’A(mcrA)183A(mcrCB-hsdSMRmrr)173 endAl supE44
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Material and Methods

Parasite strains:

Plasmodium falciparum 3D7 Clone of the NF54 isolate (MR4-1000) due to limiting
dilution cloning, (Walliker et al., 1987)
Manasses/USA, origin Africa

Plasmodium falciparum W2mef Derived from the Indochina 11I/CDC strain

2.1.9 Antibodies

2.1.9.1 Primary antibodies

Atnigen Organism Dilution Application Source

Aldolase rabbit 1:2000 Western blot

GFP mouse 1:1000 Western blot Roche (Mannheim,
1:500 IFA Germany)

EBA175 rabbit 1:2000 Western blot

EBA181 rabbit 1:2000 IFA

2.1.9.2 Secondary antibodies

Atnigen Organism Conjugation Dilution Application Source

Mouse Rabbit HRP 1:3000 Western blot Dianova, Hamburg,
Sigma, Steinheim
Rabbit Goat HRP 1:3000 Western blot Dianova, Hamburg,

Sigma, Steinheim

Mouse Goat Alexa Fluor® 1:2000 IFA
488

Mouse Goat Alexa Fluor® 1:2000 IFA
594
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2.1.10 Fluorescence dyes

Hoechst 33342
Dihydroethidium
DAPI

Chemodex

Cayman

Roche

2.1.11 Enzymes and Polymerases

Enzymes

Restriction enzyme

Concentration [U/ml]

Material and Methods

Manufacturer/Distributor

Avrll (GAGTACC)

Dpnl (GA(CH3)ATC)
Kpnl-HF (CCTAGG)
MIul-HF (AACGCGT)
Notl-HF (GCAGGCCGC)

T4 DNA-Ligase

Neuraminidase

Polymerases

DNA-Polymerase

5
20
20
20
20

[4 U/pl]
1.5

Concentration [U/pl]

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

NEB, Ipswich, USA
Sigma Aldrich

Manufacturer/Distributor

FirePol® DNA Polymerase
Phusion® High-Fidelity DNA
Polymerase

Tag DNA Polymerase

2.1.12 Plasmids

5
2

Solis BioDyne, Estland
NEB, Ipswich, USA

NEB, Ipswich, USA

pARL1a- (Crabb et al., 2004): pARL1la- vector is a shuttle plasmid allowing selection in

bacteria as well as in Plasmodium. After transformation into E. coli the encoded f3-
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Material and Methods

lactamase gene confers resistance against ampicillin. When transfected in P. falciparum
the plasmid encodes the human dehydrofolate reductase (hDHFR), which confers
resistance against the selection drug WR99210. For the integration of genes the amal
promoter was removed by Notl//Avrll or Notl/Mlul digest. Insertion of correspondingly

digested fragments allows C-terminal tagging of the genes.

SLI-vector (for Selection linked integration): the SLI-vector is used for endogenous GFP
tagging of genes of interest (GOI) via homologues recombination. Insertion of the GOI is
achieved via Notl/Mlul digestion. The encoded [B-lactamase gene confers resistance
against ampicillin after transformation into E. coli. After transfection into P. falciparum
the plasmids encodes the human dehydrofolate reductase (hDHFR), which confers
resistance against the selection drug WR99210. Additionally the plasmid encodes for an
additional positive selection marker, namely neomycin phosphotransferase Il gene,
which is expressed after correct integration of the GOl under the endogenous promoter,
but is separated by a skip peptide. Selection of parasites with integrated plasmid can be

achieved due to addition of the selection drug neomycin.

2.1.13 Oligonucleotides

A full complete list of oligonucleotides that were used for this study is provided in the

appendix.
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2.2 Methods

2.2.1 Molecular biological methods

2.2.1.1 Polymerase chain reaction (PCR) for DNA amplification

Material and Methods

Polymerase chain reaction (PCR) (Mullis and Faloona, 1987) was used to specifically

amplify DNA fragments from DNA templates. For preparative PCRs Phusion polymerase

with proofreading function was used. FirePol polymerase was used for colony screen

and analytical PCR control (see next section). Specific oligonucleotides (primer pairs,

forward and reverse flanking the 5’ and 3’ regions) were used from a 100 uM stock

solution. Primers were designed using sequence information given on PlasmoDB

(www.plasmodb.org). Typical PCR-reactions were prepared as follows:

Preparative PCR:

5x Phusion buffer 10 pl

dNTPs (2.5 mM) 5ul

Primer sense 1l

Primer reverse 1ul

Template DNA 0.3-0.5ul

Phusion polymerase 0.3 ul

dH,0 to 50 ul

PCR program:

Phase Temperature  Time

Denaturation 95 °C 4 min
Denaturation 95 °C 15s

30 cycles Annealing 42 °C 30s
Elongation 62 °C X min

Storage 4°C o0
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Material and Methods

x depends on the length of the PCR product and was usually set to 1 min / 1000 bp. PCR

settings were adjusted depending on the PCR product and primer-sequence.

2.2.1.2 Analytical PCR control and colony screen

Analytical PCR was performed to screen for positive clones after transformation into
E.coli bacteria (colony PCR) or to check for correct integration. For the colony screen
single colonies were picked from agar plates (over night cultured E.coli cultures after

transformation) and used as template in a typical PCR-reaction as follows:

Analytical PCR:

10x FirePol buffer 1l
MgCl, 1l
dNTPs (2.5 mM) 1l
Primer sense 0.4 ul
Primer reverse 0.4 pl
Template DNA 0.3 ul

/ bacterial colony
Phusion polymerase 0.1l

dH,0 to 10 pl

PCR program:

Phase Temperature Time
Denaturation 95 °C 4 min
Denaturation 95 °C 30s
25 cycles Annealing 45 °C 30s
Elongation 64 °C X min
Storage 4°C 00

x depends on the length of the PCR product and was usually set to 1 min / 1000 bp. PCR

settings were adjusted depending on the PCR product and primer-sequence.
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2.2.1.3 Agarose gel electrophoresis

According to their length DNA fragments can be separated by agarose gel
electrophoresis as based on their negatively charged phosphate backbone they will
move toward the anode in an electric field. Samples were loaded onto 1 % agarose gels.
Agarose was mixed with 1x TAE buffer and dissolved by boiling. After cooling down, the
agarose solution was transferred into a gel tray and Ethidiumbromide was added to a
final concentration of 1 pug/ml. To generate pockets for DNA loading combs were placed
into the gel tray right after. The hardened gel then was transferred into an
electrophoresis chamber filled with 1x TAE. Samples were mixed with 6x DNA loading
dye and loaded into the pockets. Electrophoresis was performed at 120 V for 20 minutes.
1kb GeneRuler was used as a DNA ladder and separated bands were visualized via UV

light using the ChemiDoc XRS+ system.

2.2.1.4 PCR-product purification

Obtained PCR-products and digested DNA fragments as well as vectors were purified
using the NucleoSpin® Gel and PCR Clean-up kit according to the manufacturer’s

protocol and eluted in 20 - 40 pl dH,0.

2.2.1.5 “Preparative” DNA digestion

Purified DNA fragments and plasmids were digested to create “sticky ends” for
subsequent ligation. Depending on the used vector different restriction enzymes were
used. Dpnl was used if PCR-products were amplified from methylated template DNA.

The incubation time for preparative restriction was 2.5 - 3 h at 37 °C.

Reagents Volume
10x NEB cut smart buffer 5ul
Each restriction enzyme 0.5l
Dpnl (for PCR-products only) 1l
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DNA (plasmid / PCR) 2 ul / whole volume
dH,0 ad 50 pl

2.2.1.6 Analytical DNA digestion (test digest)

Plasmids were analytically digested using 2 ul of purified DNA (mini or midi DNA) in a
total reaction volume of 10 pl. 1 pl of 10x cut smart buffer and 0.2 ul of diluted enzymes
were added and adjusted to the final volume by addition of dH,0. After 1 h incubation

at 37 °C the fragments were visualized by gel electrophoresis.

2.2.1.7 Ligation

Digested vector DNA and PCR-fragments were ligated using T4 ligase. Ligation was used
to produce plasmids that can be transformed into E. coli for multiplication on LB-agar-

plates. The ligation reaction mix was incubated for 20 minutes at room temperature.

Reagents Volume
10x T4 ligase buffer 1l
PCR product 7w
Vector DNA 1l
T4 ligase 1l

2.2.1.8 DNA ligation via Gibson assembly

Alternatively DNA ligation can be performed via Gibson DNA assembly (Gibson et al.,
2009). This method allows the ligation of up to 6 inserts into one vector. This protocol
does not need sticky ends but needs to overlap with the vector sequence in 15 - 35 bp.
Therefore only Dpnl digestion is necessary. The ligation reaction was incubated for 60

minutes at 50 °C. A typical reaction is shown below:
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Reagents Volume
Assembly master mixture 7.5 ul
PCR product 1l
Vector DNA 1l
dH,0 ad 10 ul

2.2.1.9 Production of chemically competent E. coli

The rubidium chloride method was used to render E. coli bacteria chemo-competent
(Hanahan, 1983). This treatment leads to a decreased stability of the bacterial cell wall
resulting in an increased plasmid uptake. Therefore 20 ml LB medium were inoculated
with a glycerol stabilate of the E. coli XL Gold strain and incubated at 37°C, overnight,
shaking. 10 ml of the culture were transferred into an 200 ml LB-holding Erlenmeyer
flask and incubated at 37°C, shaking, until an ODgoy of 0.5-0.6. The bacteria were
harvested by centrifugation af 2400 x g for 20 minutes at 4°C. Subsequently the pellet
was re-suspended in 60 ml TFBI buffer and incubated on ice for 10 minutes. After
another centrifugation step at same conditions the pellet was re-suspended in 8 ml
TFBII buffer and 100 ul aliquots were prepared in 1.5 ml reaction tubes and stored at -

80°C until further use.

2.2.1.10 Transformation into chemically competent E. coli cells

For the transformation of the ligation reaction mix into chemically competent cells 50 ul
aliquots of E.coli cells were thawed on ice for 5 - 10 minutes. The ligation mix (or 2 pl of
a sequenced plasmid) was added and incubated on ice for 10 minutes. After a 40 second
heat shock at 42°C and following cool down on ice for 1 minute, 1 ml of LB medium
(without ampicillin) was added and incubated at 37°C for 30 minutes, shaking, 750 rpm.
The suspension subsequently was evenly distributed on ampicillin containing LB-agar

plates using sterile glass beads and cultured over night at 37 °C.
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2.2.1.11 Overnight culture of E. coli for subsequent plasmid DNA preparation

For plasmid preparations bacteria from an agar plate (or from a glycerol stock) were
inoculated in LB medium at 37 °C overnight with vigorous shaking. Volume was
dependent on mini or midi preparation. For plasmid mini preparation 2 ml LB medium
was used in a 2 ml reaction tube, plasmid midi preparation were inoculated in 150 - 200

ml LB medium using an 1 | Erlenmeyer flask.

2.2.1.12 Freezin of E. coli

For long term storage 500 pl overnight E. coli culture were resuspended in 500 ul of

glycerol in a 2 ml reaction tube and stored at -80 °C.

2.2.1.13 Plasmid-DNA isolation (mini and midi preparation)

Plasmid-DNA was extracted from 2 ml overnight cultures using the NuleoSpin® Plasmid
Kit for mini preparation according to the manufacturer’s protocol. Midi preparations
were purified from 150 ml overnight cultures using the QUIAGEN®Plasmid Midi Kit. In
brief, these preparations are based on the principle of alkaline lysis of cells and
subsequent binding of the DNA to a silica membrane under physiological conditions.
Mini preparation was eluted in 50 ul dH,0 and midi preparations in 200 ul TE buffer.
Eluted DNA was used for restriction digest (mini preparation) or for transfection of P.

falciparum (midi preparation).

2.2.1.14 Determination of DNA concentration via Nanodrop

DNA concentration was determined using Thermo Scientific NanoDrop 2000c
Spectrophotometer measuring the absorbance at 260/280 nm (Aj60/280). Hereby 260 nm

is the absorbance maximum of nucleic acids, 280 nm the maximum of proteins. The
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optimum Ayeo/280 Value for pure DNA is considered about 1.8. dH,0 or TE buffer were

used as blank depending on the elution solution. Software: NanoDrop 2000.

2.2.1.15 Sequencing of plasmid DNA

To verify correct integration of the PCR fragment into the vector and to exclude
mutations of the insert purified plasmids were sent for sequencing. A sequencing
primers (2 ul) that binds the vector in front of the insert was mixed with 5 pl of the
plasmid DNA and dH,0 was added to a reaction volume of 15 pl. Sequencing was

performed by Sequence Laboratories (Seqlab, Goéttingen).

2.2.1.16 DNA precipitation

For DNA precipitation 100 pg of purified plasmid DNA was mixed with 0.1 volume of
sodium acetate 3 M pH 5.6 in a 1.5 reaction tube. Three volumes of 100 % ethanol was
added, mixed by vortexing and stored at -20 °C overnight or at least for 20 minutes. The
solution was centrifuged at maximum speed for 15 minutes. After removing the
supernatant the DNA pellet was washed with 70 % ethanol. Following a subsequent
centrifugation step the supernatant was removed and the pellet air-dried under sterile
culture conditions and solved in sterile TE buffer (the volume was depend on the

transfection method).

2.2.2 Biochemical technics
2.2.2.1 Discontinuous SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

According to their molecular weight proteins can be separated via discontinuous SDS-
PAGE (Laemmli, 1970). To enable a charge-independent separation in an electric field
SDS-PAGE is performed under denaturing conditions. SDS, a strongly negatively charged

detergent, binds and unfolds the proteins leading to negatively charged samples and
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thus preventing protein-protein-interactions. DTT (a detergent of the SDS buffer) leads
to a reduction of disulfide bonds, which contributes to denaturation of the protein. To
separate the proteins 8 % and 12 % polyacrylamide gels were used in this study. SDS-

PAGE was performed at 200 V for 1 - 1.5 h according to the size of the proteins.

2.2.2.2 Western blot

Proteins that were separated via SDS-PAGE were blotted onto a nitrocellulose
membrane and immobilized using a wet transfer system. Therefore the membrane was
layered on the polyacrylamide gel and sandwiched between 6 Whatman filter papers as
well as 2 sponges all soaked in WB transfer buffer. The sandwich was placed into the
blotting chamber letting the gel face the cathode with the membrane facing the anode.
After filling the chamber with WB transfer buffer, the transfer was performed by 100 V

for 1 h and a cooling unit placed into the tank (or alternatively in a fridge at 4 °C).

2.2.2.3 Immunodetection of proteins

Proteins that were immobilized via western blot can be detected using specific
antibodies. Therefore the nitrocellulose membrane was incubated with 5 % milk powder
in 1xPBS for 1 h at room temperature to block all unspecific binding sites. Subsequently
incubation with the primary antibody diluted in 2.5 % milk powder in 1xPBS followed
overnight at 4 °C. The membrane was washed 3 times with 1xPBS-Tween and
subsequently incubated with the secondary antibody conjugated to hoarse radish
peroxidase (HRP), diluted in 2.5 % milk powder in 1xPBS, 1 h at room temperature. The
membrane was washed 3 times with 1xPBS-Tween and developed using the Wetern Blot
ECL-Clarity™ Detection Kit with an incubation time of 1 minute. Hereby the oxidation of
luminol leads to chemiluminiscence, which can be detected by x-ray screen. The

exposure times ranged from 1 - 20 minutes.
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2.2.3 Cell cultures technics for Plasmodium falciparum

2.2.3.1 P. falciparum in continuous cell culture (Trager and Jensen, 1976)

The P. falciparum parasites were kept in continuous cell culture. The parasites were
cultured in 5 ml (15x60 mm) or 10 ml (14x90 mm) petri dishes with RPMI complete
medium and 5 % human O" erythrocytes at 37 °C. The dishes were kept in a gas tight
chamber in which the the atmosphere was adjusted to high carbon dioxide and low
oxygen levels: 5 % 0,, 5 % CO,, 90 % N,. Depending on experiments parasitemia was
kept at 0.1 - 5 % by dilution and medium was changed every second day. Transgenic

parasites were selected with 4 nM WR99210 (1.5 pl / 10 ml medium).

2.2.3.2 Giemsa staining of blood smears

Parasitemia was monitored by Giemsa staining of thin blood smears, which results in a
purple colored parasite DNA and a light blue staining of the RBC cytoplasm. Therefore
0.5 pl of parasite culture were transferred to a glass slide and smeared using a second
glass slide resulting in a thin monolayer of blood. This smear was fixated to the slide due
to incubation in methanol for 30 seconds and subsequently stained with Giemsa staining
solution for 5 - 10 minutes. After incubation the staining solution was rinsed off by

water and the smear was analyzed by an optical light microscope (Zeiss Axio Lab.A1).

2.2.3.3 Long term storage of P.falciparum — freezing and thawing

P. falciparum parasites can be long-term stored as cryo-stabilates in liquid nitrogen. Ring
stage parasites with a parasitemia of > 5 % were harvested in a 15 ml falcon tube and
centrifuged at 1800 x g for 3 minutes. The pellet was resuspended in 1 ml parasite

freezing solution (MFS), transferred into a cryo tube and frozen immediately.

Thawing of the cryo-stabilates was performed at 37 °C for 5 minutes. After

centrifugation at 1800 x g for 3 minutes the pellet was resuspended in 1 ml parasite
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thawing solution (MTS). After another centrifugation step the pellet was washed in 1 ml
RPMI complete medium and transferred into a 5 ml culture dish containing fresh RPMI
complete medium and 5 % hematocrit. The selection drug was added 24 h later after

the medium was exchanged.

2.2.3.4 Synchronization

Sorbitol synchronization (Lambros and Vanderberg, 1979): to synchronize a parasite
culture the culture was transferred into a 15 ml falcon tube and spun down at 1800 x g
for 3 minutes. The supernatant was discarded and the pellet was resuspended in pre-
warmed 5 % D-sorbitol solution. After incubation for 10 minutes at 37 °C the falcon tube
was centrifuged by 1800 x g for 3 minutes. The pellet was washed with RPMI complete
medium and re-cultured in fresh RPMI complete medium. The hematocrit was adjusted
to 5 %. Sorbitol synchronization leads to a culture holding only parasites of 0 - 12 hours

post invasion stage.

Synchronization via Percoll gradient: a Percoll gradient was used to separate schizonts
from trophosoites, ring stages and uninfected erythrocytes either to synchronize a
culture to late stages or for the preparation of late-stage-western blot pellets. 4 ml of
60 % Percoll solution was provided in a 15 ml falcon tube. 8 ml parasite culture was
slowly layered on top of the Percoll solution and centrifuged at 2000 x g for 6 minutes.
The top layer now is medium followed by the schizont layer which was transferred into
another 15 ml falcon tube, washed with RPMI complete medium and re-cultured in

fresh RPMI complete medium or prepared for further use.

2.2.3.5 Transfection of P. falciparum

(Wu et al., 1995; Crabb and Cowman, 1996; Fidock and Wellems, 1997)
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Transfection using the BioRad system: Plasmid DNA can be transfected into P.
falciparum parasites via electroporation. 100 pg of purified plasmid DNA (from a midi
preparation) was precipitated in a 1.5 reaction tube (DNA precipitation). 0.1 volume of
sodium acetate 3 M pH 5.6 and three volumes of 100 % ethanol was added, mixed by
vortexing and stored at -20 °C overnight or at least for 20 minutes. The solution was
centrifuged at maximum speed for 15 minutes. After removing the supernatant the DNA
pellet was washed with 70 % ethanol. After a subsequent centrifugation step the
supernatant was removed and the pellet air-dried under sterile culture conditions,
dissolved in 15 pl sterile TE buffer and mixed with 385 pl cytomix. In the meantime, 5-10
ml of parasite culture containing 5-10 % synchronized ring stage parasites was
centrifuged 3 minutes at 1800 x g. The pellet was mixed with the cytomix/DNA solution
and transferred into an electroporation cuvette (2 mm, BioRad). Electroporation was
performed using the Gene Pulser Xcell (310 V, 950 uF, «© Q). The parasites were
transferred into a 14x90 petri dish containing 10 ml fresh RPMI complete medium and
hematocrit was adjusted to 5 %. After 24 hours the selection drug was added and
medium was changed daily for the first 5 days and every second day from that day
onwards. In this study parasites of the W2mef Plasmodium strain, which were used for

the EBA175-project were transfected via the BioRad system.

Transfection using the Amaxa system: For transfection using the Amaxa system, 50 ug
of purified plasmid DNA was precipitated (see DNA precipitation), dissolved in 10 pl
sterile TE and mixed with 90 pl Amaxa transfection buffer. Late schizonts were
harvested with 60 % Percoll solution (see synchronization using Percoll). 10-15 pl of the
schizont pellet were mixed with the DNA/Amaxa transfection solution and transferred
into an electroporation cuvette (2 mm, BioRad). Electroporation was performed using
the Nucleofector Il AAD-100N (program: U-033). Transfected parasites were transferred
into a 1.5 ml reaction tube containing 300 ul erythrocytes and 200 ul RPMI complete
medium pre-warmed to 37 °C. Under rigorous shaking the reaction tube was incubated
for 15-60 minutes at 37 °C. Parasites then were transferred into a 15x60 mm petri dish

containing fresh RPMI complete medium. After 24 h the medium was changed and the
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selection drug was added. For the first 5 days the medium was changed every 24 hours,
then every second day. In this study parasites from the 3D7 Plasmodium strain, which

were used for the bioinformatic screen were transfected using the Amaxa system.

2.2.3.6 Selection for transgenic parasites using SLI

For integrant selection via SLI (selection linked integration), transfected cultures
containing an episomal plasmid selected with WR99210 were adjusted to a parasitemia
of 2-5 %, G418 (neomycin) was added to a final concentration of 400 pg/ml (Birnbaum
and Flemming et al., 2017) and WR99210 selection pressure was discarded. Until day 7
after starting G418 (neomycin) selection pressure the cultures were fed every day, then
every other day. On day 16 parasites were taken off drug. If no parasites were obtained
until day 60 the culture was discarded. DNA of reappearing parasites was isolated using

the QlAamp® DNA Mini Kit and used for integration check PCRs.

For essentiality checks with SLI-TGD, a culture containing the episomal plasmid after
WR-selection was split into three 5-ml cultures and placed under G418 selection (400
ug/ml). If no correct integration event occurred on two occasions (with a total of six
cultures), the target gen was assumed to be essential (Birnbaum and Flemming et al.,

2017). If no parasites were obtained until day 60 the culture was discarded.

2.2.3.7 Selection for transgenic parasites via “on/off cycling”

For selection of integrands using the “on/off” cycling method, transfected cultures were
kept on selection pressure until parasites were obtained. Then the selection drug was
discarded and the culture was held off drug for 14 days. On day 15 the parasites were
set under selection pressure again until reappearance. This cycling went on until a GFP
signal was obtained in the selected parasite cultures. Genomic DNA was isolated and

tested for correct integration of the gene via PCR.
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2.2.3.8 Isolation of genomic DNA

To verify the correct integration of a plasmid into the parasite genome, genomic DNA
(sDNA) of transgenic and wild type P. falciparum parasites was isolated and used for
PCR analysis. 5 ml of parasite culture were transferred into a 15 ml falcon tube and
centrifuged at 1800 x g for 3 minutes. Genomic DNA was purified from the pellet using
the QlJAamp® DNA Mini Kit according to the manufacturer’s protocol and eluted in 40 pl
dH,0.

2.2.3.9 Isolation of parasites by (restricted) saponin lysis

Parasites can be isolated from a blood culture using saponin in low concentration
(Umlas and Fallon, 1971). Saponin shows a hemolytic activity leading to lysis of the
erythrocyte membrane as well as the parasitophorous vacuole membrane while the
parasite plasma membrane stays intact. The resulting parasite material can be further
used for protein preparation. 5-10 ml of parasite culture were harvested in a 15 ml
falcon tube (1800 x g, 3 minutes) and incubated in 3 ml of 0.03 % saponin solution in
1xPBS for 10 minutes on ice. After incubation the lysate was transferred in to a 2 ml
reaction tube and centrifuged at maximum speed (16000 x g) for 5 minutes. The pellet
was washed with ice-cold 1xPBS until the supernatant remained clear from haemoglobin.
The pellet was transferred into a 1.5 ml reaction tube and resuspended in 20-80 ul of
dH,0 and mixed with the appropriate amount of 4x SDS lysis buffer. The solution was
heated at 85 °C for 5 minutes and centrifuged for 5 minutes at maximum speed. For

SDS-PAGE 5-15 pl per sample were used.

2.2.3.10 Fixation of parasite material for Imnmunofluorescence assays (IFAs)

Methanol- and acetone-fixation: For immunofluorescence assays parasites can be fixed
to a glass slide by methanol or acetone. A thin blood smear was incubated for 4 minutes
in ice-cold methanol or RT acetone for 30 minutes and dried on air afterwards. For

further preparation a region of interest (ca. 0.5x0.5 cm square) was marked with a
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DAKO pen and rehydrated with 1xPBS for 5 minutes. The 1xPBS was removed and all
further steps were performed in a humid chamber. The marked square was incubated
with the primary antibody in 3 % BSA in 1xPBS for 1-2 hours at RT. The region was
washed three times with 1xPBS and subsequently incubated with the secondary
antibody in 3 % BSA in 1xPBS in the dark for 1 hour. After incubation the antibody
solution was washed off three times with 1xPBS (5 minutes incubation per wash step)
whereby for the last wash step DAPI is diluted 1:1000 in 1xPBS and incubated for 5
minutes. DAKO mounting medium was added, covered with a cover slide and sealed
with nail polish. The IFAs could be imaged by fluorescence microscopy a few hours later

after the mounting medium had dried.

Formaldehde/Glutaraldehyde-fixation: 10 ml parasite culture were harvested in a 15
ml falcon tube, 1800 x g for 3 minutes, and the pellet was resuspended in 1 ml of fixing
solution for 30 minutes at RT. After three wash steps with 1xPBS 1 ml 0.1 % Triton X-100
in 1xPBS was used to permeabilize the parasite membranes for two minutes at room TR.
The fixed parasites were washed three times and subsequently incubated with 3 % BSA
in 1xPBS to block unspecific binding sites for 1 h at RT. The pellet was incubated with the
primary antibody diluted in 3 % BSA in 1xPBS under rolling conditions for 1-2 h at RT, or
overnight at 4 °C. The secondary antibody, diluted in 3 % BSA in 1xPBS was added after
three washing steps and incubated for 1 h at room temperature, rolling. The antibody
was washed off three times with 1xPBS, 10 minutes each, whereby for the last washing
step DAPI was added in a 1:1000 dilution and incubated for 10 more minutes rolling in
the dark. The pellet was resuspended in 50-100 pl 1xPBS and stored at 4 °C for further
analysis. All centrifugation steps were performed at 2000 x g for 3 minutes. The IFAs
could be imaged by fluorescence microscopy using 2-4 pl parasite material on a glass

slide covered with a coverslip.

66



Material and Methods

2.2.4 Live cell and fluorescence imaging

For localization of GFP-tagged proteins fluorescence microscopy was performed using a
Zeiss Axioscope M1, equipped with a 100x/1.4- and 63x/1.4-numerical aperture oil
objectives. The pictures were acquired using a Hamamatsu Orca C4742-95 camera and
the Zeiss Axiovision software (version 4.7) and further processed using Adobe
PhotoShop CS5. For sample preparation 500-1000 pl parasite culture were transferred
into a 1.5 ml reaction tube and incubated with DAPI in a final concentration of 1 ug/ml
for 5 minutes at room temperature. The parasites were centrifuged at 1800 x g for 1
minute and the supernatant was exchanged for 1 pellet volume of fresh RPMI complete
medium. After resuspending, 4-5 pul were transferred to a glass slide, covered with a

coverslip and imaged immediately.

2.2.5 Neuraminidase invasion assay

For characterizing the invasion phenotype of EBA175-wt and -PO parasites erythrocyte
invasion assays were performed (Dolan et al., 1994; Engelberg et al., 2013; Reed et al.,
2000). 500 ul of erythrocytes were incubated with 75 mU neuraminidase in RPMI
complete medium. Parasite cultures were diluted to 0.5 % start parasitemia and likewise
incubated with neuraminidase working solution in a final concentration of 75 mU. After
incubation for 1 h at 37 °C under rolling conditions parasites and RBCs were washed
twice with RPMI complete medium and kept in culture under standard conditions.

Parasitemia was counted using the LSRII.

2.2.6 Flow cytometry FACS

Parasitemia of the neuraminidase invasion assays was analyzed via flow cytometry. For
staining of the parasites 20 pl thoroughly resuspended parasite culture was transferred
into a flow cytometry tube. 80 pul RPMI complete medium were mixed with 1 pl of

HO33342 working solution and 1 pl of DHE. The mixture was added to the parasites

67



Material and Methods

containing flow cytometry tube and incubated for 20 minutes in the dark. Thereafter
400 pl FC stop solution was added and parasitemia was measured using LSRIl with the

gating as described elsewhere (Malleret et al., 2011).

2.2.7 Gene identification

Primary sequence data and gene expression profiles were analysed using resources
implemented at the PlasmoDB data base (http://plasmoDB.org, release 33). To search
the data base for putative candidates following query parameters were used: a)
predicted signal peptide and b) late transcription. Following data sets were used to
search for late transcribed genes: Le Roch et al. (2003) and Bozdech and Llinas et al.
(2003) were used for microarray evidence. Settings for query parameters: temperature
synchronized parasites from late rings to schizont stages and merozoites (Le Roch et al,
2003) and min. expression at 16 h +/- 8 h and a max. expression at 42 h +/- 6 h (Bozdech
and Llinas et al., 2003). For RNA sequencing evidence Bartfai et al. (2010) was used.
Settings: minimum transcription: 25 hpi; maximum transcription: 40 hpi. Genes were

returned upon >= 3- fold change induction.
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3 Results

3.1 Regulatory steps in invasion — phosphorylation of EBA175 CPD

3.1.1 Generation of EBA175 mutants

Previous results showed that the deletion of the CPD of EBA175 results in a switch of the
invasion pathway of W2mef parasites (Gilberger et al., 2003). Additionally, work on
other adhesins such as AMA1 (Treeck et al., 2009) and Rh4 (Tham et al., 2015) indicated
that the phosphorylation of residues within the CPD is essential for their function during
the invasion process with the exception of Rh2b (Engelberg et al., 2013; please see
introduction xx). Therefore, the function of the putative phosphorylation sites in the

CPD of EBA175 should be assessed.

The cytoplasmic domain of EBA175 consists of 61 amino acids with 9 putative
phsophorylation sites. These are S1442, Y1446 S1448, S1449, T1466, S1473, T1483,
S1489, and Y1491 (Figure 12). NetPhos 3.1 (http://www.cbs.dtu.dk) is a software, that
pre-estimates phosphorylation in eukaryotic proteins using ensembles of neural
networks. It predicts the phosphorylation of 4 residues (S1442, Y1446, T1466, and
$1489) with a score of 0.630, 0.840, 0.601, and 0.614 (respectively; cut off score at 0.5)

within the cytoplasmic domain with functional implication for erythrocyte invasion.

In order to test this hypothesis, a phospho-mutant (EBA175,n0s0n0) Was generated
comprising following alanine substitutions: S1448, S1449, T1466, S1473, T1483, and
S$1489 (Fig. 2). The rational to exclude the two predicted amino acids is i) the absence of
tyrosine kinases in the kinome of the parasite (Y1446 and Y1491) and ii) the direct
positioning of S1442 after the transmembrane domain. The rational for including the
additional amino acids were their borderline prediction score with 0.464 (S1448), 0.461
(51449), 0.451 (S1473), and 0.483 (T1483).
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Figure 12: Putative phosphorylation sites of EBA175. A. Schematic representation of the protein structure of EBA175,
its cytoplasmic domain (consisting of 61 amino acids) and the predicted phosphorylation sites. Arrows indicate amino
acids that were predicted by NetPhos 3.1 to be phosphorylated with a score > 0.5. (3’Cys, cysteine rich domain at the

3’ end; TM, transmembrane domain; CPD, cytoplasmic domain). B. Graphic representation of the NetPhos 3.1
prediction, threshold of 0.500.

Mutations leading to the amino acid substitutions in the coding region of EBA175 were
introduced by overlap PCR using appropriate primer combinations (Figure 13A).
Genomic DNA from P. falciparum 3D7 parasites was used as a template. First, the 795
bp of the 3’ end of ebal75 were cloned into the Notl/Avrll site of the vector pARL-GFP
(Crabb et al., 2004; primer combination P1+P2, 795 bp), releasing the promoter of the
vector and resulting in the vector pARL_EBA175GFP;,. This vector subsequently was
used as template to generate pARL_EBA175,n050n0GFPint. TO achieve this, the fragments
were generated stepwise by the use of different primer combinations (appendix, tab. X).

In the first step mutation 51448 and S1449A were introduced via overlap PCR. The first
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fragment was amplified using primer P1 and P5 (Figure 13A) and the second fragment
with primers P6 and P2. Both fragments were used as template (1:1 ratio) for a
subsequent PCR using the primers P1 and P2. Of note, an intron of 125 bp separating
S$1448 from S1449 was deleted, using primer P5 and P6, given that attempts to amplify
the mutated sequence failed when the intron was present. The resulting amplicon was
used as template for the subsequent overlap PCR introducing T1466A and S1473A
(primer combination P1+P7 was used for the first fragment, and P8+P2 for the second
fragment). The resulting fragments (ratio 1:1) were amplified with the primers P1+P2.
Finally, this PCR fragment comprising S1448, S1449A, T1466A, and S1473A served as
template to mutate T1483 and S1489 into alanines (primer combination P1+P9). The
product was digested with Not/ and Avrll and cloned into the pARL_GFP vector resulting
in the vector pARL_EBA175phosphoGFPint. Both plasmids (pARL_EBA175GFP;,: and
PARL_EBA175ph0sphoGFPint, Figure 13B) were sequenced to ensure that the coding region
of the ebal75 fragment is in frame with the GFP and displays all desired amino acid

exchanges in the absence of other mutations (data not shown).

The generated plasmids (pARL_EBA175GFPi,: and pARL_EBA175phosphoGFPint) were
transfected into the W2mef parasites. Integration of the plasmids occurs due to
spontaneous homologous recombination. Using the selection drug WR99210 for on/off
cycles the parasites were selected for integrands (see methods 2.3.5). Parasites with
integrated plasmids could be proliferated and correct integration was confirmed via PCR
with appropriate oligomers (Figure 14A), western blot and microscopy (Figure 3B-5).
EBA175 has a theoretical molecular weight of 175 kDa and as a GFP fusion of about 202
kDa. Using anti-GFP and anti-EBA175 specific antibodies a single band can be detected
running above 200 kDa (Figure 14B). In the parental W2mef cell line no GFP signal was
detectable. As expected, the smaller wild type EBA175 protein migrates faster in the
SDS-PAGE due to the lack of GFP.
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Figure 13: Schematic representation of the PCR-based mutation strategy and integration of the plasmids into the
endogenous ebal75 locus. A. PCR strategy of the EBA175,,5h,0GFP construct. Arrows indicate primers, asterisk
indicate sequence mutations in the primer to introduce point mutations. The mutant sequence coding the multiple
amino acid substitutions was generated stepwise as described above. (3’Cys, cysteine rich domain at the 3’ end; TM,
transmembrane domain; CPD, cytoplasmic domain). B. Schematic representation of the homologues recombination
of pArl_EBA175,,GFP and pArl_EBA175p,,:,nGFP into the endogenous ebal75 locus. Homology region, HR, is
depicted as grey box. The pArl-vector also encodes the green fluorescent protein (GFP, green box) and the human
dehydrofolate reductase (hDHFR, dark green box). The primer combination P1+P2 indicates amplification of the 0.8 /
0.67 kb-fragment that was cloned into the vector. P3+P4 represents the primer combination that was used to confirm
correct integration of the plasmid.
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Figure 14: Evidence for correct integration and expression of the EBA175 wild type and phospho-mutant. A. PCR
analysis of the specific integration of plasmids into the endogenous ebal75 locus. Primer combination P1+P2 (please
refer to Fig. 1) amplified a 0.8 kb fragment in the transgenic as well as in the parental W2mef cell lines. The primer
combination P3+P4 resulted in a 2.2 kb (2161 bp, wild type) and 2 kb (2036 bp, phospho-mutant) fragment in both
transgenic cell lines but not in the parental W2mef cell line. B. Western blot analysis to confirm expression of the
fusion proteins. Anti-GFP specific antibodies were used to detect the wild type- as well as the mutant-fusion protein
at a size of about 200 kDa (calculated size: 202 kDa; upper panel). Anti-EBA175 specific antibodies were used as a
loading control (lower panel).

3.1.2 Localization of EBA175,,GFP and EBA175,h0sphoGFP

To date, EBA175 was never endogenously tagged with GFP. To assess if C-terminal GFP
is interfering with micronemal localization of EBA175 the fusion protein was localized in
unfixed and fixed W2mef parasites expressing EBA175,,:GFP. Using unfixed parasites
EBA175,,:GFP expression could be detected at the apical pole in late schizonts as well as
in free merozoites (Figure 15A), as previously reported (Orlandi et al., 1990; Sim et al.,
1990; Sim et al.,, 1992). In early stages, such as trophozoites, no expression was
detectable. Additionally, EBA175,,:GFP was co-localized in glutaraldehyde-fixed parasites
with the microneme protein EBA181. Both proteins co-localized (Pearson coeffizient
r=0.93), which confirmed the expected micronemal localization of EBA175,:GFP (Figure

15B).
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After having established correct localization of the wild-type EBA175,:GFP, the
localization of the mutant EBA175p05phoGFP was examined to test putative function of
phosphorylation on microneme trafficking of EBA175. Like the wild-type protein, the
GFP-fusion localized to the apical pole of merozoites and nascent parasites in the
schizont stages (Figure 16A). Again, microneme localization was confirmed by co-

localization with antibodies directed against EBA181 (Figure 16B, Pearson coefficient

r=0.867).
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Figure 15: Localization of EBA175,,GFP. A. Localization of EBA175,.GFP (green) in unfixed parasites using
fluorescence microscopy in trophozoites (T), schizonts (S), and free merozoites (M). Nuclei are stained with DAPI in
blue. B. Co-localization of EBA175,,GFP with the microneme marker EBA181 (red) in fixed parasites. Nuclei are
stained with DAPI (blue). 5x zoom area is indicated by a white box, scale bar 2 um. C. Co-localization was quantified
by calculating the intensity correlation of the red and the green signals (x-/y-axis) within the zoom area (the average
was calculated from five different areas). The Pearson coefficient (r) is indicated in the scatter plot.
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Figure 16: Localization of EBA175,05,noGFP. A. Localization of EBA175,,.,n,GFP (green) in unfixed parasites using
fluorescence microscopy in trophozoites (T), schizonts (S), and free merozoites (M). Nuclei are stained with DAPI in
blue. B. Co-localization of EBA175,05photGFP with the microneme marker EBA181 (red) in fixed parasites. Nuclei are
stained with DAPI (blue). 5x zoom area is indicated by a white box, scale bar 2 um. C. Co-localization was quantified
by calculating the intensity correlation of the red and the green signals (x-/y-axis) within the zoom area (the average
was calculated from five different areas). The Pearson coefficient (r) is indicated in the scatter plot.

3.1.3 Functional analysis of EBA175,:GFP and EBA175h05phcGFP

EBA175 is the major parasite ligand in the parasite strain W2mef and these parasites
mainly rely on the EBA175-Glyphorin A interaction. Functional inactivation of EBA175 in
this parasite line leads to a switch in the invasion pathway (Dolan et al., 1990; Reed et
al., 2000; Stubbs et al., 2005). This switch can be measured by using erythrocytes
treated with the glycoside hydrolase neuraminidase. Due to the enzymatic activity,
these treated erythrocytes lack the terminal sialic acid moieties of the glycophorin A,

which is needed for the binding of EBA175. Therefore W2mef parasites cannot invade
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neuraminidase treated erythrocytes — except EBA175 is not functional and the mutant

parasites had switched to a different invasion pathway (see introduction 1.2.8).

First, to assess the influence of the GFP tag at the C-terminal end of EBA175 on the
invasion phenotype, EBA175,,GFP along with parental W2mef and 3D7 parasites (as an

additional control) were used in an 72h-invasion assay as described (see methods 2.2.5).

As expected, in the control cell line 3D7 there was no difference in parasitemia for
treated or untreated erythrocytes. The parental W2mef cell line showed a clear
reduction of 56.3% parasitemia with neuraminidase-treated RBCs (Figure 17A). This is
lower than the previously published results, which show a reduction of invasion
between 84% and 94% (Gilberger et al., 2003; Duraisingh et al., 2003; respectively), but
a clear and reduction compared to the controls. Importantly, EBA175,:GFP expressing
parasites showed, like the parental W2mef cell line, a similar reduction (52.8% vs.
56.3%; Figure 17A), revealing that the GFP-tag on EBA175 has no detrimental effect on
EBA175 function. Hindered invasion was also seen in light microscopy showing free
merozoites of W2mef and EBA175,.GFP that are not able to invade neuraminidase-
treated erythrocytes (Fehler! Verweisquelle konnte nicht gefunden werden.B). This
result validated the experimental set-up and allows the functional investigation of

amino acids within the cytoplasmic domain of EBA175.

Second, the functional implication of the inserted point mutations — deleting 6 putative
phosphorylation sites within the EBA175 cytoplasmic domain — was tested. Applying the
same experimental set up in a 48h-invasion assay, EBA175,h0sphoGFP proliferation in
neuramindase-treated erythrocytes was compared to EBA175,,GFP. With 80.3%
(phospho-mutant) versus 76.68% (wild type parasites) reduced proliferation the mutant
EBA175 shows no substantial change and is comparable with the parental W2mef cell
line (84.27%), which was used as control (Figure 18A and B). Therefore, it can be
concluded that none of the putative phosphorylation sites (51448, S1449, T1466, S1473,
T1483, S1489) are essential residues for EBA175 function.
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Figure 17: Neuraminidase Invasion assay comparing parental 3D7, W2mef and transgenic W2mef-EBA175,,GFP
parasitemia after 72 h. A. Comparison of the parasitemia 72 hours after neuraminidase treatment. Start parasitemia
(TO) was measured before neuraminidase treatment. Parasitemia shown is normalized to 3D7 control (1.24 % start
parasitemia). 3D7 parasites show no reduction of proliferation in treated versus untreated parasites. W2mef parasites
show a reduced parasitemia in the treated compared to untreated parasites after 72 hours of proliferation. A
comparable reduction of parasitemia was observed for W2mef-EBA175,,,GFP parasites. Error bars correspond to
standard deviation. The data were obtained from two independent experiments that were performed in duplicates. B.
Light microscopy of untreated (-N, upper panel) and treated (+N, lower panel) 3D7, W2mef and W2mef-
EBA175wtGFP parasites 72 hours after treatment with neuraminidase. Arrows indicate not invading merozoites.
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Neuraminidase Invasion Assay
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Figure 18: Neuraminidase invasion assay comparing the parasitemia of parental W2mef, transgenic W2mef-
EBA175,,GFP and -EBA175,,GFP parasites after 48 hours. A. Comparison of the parasitemia 48 hours after
neuraminidase treatment. Start parasitemia (T0O) was measured before neuraminidase treatment and set to 0.8 %.
The parental W2mef cell line was used as control. The neuraminidase treated samples show a significantly reduced
parasitemia (48 h +, 1.435 %) compared to the untreated samples (48 h -, 9.12 %). The same was observed for
W2mef-EBA,;GFP parasites (7.76 % in untreated (48h-), versus 1.81 % in neuraminidase treated samples (48h+)). The
phospho-mutant (W2mef-EBAp,GFP) cell line displayed a comparable reduction of invasion (untreated (48h-), 7.87 %
parasitemia; 48h+, 1.55 % parasitemia). Error bars correspond to standard deviation. The data were obtained from
two independent experiments that were performed in duplicates. B. Light microscopy of untreated (-N, upper panel)
and treated (+N, lower panel) parental W2mef, W2mef-EBA175wtGFP and W2mef-EBA175,,GFP parasites 48 hours
after treatment with neuraminidase.
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3.2 Bioinformatic screen for novel, secreted proteins implicated in erythrocyte

invasion

To expand the list of secreted proteins playing a role in invasion we searched for novel
candidates using published data sets and initiated their experimental validation. Two

criteria were defined as essential:

- The presence of a predicted signal peptide (SP)

- A late expression profile, similar to well established and documented invasins
and adhesins such as EBA175, Rh2b or AMA1 (Camus and Hadley, 1985; Orlandi
et al., 1990; Duraisingh et al., 2003; Srinivasa et al., 2011).

The expression profiles of these genes and 11 others (RopH3, SERA5, RH5, EBA181,
MSP7, MTRAP, EBL1, RH4, MSP1, RAP2, and MSP9) are depicted in Figure 19A. These
genes were used as a control group to validate the individual output data sets. To
identify putative candidates following data sets and parameters were used

(www.plasmodb.org):
I. Microarray evidence:

- 3D7 life cycle expression data, Le Roch et al. (2003) : using data from
temperature synchronized parasites from late rings to schizont stages and
merozoites provided a list of 113 genes.

- 3D7 expression data during the erythrocytic stage, Bozdech and Llinas et al.
(2003): a minimum expression at 16 h +/- 8 h and a maximum expression at 42 h

+/- 6 h provided 132 hits.

Combining both data sets resulted in a list of 164 genes. Both output data sets

contained the complete group of control genes (Figure 19B).

II. RNA sequencing evidence based on data from the transcriptome during

intraerythrocytic development published by Bartfai et al. (2010). Settings: minimum
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transcription: 25 hpi; maximum transcription: 40 hpi. These settings provided a list of

243 genes, which was also validated by the control group (Figure 19B).

Combining the data sets resulted in a preliminary list of 287 candidates. Already
characterized genes were excluded, which resulted in a list of 156 putaitve candidates or
candidates of unknown function that were not characterized in P.falciparum (at the
time of analysis). Out of these 38 candidates were chosen for further analysis. A
schematic description of the search strategy is depicted in Figure 19B. Table 1 provides a

list of all 38 candidates.

3D7 - Log(ratio) - PF3D7_Control Genes

)

Expression Value (log2 ratio)

hours (life cycle)

Figure 19: Schematic description of the search strategy for novel invasion associated candidates and expression
profiles. A. Expression values of the control genes. Expression values (log2 ratio) of 13 selected control genes
representing the common profiles of late transcriped gens known to be implicated in invasion (RopH3, EBA175, SERAS5,
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RH5, EBA181, AMA1, MSP7, MTRAP, EBL1, RH4, MSP1, RAP2, and MSP9). All of the representatives show an
upregulation in late stages during the parasite blood cycle. Expression values are available on PlasmoDB
(PlasmoDB.org). Represented expression profiles are solely based on micro array analysis published by Bozdech et al.
(2003) and Llinas et al. (2006). B. Schematic representation of the search strategy. The final candidate list was
obtained from different data sets. |. Two studies were choosen for microarray evidence: 1. Le Roch et al. (2003) (434
hits, out of wich 113 contained a predictef SP) and 2. Bozdech et al., and Llinas et al. (2003 and 2006, respectively)
(526 genes in total with 132 containing a predicted SP). Genes containing a SP were pooled, resulting in a list of 164
hits. Il. RNA evidence was obtained from Bartfai et al. (2010) (1031 genes, 243 comprise a predicted SP). All control
genes were covered by the choosen criteria (gradient pentagon). Both data sets were pooled, already characterized
genes were excluded and a final list of 38 candidates was selected for further experimental validation. Gradient
pentagon: set of control genes; interlocked grey rings: union of output data; SP: signal peptide.

3.2.1 Experimental validation of candidate genes
3.2.1.1 3’GFP-tagging of 38 candidate genes

To investigate the expression and localization of the 38 candidate genes we initiated
their endogenous tagging with the green fluorescent protein (GFP). The 3’end of the
genes was cloned into the pSLI-GFP vector system (Birnbaum and Flemming et al., 2017),
which allows endogenous GFP-tagging using selection-linked integration (SLI). This
innovative method allows fast integration into the genome via neomycin-dependent

selection (Figure 20, and methods 2.3.4).

Gene specific oligonucleotides that were used for the cloning are listed in the appendix.
3D7 parasites were transfected with the 38 generated gene specific pSLI-GFP plasmids
and first selected on WR99210. Next, parasites were selected for integrated pSLI
plasmid via neomycin selection. Despite using a very reliable and effective integration
method it was not possible to endogenously tag all candidates with GFP. For 2 pSLI
constructs no parasites were re-obtained after neomycin selection and 7 pSLI constructs
could not be integrated correctly into the endogenous locus even after 6 to 9
independent attempts using neomycin selection (Figure 22A). The remaining stable
transgenic cell lines were further analysed. Correct, gene specific integration and 3’GFP-
tagging of the targeted candidate was confirmed by PCR analysis. Appropriate
oligonucleotides were used as indicated in Figure 20. Correct integration of the pSLI

plasmid could be shown for 29 candidate genes (Figure 21).
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Figure 20: Schematic description of the integration strategy for novel invasion associated candidates.
Representation of the homologue recombination of candidate genes into the endogenous locus (homology region, HR,
grey box). The SLI vector also encodes additional open reading frame (ORF) coding for i) a linker (L, light blue box),
separating the gene fragment from the ORF coding for the green fluorescent protein (GFP, light geen box), ii) a skip
peptide (2TA, dark blue box) leading to skipping of translation, iii) neomycin phosphotransferase Il gene (Neo-R, red
box), and human dehydrofolate reductase (hDHFR, dark green box). Two gene specific oligonucleotide pairs were
designed in order to 1) amplify a 3'fragment in the parental as well as in the transgenic cell line (P1+P2) and 2) amplify
a fragment only if the pSLI vector is correctly integrated (P3+P4, sequences of all oligonulceotides are listed in tab. Xx
in the appendix). Primer combination P1+P2 indicates amplification of the fragment that was cloned into the vector.
Primer combination P3+P4 was used to confirm correct integration, indicated by straight arrows. Flexed arrows
indicate the engogenous promoter. (Adapted from Birnbaum and Flemming et al., 2017).
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Figure 21: PCR analysis of correctly integrated candidates. P1+P2: oligonucleotide pair that was used for
amplification of the gene specific fragment. P3+P4: oligonucleotide pair that was used for amplification of a fragment
after correct integration of the pSLI vecotor into the appropriate gene locus. P4 was designed to bind the 5’region of
the GFP-tag. The oligonucleotides that were used are schematically depicted in Figure 20 and sequences of all primers
that were used are listed in the appendix.
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3.2.2 Candidate expression and localization

First, expression and localization of the GFP fusion proteins within the 29 transgenic cell
lines were investigated in live parasites using fluorescence microscopy. Depending on
expression level and putative cellular localization the candidates were subdivided into
the following 5 categories: proteins with 1) surface localization, 2) inner membrane or
basal complex localization, 3) apical localization, 4) other localization, and 5) proteins

with low or no detectable GFP signal.

Four candidates could be localized to the surface, two candidates to the inner
membrane complex or the basal complex (IMC/BC), and nine candidates localized to the
apical organelles Figure 22B and C). An overview of annotation and localization for all
candidates is provided in Table 1. In the following section the different candidate groups
will be introduced in detail. A symbolic description of candidate localization of group 1,

2 and 3 is provided in Figure 22C.
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Figure 22: Representation of selected and localized Candidates. A. Out of a total of 38 candidates 15 GFP-fusion
proteins could be localized to invasion related organelles (referred to as “localized proteins”, green), 14 proteins were
identified in other localizations or could not be determined due to low expression (grouped as “other”, blue), 7
candidate genes could not be integrated using the SLI method (red), and for 2 pSLI plasmids no parasites were
obtained on neomycin selection. B. Sectioning of candidate localization to the different organelles. Six candidates
could be shown to localize to apical organelles (orange), three candidates referred to the IMC or BC (blue), and three
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candidates displayed a surface localization (depicted in green). C. Schematic representation and microscopy of a free
and invasive merozoite, attaching to the erythrocyte membrane. Apical organelles are depicted in orange, IMC in
turquoise, the surface is colored in green. Examples for common compartment specific marker proteins are provided
in corresponding colours (processed from Hu et al., 2009). Nucleus is stained with DAPI in blue, scale bar 2 um.

Gene ID Annotation Localization

PF3D7_0210800 conserved Plasmodium protein, unknown function N.I.
PF3D7_0410700 Ribosome biogenesis GTPase A, putative no selection
PF3D7_0423300 conserved Plasmodium protein, unknown function N.I.
PF3D7_0716300 conserved Plasmodium protein, unknown function N.I.
PF3D7_0721100 conserved Plasmodium protein, unknown function N.I.
PF3D7_0725400 conserved Plasmodium protein, unknown function N.I.
PF3D7_0730800.1 Plasmodium exported protein, unknown functions N.I.
PF3D7_1030200 conserved Plasmodium protein, unknown function no selection
PF3D7_1352500 thioredoxin-related protein, putative N.I.

Table 1: Localized candidates. Colour code referes to localization of the proteins: surface localization: turqouise,
IMC/BC localization: green, apical localization: orange, other localization: darkt grey. Shading in light grey referes to
candidates that could not be integrated via SLI: N.l., no correct integration upon neomycin selection could be
achieved; no selection: no parasites were obtained upon neomycin selection.
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Group 1: Candidates with a surface localization

Surface located proteins such as MSP1 are involved in primary contact formation of the
parasite to red blood cells, which is essential to initiate the invasion process and
therefore crucial for parasite survival (Tanabe et al., 1987). Among the 15 putative hits
the search for novel invasion related candidates revealed four surface located proteins.

A schematic representation of surface localization is depicted in Figure 23.

Apical organelles

M mc/BC

1 Surface

Figure 23: Schematic representation of surface localized proteins in late schizonts and free merozoites. Four out of
15 candidates were identified to localize to the surface (left panel). MSP1 is given as representative surface specific
marker in green (schematic, middle panel; processed from Hu et al., 2010); right panel: exemplary GFP-tagged surface
protein in green in schizonts (S, upper panel) and free merozoites (M, lower panel), nuclei are stained with DAPI in
blue, 5x zoom area is indicated with a white box.

Candidate PF3D7_1136200 is a conserved Plasmodium protein of unknown function.
RNA seq as well as microarray data report slightly increased expression values in late
schizont stages. The protein of 679 aa does not comprise any transmembrane domains
(Figure 24A). Correct integration leading to a GFP fusion protein was confirmed by PCR
(P1+P2, 1615 bp; P3+P4, 2032 bp; Figure 21). Performing fluorescence microscopy the
GFP signal of the fusion protein a surface-like staining was detectable starting in late
schizonts until merozoites were released from the blood cell (Figure 24B, middle and
lower pannel). In trophozoites no fluorescence signal was detectable (Figure 24B, upper

panel). This observation suggests candidate PF3D7_ 1136200 as a novel surface protein.
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Expression was also investigated by western blot analysis. Using GFP-specific antibodies
the fusion protein was detected at approximately 120 kDa (Figure 24C), which is a bit
higher than expected (103.6 kDa). This might result from post-translational modification

such as phosphorylation.
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Figure 24: Analysis of PF3D7_1136200 localization. A. Schematic protein structure of PF3D7_1136200. Protein length,
679 aa; signal peptide, red box. B. Localization of 1136200-GFP (green) via fluorescence microscopy of unfixed
parasites in trophozoites (T), schizonts (S) and free merozoites (M). Nuclei are stained with DAPI in blue, 5x zoom area
is indicated with a white box, scale bar 2 um. C. Western blot analysis of PF3D7_1136200-GFP. GFP specific antibodies
were uesd to detect the fusion protein at 120 kDa (expected size 103.6 kDa).

Candidate PF3D7_1143200 is an annotated, putative Dnal protein (Hiller et al., 2004;
LaCount et al., 2005). It comprises two transmembrane domains spanning aa 110-132
and 11 203-225 (depicted in Figure 25A) as well as a predicted Dnal Dnal domain (not
depicted). Transcriptomic data provide a profile with transcriptional up-regulation in
late stages starting at around 38 hours post infection (hpi). This was confirmed by
microarray as well as RNA evidence. Correct integration was confirmed by PCR analysis

(P1+P2, 1118 bp; P3+P4, 1655 bp; Figure 21). Late expression was determined by
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fluorescence microscopy. As expected no signal was detected in early stages (Figure 25,
upper panel, trophozoites) but a clear signal was visual in late schizonts (S) and free
merozoites (M; Figure 25B, middle and lower panel, respectively). Fluorescence
microscopy revealed a surface-like localization of PF3D7_1143200-GFP. Expression of
the fusion protein was confirmed by western blot analysis. Using GFP specific antibodies
a protein of approximately 70 kDa (predicted size 66.36 kDa) was visualized (Figure 25C).

The second band might result from processing of the fusion protein.
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Figure 25: Analysis of PF3D7_1143200 localization. A. Schematic protein structure of PF3D7_1143200. The signal
peptide (SP) is depicted as a red box, tansmembrane domains (TM) are indicated as blue boxes. B. Localization of
1143200-GFP (green) in unfixed parasites using fluorescence microscopy in trophozoites (T), schizonts (S) and free
merozoites (M). Nuclei are stained with DAPI in blue. 5x zoom area is indicated by a white box, scale bar 2 um. C.
Western Blot analysis of late stage 3D7_1143200-GFP parasite material was performed to confirm protein expression.
The GFP fusion protein was detected with an anti-GFP antibody at the expected size of about 70 kDa (calculated 66.36
kDa, upper panel). Material from parental 3D7 parasites was used as a control.

Candidate PF3D7_1229300 is a 990 aa protein of unknown function, which is conserved
among Plasmodium. lts C-terminus comprises one predicted transmembrane domain

spanning aa 891-913 (Figure 26A). Transcriptomics provide a minimum expression value
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at around 15 hpi and maximum expression at around 40 hpi. Correct integration of the
generated pSLI-1229300-GFP vector was verified by PCR analysis (P1+P2, 1022 bp;
P3+P4, 1489 bp; Figure 21). Stage specific expression and localization was determined
by fluorescence microscopy. No fluorescence signal was obtained in trophozoites (T;
Figure 26B, upper panel). In schizonts (S) an slightly cytosolic and surface-like signal
emerged around the nascent daughter cells and was still detectable on the surface of
free merozoites (M; Figure 26B, middle and lower panel, respectively). This observation
suggests PF3D7_1229300 as a novel surface protein. Expression of the endogenously
tagged protein was further determined by western blot analysis using anti-GFP specific
antibodies (predicted size: 144.4 kDa; Figure 26C). Parental 3D7 served as control for

antibody specificity of anti-GFP.
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Figure 26: Analysis of PF3D7_1229300 localizaion. A. Schematic protein structure of PF3D7_1229300. 298 aa; SP, red
box; TM, blue box; “//”, part of the protein that is not depicted here. B. Localization studies of 1229300-GFP (green)
in unfixed parasites via fluorescence microscopy in trophozoites (T), schizonts (S) and freen merozoites (M). Nuclei are
stained with DAPI in blue. C. Western blot analysis of 3D7_1229300-GFP using GFP specific antibodies and parental
3D7 as control. Calculated size: 144.4 kDa.
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Candidate PF3D7_1421900 is annotated as putative copper transporter (CTR2)
(Kenthirapalan et al., 2016; Zuegge et al., 2001). The gene encodes for a protein of 160
aa, which comprises 3 TMs spanning 64-86 aa, 114-136 aa, and 140-159 aa (Figure 27A).
Transcription data confirm a late, but weak up-regulation of expression during late
schizogony. Correct integration into the genomic locus was certified by PCR analysis
(P1+P2, 508 bp; P3+P4, 943 bp; Figure 21). Fluorescence microscopy revealed a cytosolic
and surface-like localization of the GFP-fusion protein in schizonts, which was still visible

in free merozoites. This suggests PF3D7_1421900 as a surface protein (Figure 27B).

A
PF3D7_ 1421900 I 160 AA
B
DIC+DAPI GFP+DAPI  Zoom
T r ..
o /
LL
0] )
:
(@]
> ﬂ
I\I
[m]
[3p]
Lo
o

Figure 27: Analysis of PF3D7_1421900-GFP localization. A. Schematic protein structure of PF3D7_1421900. Protein
length, 160 aa; SP, red box; TM, blue box. B. Localization of 1421900-GFP (green) in unfixed parasites by fluorescence
microscopy in trophozoites (T), schizonts (S) and merozoites (M). Nuclei are stained with DAPI (blue), nuclei are
stained with DAPI (blue), scale bar 2 um.
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Group 2: Candidates localizing to the inner membrane complex and basal complex

The inner membrane complex (IMC) is a unifying and common feature of all Alveolata
(Cavalier-Smith, 1993). Three candidates were found to localize to the IMC or the BC,
which are involved in motility and cytokinesis. Further, the IMC drives the morphological
changes of the parasite during sexual differentiation (Meszoely et al., 1987; Kono et al.,
2012). It emerges as cramp-like structures (in T1 stages) to expand during schizogony

and finally completely surrounds the nascent daughter cells (T3, Figure 28).
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Figure 28: Schematic representation of IMC or BC localized proteins in T1 and T3 phase of late schizonts. Two
candidates were identified to localize to the inner membrane complex (IMC) or to the basal complex (BC, left panel).
GAPM2 is illustrated as representative IMC specific marker in turquoise (schematic, processed from Hu et al., 2010),
exemplary GFP-tagged surface candidates are depicted in the right panel in green, T1 and T3, nuclei are stained with
DAPI in blue, 5x zoom area is indicated with a white box.

Candidate PF3D7_0530300 is a 1446 aa long protein. It is a conserved Plasmodium
membrane protein of unknown function displaying 10 predicted TMs (aa 89-111, 779-
801, 852-874, 884-906, 1254-1276, 1296-1318, 1325-1344, 1354-1376, 1389-1411, and
1421-1440; Figure 29A). Transcriptomic data provide an expression profile with a
minimum expression at around 20 hpi and a maximum in during schizogony around 40-
48 hpi. Correct integration into the genomic locus was verified by PCR analysis (P1+P2,
884 bp; P3+P4, 1387 bp; Figure 21). Fluorescence microscopy determined late

expression as no GFP signal was obtainable in early stages but became visible in
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schizonts and free merozoites (Figure 29B). The localization was further examined by
stage specific fluorescence microscopy (data not shown). The detected signal suggests
an IMC-like localization for candidate PF3D7_0530300. Expression of the fusion protein
was further validated by western blot analysis. Using GFP specific antibodies the protein

was detected at the expected size of 200 kDa (Figure 29C).
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Figure 29: Analysis of PF3D7_0530300 localization. A. Schematic presentation of the protein structure of
PF3D7_0530300. Protein length, 1446 aa; SP, red box; TM, blue boxes; “//” indicates part of the protein structure that
is not depicted here to shorten the schematic structure. B. Fluorescence microscopy of 0530300-GFP (green) in
unfixed parasites in trophozoites stages (T, upper panel), schizont stages (S, middle panel) and free merozoites (M,
lower panel). DAPI staining of nuclei in blue, 5x zoom is indicated by a white square, scale bar 2 um. C. Western blot
analysis of PF3D7_0530300-GFP. Using GFP specific antibodies the protein was detected at the expected size
(caluclated 200.3 kDa) in the transgenic but not the parental 3D7 cell line.

Candidate PF3D7_0704300 is a conserved Plasmodium membrane protein of unknown
function. The gene encodes for 1852 aa comprising three predicted transmembrane
domains in close proximity to its N-terminal signal peptide (aa 52-74, 78-100, and 112-
134; Figure 30A). An expression minimum is reported at around 12-15 hpi. The

maximum expression value was reported during schizogony at around 40-48 hpi, which
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was confirmed by microarray as well as RNA evidence. PCR analysis confirmed correct
integration of the pSLI_0704300-GFP plasmid into the endogenous locus (P1+P2, 1069;
P3+P4, 1483; Figure 21). Using fluorescence microscopy no fluorescence signal was
obtained in early stages until trophozoites (T, Figure 30B, upper panel). Ring-like
structures were detectable in late schizonts (S, Figure 30B, middle panel) marking a ring-
like structure. In free merozoites the GFP signal was not visible anymore except for a
GFP signal in close proximity to the food vacuole (M, Figure 30B, lower panel). During
schizogony this structure was observed to move from the apical to the basal pole (not

shown) suggesting a BC-associated localization for PF3D7_0704300.
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Figure 30: Analysis of PF3D7_ localization. A. Schematic protein structure of PF3D7_0704300; protein length, 1852
aa; SP, red box; TM, blue boxes; “//”, the middle part of the protein is not depicted. B. Fluorescence microscopy of
0704300-GFP (green) in unfixed parasites in trophozoites stages (T, upper panel), schizont stages (S, middle panel)
and free merozoites (M, lower panel), DAPI staining of nuclei in blue.
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Group 3: Candidates with apical localization

Six of the candidates were identified to localize to organelles of the apical pole such as
the micronemes and the rhoptries as schematically depicted in Figure 31. Known apical
proteins such as AMAL and EBA175 were shown to be implicated in tight junction and
moving junction formation during the active process of ongoing invasion (Singh et al.,

2005; Besteiro et al., 2009; Riglar et al., 2011).

Apical organelles

EBA181 —

Figure 31: Schematic representation of proteins with apical localization. Nine candidates were identified to localize
to the apical end (left panel). EBA181 is given as representative marker for apical proteins in orange (schematic,
processed from Hu et al., 2010), fluorescence mircroscopy of an exemplary GFP-tagged apical protein in late schizonts
(S) and free erozoites (M) is depicted in green in the right panel, nuclei are stained with DAPI in blue, 5x zoom area is
indicated with a white box.
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Candidate PF3D7_0105400.1 is a conserved Plasmodium protein of unknown function.
It consists of 140 aa comprising one single predicted transmembrane domain (aa 88-
110; Figure 32A). Transcription data show an expression minimum at around 20 hpi, and
a maximum at 40-5 hpi. Correct integration was confirmed by PCR analysis (P1+P2, 672
bp; P3+P4, 1345 bp; Figure 21). The late expression profile was further validated via
fluorescence microscopy. A GFP signal could not be visualized in early stages (Figure 32B,
upper panel, T) but became detectable in schizonts (S) as well as in free merozoites (M)
(Figure 32B, middle and lower panel, respectively). Microscopy displayed an apical

localization of PF3D7_0105400.1 in late stages. Expression of the GFP fusion protein was
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also confirmed by western blot analysis using parasite material from a synchronized
3D7_0105400.1 culture harvested from late stages. The protein was detected at the
expected size of 44 kDa (43.85 kDa) using anti-GFP specific antibodies (Figure 32C).

Parental 3D7 material was used as a control.
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Figure 32: Analysis of PF3D7_0105400.1 localization. A. Schematic representation of the protein structure of
PF3D7_010540.1. Protein length, 140 aa; SP, red box; TM, blue box. B. Localization of 0105400.1-GFP (green) via
fluorescence microscopy of unfixed parasites, (T, trophozoite stages, upper panel; S, schizont stage, middle panel; M,
free merozoites, lower panel). Nulcei stained with DAPI, blue. C. Western blot analysis of synchronized
3D7_0105400.1-3D7 parasite culture harvested at late stages. GFP specific antibodies were used to detect the fusion
protein at 44 kDa protein (expected size 43.85 kDa). Parental 3D7 material was added as a negative control.

Candidate PF3D7_0811600 is a conserved Plasmodium protein of unknown function. It
is 1210 aa long and does not comprise any predicted transmembrane domains (Figure
33A). Transcriptomics reveal minimum expression at around 10 hpi and a maximum
expression during schizogony at around 40 hpi, which was confirmed by RNA as well as
for microarray evidence. Correct integration of pSLI-0811600-GFP into the appropriate
gene locus was confirmed by PCR analysis (P1+P2, 981 bp; P3+P4, 1530 bp; Figure 21).

Fluorescence analysis revealed a membrane-associated signal in trophozoites and early
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schizonts that changed to a distinct apical localization in late schizonts (Figure 33B). In
free merozoites the GFP signal was still detectable at the apical pole of every mature
daughter cell (Figure 33B, lower panel). Expression of the protein was confirmed via
western blot analysis using material harvested from late stage parasites and parental
3D7 material as a contol. Probing with anti-GFP specific antibodies revealed a protein of

171 kDa corresponding to the expected size (Figure 33C).

A
PF3D7_0811600 = / 1210 AA
B 6
DIC+DAPI  GFP  GFP+DAPI  Zoom é?
Q/
(8]
N
o S
Q S A
= kDa & &
= 180- iy
S 130-
S, 100-
) anti-GFP
[s0]
L
(a8

Figure 33: Analysis of PF3D7_0811600 localization. A. Schematic protein structure of PF3D7_0811600. Protein length,
1210 aa; SP, red box; “//”, part of the protein that is not depicted. B. Stage specific fluorescence microscopy analysis
to reveal localization of 0811600-GFP (green) in unfixed parasites. Nuclei stained with DAPI (blue) (Sg and S;: early and
late schizont; M: free merozoites). C. Western Blot analysis to verify specific expression 0811600-GFP. Parasite
material from a synchronized 0811600-GFP culture was harvested at late stages and probed with ant-GFP antibodies.
The GFP fusion protein was detected at the calculated size of about 170 kDa (calculated 171 kDa). Parental 3D7
parasite material was harvested as a control.

Candidate PF3D7_1014100 was recently annotated as a putative merozoite surface
protein MSA180 (Muh et al., 2017). The candidate gene encodes a protein of 1455 aa,
which does not display a transmembrane domain (Figure 34A). Microaray as well as RNA

seq evidence confirm a transcription maximum during late schizogony and merozoites.
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Correct integration into the endogenous locus was proofed by PCR analysis (P1+P2, 966
bp; P3+P4, 1503 bp; Figure 21). Fluorescence microscopy analysis displayed an exported
phenotype in early stages (T, Figure 34B, upper panel). During schizogony the GFP signal
was detectable in a nuclear and perinuclear localization. In free merozoites protein was
visual in every nascent daughter cell forming distinct foci at the morzoite pole
suggesting PF3D7_1014100 as a novel apical protein (Figure 34B, middle and lower

panel).
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Figure 34: Analysis of PF3D7_1014100-GFP localization. A. Schematic protein structure of PF3D7_1014100. Protein
length, 1455 aa; SP, red box; “//”, part of the protein that is not depicted. B. Localization of 1014100-GFP (green) in
unfixed parasites by fluorescence microscopy in trophozoites (T), schizonts (S) and merozoites (M). Nuclei are stained
with DAPI (blue), nuclei are stained with DAPI (blue), scale bar 2 um.

Candidate PF3D7_1115600 is an annotated peptidyl-prolyl cis-trans isomerase, termed
CYP19B (Hirtzlin et al.,, 1995; Marin-Menéndez et al.,, 2012). It is a relatively small
protein of 195 aa without any predicted transmembrane domains (Figure 35A).
Transcritpion data provide an expression profile with minimum expression at around 10

hpi and a maximum expression during schizogony around 40 hpi. Correct integration
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was confirmed by PCR analysis (P1+P2, 779 bp; P3+P4, 1763 bp; Figure 21) and
fluorescence microscopy was performed to investigate into stage specific localization of
3D7_1115600-GFP. No signal was obtained in trophozoite stages (T) but in late schizont
(S) as well as in free merozoites (M) a fluorescence signal was clearly visible revealing an
apical localization (Figure 35B). Expression of the GFP fusion protein was validated via
western blotting. The protein was visualized at a size of about 50 kDa in the transgenic
but not the parental 3D7 cell line (expected size 48.73 kDa; Figure 35C). However, the
protein was described previously and therefore mistakenly selected for localization
analysis (Hirtzlin et al., 1995; Marin-Menéndez et al., 2012). However, in contrast to
previous findings, which demonstrated a cytosolic localization of the protein, our

analysis revealed a distinct apical localization of the candidate.

A
PF3D7_1115600 [ 195 AA
Q
B c &
Q/
DIC+DAPI  GFP  GFP+DAPI  Zoom §
N
~
/\/
N Qo? A
o kba Q &
0]
& 180-
S 130-
8 100-
- anti-GFP
EI 50-
[s0]
L
o 35-

Figure 35: Analysis of PF3D7_1115600 localization A. Schemantic protein structure of PF3D7_1115600. Protein
length, 195 aa; SP, red box. B. Fluorescence microscopy of unfixed parasites for localization of 1115600-GFP (green) in
trophozoites (T), schizonts (S), free merozoites (M). Nulcei are stained with DAPI (blue). C. Western blot analysis to
confirm correct expression of 1115600-GFP. Anti-GFP antibodies were used to detect the GFP fusion protein, 48.73
kDa in the transgenic but not the parental 3D7 cell line.
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Candidate PF3D7_1310200 is a Plasmodium conserved protein of unknown function.
This protein consists of 144 aa and is predicted to display one single transmembrane
domain in close proximity to its C-terminus (aa 100-132; Figure 36A). Minimum
expression was detected at around 20 hpi and maximum expression was shown for late
schizonts and merozoites at around 40-5 hpi. Correct integration was confirmed by PCR
analysis (P1+P2, 640 bp; P3+P4, 1092 bp; Figure 21). Late expression was confirmed via
fluorescence microscopy. No signal was visible in trophozoites but was detected in
schizonts (Figure 36B, upper and middle panel, respectively). The GFP signal was
enduring until merozoites were formed suggesting a rather apical localization (Figure

36B, lower panel).
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Figure 36: Analysis of PF3D7_1310200-GFP localization. A. Schematic protein structure of PF3D7_1310200. Protein
length, 144 aa; SP, red box; TM, blue box. B. Localization of 1310200-GFP (green) in unfixed parasites by fluorescence
microscopy in trophozoites (T), schizonts (S) and merozoites (M). Nuclei are stained with DAPI (blue).
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Candidate PF3D7_1404700 is a conserved Plasmodium protein of unknown function.
The candidate gene encodes for 290 aa (Figure 37A). RNA seq as well as microarray data
confirmed increased expression values in late schizont stages. PCR analysis could
confirm correct integration into the genomic locus (P1+P2, 872 bp; P3+P4, 1292 bp;
Figure 21) leading to the GFP-fusion protein. Performing fluorescence microscopy of
unfixed parasites no GFP signal was detectable until late schizont stages. In merozoites a
strong, rather polar signal was detectable which might be located at the apical pole
(Figure 37B). To clearly localize the GFP signal co-localization studies need to be

performed.
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Figure 37: Analysis of PF3D7_1404700-GFP localization. A. Schematic protein structure of PF3D7_1404700. Protein
length, 144 aa; SP, red box; TM, blue box. B. Localization of 1404700-GFP (green) in unfixed parasites by fluorescence
microscopy in trophozoites (T), schizonts (S) and merozoites (M). Nuclei are stained with DAPI (blue), nuclei are
stained with DAPI (blue), 5x zoom area is indicated with a white box, scale bar 2 um.

Canidate PF3D7_1404900 consists of 297 aa and is a conserved Plasmodium protein of
unknown function (Figure 38A). Transciptomics reveal slightly up-regulated expression

values during very late schizogony and in merozoites. Correct integration could be
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confirmed by PCR analysis (P1+P2, 959 bp; P3+P4, 1612 bp; Figure 21). Fluorescence
microscopy analysis of unfixed parasites showed a weak, rather cytosolic GFP signal in
trophozoites. This signal seemed to vanish in schizonts but reappeared in merozoites
revealing a cytosolic localization with accumulation at the apical pole (Figure 38B).

However a clear localization could not be determined.
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Figure 38: Analysis of PF3D7_1404900 expression and localization. A. Schematic protein structure of
PF3D7_1404900. Protein length, 297 aa; SP, red box. B. Localization of 1404900-GFP (green) via fluorescence
microscopy of unfixed parasites in trophozoites (T), schizonts (S) and free merozoites (M). Nuclei are stained with
DAPI in blue, 5x zoom area is indicated with a white box, scale bar 2 um.

Candidate PF3D7_1463900 is a 1071 aa long putative EF-hand calcium-binding domain-
containing protein (Treeck et al., 2009) with seven predicted transmembrane domains
(Figure 39A). Minimal expression values were reported around 15 hpi and maximal
expression around 40-5 hpi during late schizogony. Correct integration of the pSLI-
1463900-GFP plasmid leading to 1463900-GFP fusion protein was confirmed by PCR
analysis (P1+P2, 989 bp; P3+P4, 1513 bp; Figure 21). Late stage expression was

examined and confirmed by fluorescence microscopy. As expected a GFP signal was not
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detectable in trophozoite stage parasites (Figure 39B, upper panel) but became clearly
visible in schizonts (Figure 39B, middle panel) and lasted until the release of merozoites
(Figure 39B, lower panel). The microscopy analysis revealed an apical localization of
PF3D7_1463900. Expression of the fusion protein was confirmed by western blot
analysis using parasite material derived from a synchronized late-stage 3D7_1463900-
GFP parasite culture. GFP specific antibodies visualized a protein of about 150 kDa in the

transgenic but not the parental 3D7 cell line (predicted size 154 kDa; Figure 39C).
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Figure 39: Analysis of PF3D7_1463900 localization. A. Schematic representation of the protein structure of
PF3D7_1463900. B. Localization of 1463900-GFP (green) using fluorescence microscopy and unfixed parasites in
trophozoite stage (T, upper panel), schizont stage (S, middle panel) and free merozoites (M, lower panel). Nuclei
stained with DAPI in blue. C. Western blot analysis of synchronized late-stage 3D7_1463900-GFP parasite material.
The GFP fusion protein was detected with an anti-GFP antibody (upper panel, indicated by the arrow) at the expected
size of about 150 kDa (calculated size 154 kDa). Parental 3D7 parasite material was added as control.

Candidate PF3D7_1035900 was annotated as M556, a probable protein of unknown
function (566 aa; Figure 40) (LaCount et al., 2005). This candidate gene does not encode

for any TM but for a predicted pumillo homology domain, which is a sequence-specific
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RNA binding domain. Members of the pumillo family (Puf) are known to bind RNA
sequences in 3’UTR regions of mRNA and thereby regulating translation. Puf proteins
often function in asymmetric cell division and regulation of cell fate specification (Barker
et al., 1992; Spassov and Jurecic, 2003). Transcription data affirmed maximal expression
in late schizonts and merozoites. Correct integration of pSLI_1035900-GFP into the
genomic locus was confirmed by PCR analysis (P1+P2, 1710 bp; P3+P4, 2577; Figure 21)
and expression of the GFP-fusion protein was investigated using fluorescence
microscopy (Figure 40B). No signal was detectable in trophozoite stages and early
schizonts but became visible in late schizonts (Figure 40B). Investigation of free
merozoites revealed a GFP signal at the pole of nascent daughter merozoites displaying
two distinct foci at the pole of every parasite as was also seen for candidate
PF3D7_1014100 (Figure 34). This suggests PF3D7_1035900 as a protein of the secretory

organelles.
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Figure 40: Analysis of PF3D7_1035900-GFP expression and localization. A. Schematic protein structure of
PF3D7_1035900. Protein length, 566 aa; SP, red box. B. Localization of 1035900-GFP (green) in unfixed parasites by
fluorescence microscopy in trophozoites (T), schizonts (S) and merozoites (M). Nuclei are stained with DAPI (blue),
nuclei are stained with DAPI (blue), scale bar 2 um.
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Group 4: Candidates with other localization

Not all candidates could be localized to distinct invasion related compartments of the
parasite. Provided here is an overview of candidates that either showed localization to
compartments not directly connected to invasion or candidates with an expression too
low for fluorescence microscope analysis. Cloning and SLI-integration was performed as
described previously. For every candidate correct integration was confirmed by PCR

analysis (Figure 21).

Candidate PF3D7_0316300.2 was recently annotated as a conserved inorganic
pyrophosphatase of 431 aa without any transmembrane domain (Figure 41A) (Jamwal
et al., 2017). Transcriptomics show an up-regulated expression during schizogony.
Correct integration was validated by PCR analysis (P1+P2, 739 bp; P3+P4, 1375 bp;
Figure 21). Fluorescence microscopy revealed a cytosolic localization with distinct foci in

late stages, which was still detectable in free merozoites (Figure 41B).
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Figure 41: Analysis of PF3D7_0316300.2 localization. A. Schematic protein structure of PF3D7_0316200.2. Protein
length, 431 aa; signal peptide, red box. B. Localization of 0316200.2-GFP (green) via fluorescence microscopy of
unfixed parasites in trophozoites (T), schizonts (S) and free merozoites (M). Nuclei are stained with DAPI in blue, 5x
zoom area is indicated with a white box, scale bar 2 um.

PF3D7_0404800 is a conserved protein of unknown function. The candidate gene
consists of 1866 bp, encoding for a protein of 576 aa, which does not display any
tansmembrane domain (Figure 42A). Array data show a rather weak up-regulation of
expression values in late stages, which was also true for RNA seq data, although RNA
evidence report a higher transcription in early ring stages. Correct integration of
pSLI_0404800-GFP into the appropriate gene locus as validated by PCR analysis (P1+P2,
815 bp; P3+P4, 1212 bp; Figure 21). Fluorescence microscopy of unfixed parasites
revealed a rather cytosolic localization in late schizonts. After RBC rupture the GFP-

signal was still detectable in released merozoites (Figure 42B).
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Figure 42: Analysis of PF3D7_0404800-GFP localization. A. Schematic protein structure of PF3D7_0404800. Protein
length, 567 aa; SP, red box. B. Localization of 0404800-GFP (green) in unfixed parasites by fluorescence microscopy in
trophozoites (T), schizonts (S) and merozoites (M). Nuclei are stained with DAPI (blue), nuclei are stained with DAPI
(blue), scale bar 2 um.
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PF3D7_0625400 is a conserved Plasmodum protein of unknown function.
Transcriptomic data show up-regulated expression values from very late schizont stages
to very early rings up to 8 hpi. The candidate gene encodes a protein of 412 aa not
displaying and transmembrane domain (Figure 43A). Correct integration into the
genomic locus was confirmed by PCR analysis (P1+P2, 837; P3+P4, 1357 bp; Figure 21).
Fluorescence analysis revealed an exported phenotype during early trophozoite stages
until late schizont stages (Figure 43B; even though no export sequence was predicted).
After egress from the erythocytes the fluorescence signal was detectable in the cytosol

of the free merozoites (Figure 43B).
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Figure 43: Analysis of PF3D7_0625400-GFP localization. A. Schematic protein structure of PF3D7_0625400. Protein
length, 412 aa; SP, red box. B. Localization of 0625400-GFP (green) in unfixed parasites by fluorescence microscopy in
trophozoites (T), schizonts (S) and merozoites (M). Nuclei are stained with DAPI (blue), nuclei are stained with DAPI
(blue), scale bar 2 um.
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Candidate PF3D7_1105300 is a conserved Plasmodium protein of unknown function.
RNA seq as well as microarray data show an up-regulation in late schizonts. The protein
consists of 730 aa and displays one single TM at its C-terminal end spanning aa 681-703
(Figure 44A). Correct integration into the endogenous locus was confirmed by PCR
analysis (P1+P2, 1044 bp; P3+P4, 1466 bp; Figure 21). Fluorescence analysis of unfixed
parasites showed a membrane-associated signal in trophozoites, which might be located
in the PPM or PV. Despite transcriptomics evidenced maximal expression during late
schizogony the signal was not detectable in late schizonts or merozoites (Figure 44B).
Expression of the protein was confirmed by western blot analysis using GFP specific

antibodies. The GFP fusion protein was detected at the expected size of 117 kDa (Figure

44C).
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Figure 44: Analysis of PF3D7_1105300 localization. A. Schematic protein structure of PF3D7_1105300. Protein length,
730 aa; SP, red box; TM, blue box, “//” indicates part of the protein that is not depicted in the schematic. B.
Localization of 1105300-GFP (green) via fluorescence microscopy of unfixed parasites in trophozoites (T), schizonts (S)
and free merozoites (M). Nuclei are stained with DAPI in blue, scale bar 2 um. C. Western blot analysis of
PF3D7_1105300-GFP. The GFP fusion protein was detected with an anti-GFP antibody at the expected size of about
117 kDa. Material from parental 3D7 parasites was used as a control.
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Candidate PF3D7_1334600 is a protein of 298 aa termed MSRP3 (Mello et al., 2002). It
does not have any predicted transmembrane domains but a predicted C-terminal MSP7-
like domain (not shown; aa 202-298; Figure 45A). This gene was identified earlier and
supposed to interact with the amino-terminal proteolytic fragment of MSP1 (Mello et al.,
2002) but no protein-based analysis has been performed in previous studies. Microarray
and RNA evidence confirm an up-regulated expression during schizogony starting at
around 40 hpi. Correct integration was confirmed by PCR (P1+P2, 953 bp; P3+P4, 1524
bp; Figure 21). Fluorescence microscopy corroborated a constant expression during late
schizont stages. The GFP signal was detectable around every newly forming daughter
cell in a “waggon-wheal”-like manner, while no signal was visible around free
merozoites, suggesting a PV-associated localization for candidate PF3D7_1334600
(Figure 45B). Expression of the GFP-tagged protein was analyzed via western blot. Using
GFP specific antibodies the fusion protein was detected at the expected size (calculated

size 61.5 kDa, Figure 45C).
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Figure 45: Analysis of PF3D7_1334600 localization. A. Schematic protein structure of PF3D7_1334600; protein length,
298 aa; SP, red box. B. Localization of 1334600-GFP (green) via fluorescence microscopy of unfixed parasites in early
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and late schizonts (Sg and S;) and free merozoites (M). Nuclei are stained with DAPI in blue. C. Western blot analysis of
PF3D7_1334600-GFP. Anti-GFP antibodies were used to detect the fusion protein at a calculated size of 61.5 kDa.
Material harvested from a parental 3D7 parasites was used as a control.

Candidate PF3D7_1472600 encodes for a protein of 553 aa (Figure 46) and was
identified earlier as protein disulfide-isomerase (PDI-14) (Mahajan et al., 2006). No
characterization studies were done for this candidate in the named approach. But
another candidate of the study, PfPDI was biochemically characterized and suggested to
function in correct folding of EBA175. PF3D7_1472600 (PDI-14) however was not deeper
investigated and transcription data verify a constant expression with a climax in late
schizogony. Therefore this candidate was endogenously fused to GFP and PCR analysis
confirmed correct integration (P1+P2, 1037 bp; P3+P4, 1442 bp; Figure 21).
Fluorescence analysis revealed a wagon wheel-like localization during late schizogony,
which was not detectable in early stages (Figure 46B). This suggests PF2D7_1472600 as
a PV-associated protein. Nevertheless, further localization studies of free merozoite

stages have to be performed, which are not provided here.
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Figure 46: Analysis of PF3D7_1472600-GFP localization. A. Schematic protein structure of PF3D7_1472600. Protein
length, 553 aa; SP, red box. B. Localization of 1472600-GFP (green) in unfixed parasites by fluorescence microscopy in
trophozoites (T), schizonts (S) and late schizonts (S,). Nuclei are stained with DAPI (blue), nuclei are stained with DAPI
(blue), scale bar 2 um.

Candidate PF3D7_0419400 is a conserved Plasmodium protein of unknown function.
The protein consists of 2472 aa (7960 bp) and comprises one predicted transmembrane
domain at its very C-terminal end (aa 2420 — 2440, Figure 47A). RNA seq evidence as
well al microarray data confirmed late expression during schizogony with a peak around
40 hpi. Correct integration of the pSLI_0419400-GFP plasmid into the endogenous locus
was confirmed by PCR analysis (P1+P2, 862 bp; P3+P4, 1357 bp; Figure 21). Fluorescence
analysis revealed a weak expression in late stages with a rather cytosolic localization in
schizonts as well as in merozoites (Figure 47B). However, microscopy was not sufficient

to specify the localization of the protein.
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Figure 47: Analysis of PF3D7_0419400-GFP expression and localization. A. Schematic protein structure of
PF3D7_0419400. Protein length, 2472 aa; SP, red box; TM, blue box; “//”, part of the protein that is not depicted. B.
Localization of 0419400-GFP (green) in unfixed parasites by fluorescence microscopy in trophozoites (T), schizonts (S)
and merozoites (M). Nuclei are stained with DAPI (blue), nuclei are stained with DAPI (blue), scale bar 2 um.

110



Results

Group 5: Candidates that were expressed too low for localization

Candidate PF3D7_0204100 is a conserved Plasmodium protein of unknown function.
RNA seq as well as micro array data confirm a transcription and late expression with a
peak in late schizogony. The candidate gene encodes for a protein of 2296 aa without
TMs. Correct integration into the appropriate gene locus was confirmed by PCR analysis
(P1+P2, 834 bp; P3+P4, 1375 bp; Figure 21). The expression of the GFP-fusion protein

was too low to be detected in fluorescence microscopy of live parasites.

Candidate PF3D7_0806200 is a putative C-mannosyltransferase, which has not been
functionally characterized to date (Cova et al., 2015). Transcription data from
microarray and RNA sequencing evidence revealed minimum expression values around
20 hpi and a maximum at around 40 hpi during schizogony. The candidate gene encodes
for 1018 aa comprising 8 predicted TMs. Correct integration into the endogenous locus
was confirmed by PCR anaylsis. However, expression of the GFP fusion protein could not

be confirmed by fluorescence analysis to date.

Candidate PF3D7_1404800 is a conserved Plasmodium protein of unknown function
consisting of 954 aa without TMs. Microarray data report an expression peak during late
schizogony. RNA seq evidence in contrast present expression peaks in very early stages.
PCR analysis confirmed correct integration into the genomic locus (P1+P2, 1063 bp;
P3+P4, 1955 bp; Figure 21). An informative GFP signal could not be detected in any

stages when fluorescence microscopy was performed.

Candidate PF3D7_1035100 is a probable protein (putative) of unknown function
(LaCount et al., 2005). RNA and microarray evidence certify late transcription with a
maximal peak in late schizogony. The candidate gene encodes for a protein of 561 aa
without TMs (Fehler! Verweisquelle konnte nicht gefunden werden.A). Correct
integration into the endogenous locus was confirmed by PCR analysis (P1+P2, 1016 bp;
P3+P4, 1591 bp; Figure 21) and fluorescence analysis revealed a weak expression of the
fusion protein in late stages (data not shown). Microscopy data were obtained only for

schizont stages, which impedes a clear statement regarding the localization. The
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detectable GFP signal may suggest a localization in close proximity to the BC or IMC. But

this remains uncertified until further microscopy is done.

Candidate PF3D7_1122700 is a conserved protein of unknown function. The gene
encodes for 254 aa, displaying 2 TMs spanning aa 118-140 and aa 180-202. Transcription
data affirm an up-regulation of expression during schizogony. Correct integration was
confirmed by PCR analysis (P1+P2, 790 bp; P3+P4, 1242; Figure 21). The fluorescence
signal of PF3D7_1122700-GFP was too low for detection when fluorescence microscopy

was performed.

Candidate PF3D7_1200700 was identified as acyl-CoA synthetase (ACS7) (Bethke et al.,
2006; Matesanz et al., 2003). Localization studies have not been performed before and
late transcription was confirmed for merozoites and early rings by transcriptomics data.
The candidate gene encodes for a protein of 926 aa without TMs. Integration of
pSLI_1200700-GFP into the genomic locus was verified by PCR analysis (P1+P2, 1030 bp;
P3+P4, 1431 bp; Figure 21) and localization was examined by fluorescence microscopy.
However, the signal of the fusion protein was too weak for detection, in trophozoites as

well as in later stages.

Candidate PF3D7_1358000 was recently annotated as putative patatin-like
phospholipase and its homologue in T. gondii was found to be involved in the
maintenance of apicoplast lipid homeostasis (Lévéque et al., 2017). The gene encodes
for a protein of 2012 aa. Correct genome integration was confirmed by PCR analysis
(P1+P2, 1091 bp; P3+P4, 1483 bp; Figure 21). For PF3D7_1358000 no fluorescence
microscopy could be performed to further investigate the expression and localization of

the candidate protein as the fluorescence signal was too low for detection.
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3.2.3 Candidate essentiality in the blood stages

To further characterize the candidates, their essentiality was investigated using a
targeted gene disruption (TGD) strategy to generate gene truncations (Birnbaum and
Flemming et al., 2017). Therefore 300-600 bp of the 5’ coding region were cloned into
the previously introduced SLI vector and integrated via homologues recombination
resulting in a disrupted gene and presumably not functional protein (Figure 48). The
parasite cultures were kept on neomycin for six weeks. If truncated constructs could not
be integrated correctly in six to nine attempts the gene was considered to be essential.
On the other hand if parasites were selectable despite the truncation the gene was
considered as dispensable or “not essential”. To confirm specific disruption of the
candidate genes PCR analysis was performed for every TGD construct. Therefore
oligonucleotides were designed to bind the 5’UTR of the appropriate gene and the 5’
region of the GFP tag as described previously. Correct integration of the truncated gene
and therefore no essential function for blood stage parasites could be achieved for 6
candidates (Figure 49). However, yet no PCR analysis was performed using
oligonucleotides the bind the wild type locus of the genes. Therefore it cannot be
excluded that the parasites are still holding a functional version of the truncated genes,
which will be tested in near future. Despite several attempts no parasites holding a
truncated version of the appropriate gene could be obtained for candidates
PF3D7_0530300, PF3D7_1143200, PF3D7_1115600, and PF3D7_1463900. These
candidates therefore are considered to be likely essential for blood stage parasites.
Further investigations using inducible gene knockout systems will be performed to
deeper investigate into the functionality and essentiality of these candidate genes. For
all remaining candidates selection for gene truncations were currently under progress
(to date of submission). Therefore, no declaration for essentiality could be predicted yet.

Data that could be obtained until submission date are listed in Table 2.
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Figure 48: Schematic of targeted gene disruption strategy using SLI (SLI-TGD). The N-terminal region of the gene is
targeted. Selection can be achieved via SLI. Homology region, HR; L, linker; GFP, light geen box; 2TA, skip peptide;
Neo-R, neomycin phosphotransferase Il gene; hDHFR, human dehydrofolate reductase. Asterisk indicades stop codon,
and flexed arrows indicate the engogenous promoter. (Adapted from Birnbaum and Flemming et al., 2017). Two gene
specific oligonucleotide pairs were designed to amplify 1) a 5’fragment in the parental as well as in the transgenic cell
line and 2) a fragment only if the pSLI-TGD vector is correctly integrated and the gene was disrupted as (sequences of
all nucleotides are listed in tab. Xx in the appendix).

Gene ID Annotation Localization  Blood stage
essentiality

Table 2: Blood stage essentialiy of localized candidates. Colour code referes to localization of the proteins: surface
localization: turgouise, IMC/BC localization: green, and apical localization: orange. The blood stage essentiality
referres to a successful TGD approach (essentiality: yes). If the gene disruption did not effect parasite growth, genes
are designated as not essential for blood stages (essentiality: no). The blood stage essentiality referres to a successful
TGD approach: gene could be knocked out = not essential. If no parasites could be obtained upon truncation of the
gene = likely essential (yes).
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Figure 49: PCR analysis of correctly integrated TGD constructs. P1+P2: oligonucleotide pair that was used for
amplification of the gene specific 5’TGD fragment. P3+P4: oligonucleotide pair that was used for amplification of a
fragment after correct integration of the pSLI vecotor into the appropriate gene locus. P3 was designed to bind in the
5’UTR of the gene and P4 was designed to bind the 5’region of the GFP-tag. Sequences of all primers that were used

are listed in the appendix.
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4 Discussion

Merozoite invasion into human erythrocytes is a fast and crucial event. The parasite
cannot survive outside a host cell and therefore depends on a fast and effective invasion
mechanism and machinery. This obliges sequential steps that involve an unidentified
number of proteins (LaCount et al., 2005; Tardieux and Baum, 2016) and needs to be
tightly organized. All of them — whether known or not — are subject to regulatory
mechanisms. Expression can be regulated at the epigenetic level by gene silencing and
activation (Le Roch et al.,, 2003; Bozdech and Llinas et al.,, 2003) . Nonetheless,
regulation also occurs at post-translational level and controls folding, localization,

binding, and therefore functionality of proteins (Foth et al., 2008; Doerig et al., 2015).

4.1 Regulatory steps in invasion — phosphorylation of EBA175 CPD

For invasion-related proteins such as AMA1 and Rh2b it was shown that
phosphorylation of the cytoplasmic tail is mandatory for protein functionality (Treeck et
al., 2009; Leykauf et al., 2010;Engelberg et al., 2013; Tham et al., 2014). EBA175 is an
important ligand linking the parasite to the erythrocyte surface. It was shown before
that removal of the cytoplasmic domain leads to a loss of protein function and to a
switch of the invasion pathway in W2mef parasites (Gilberger et al., 2003, Stubbs et al.,
2005). Here we investigated the potential impact of phosphorylation on protein
functionality. To assess the putative phosphorylation sites in the CPD of EBA175 a
phospho-mutant containing six alanine substitutions (S1448, S1449, T1466, S1473,
T1483, and S1489) was generated. EBA175,GFP was generated as a wild type control.
The expression of the GFP fusion proteins was validated via western blotting. Using GFP-
specific antibodies EBA175ph0spnoGFP could be detected at a size of about 200 kDa. This
is consistent with the wild type protein EBA175,.GFP. As the wild type peptide

comprises all phosphorylation sites it would be expected to run a bit higher compared
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to EBA175.h0sphoGFP lacking six putative sites of action. Interestingly both proteins could
be detected at a size of about 200 kDa. This result matches the expected size of the wild
type GFP fusion protein. However, it suggests that the putative phosphorylation sites
might not actually be phosphorylated in vivo. Further EBA175 is a microneme protein
(Orlandi et al., 1990; Sim et al., 1990; Sim et al., 1992). It was shown before that correct
sorting, in contrast to other microneme proteins, is not dependent on the CPD
(Gilberger et al., 2003; Di Christina et al., 2000). Here, fluorescence analysis localized
both, the wild type and the phospho-mutant protein, to the micronemes, which was
confirmed by IFA. This microneme localization confirms that neither the GFP-tag nor the
putative phosphorylation of the cytoplasmic domain do have any influence on the apical

localization of EBA175.

W2mef parasites use EBA175 as their main invasion ligand, which binds its receptor in a
sialic acid-dependent manner. Therefore the effect of the phosphorylation sites on the
functionality of the protein was tested by the use of a neuraminidase-based invasion
assay. Neuraminidase-treated erythrocytes lack the sialic acid moieties of glycophorin A,
preventing EBA175 from binding. Only a switch to another invasion pathway, explicitly
PfRh4-CR1 interaction, would allow the W2mef parasites to invade into neuraminidase-
treated red blood cells. It is known that in W2mef parasites expressing a functional
EBA175 ligand, the Pfrh4 gene is silent. Upon loss of EBA175 function PfRh4 is expressed
(Dolan et al., 1990; Reed et al., 2000; Duraisingh at al., 2003; Gilberger et al., 20033;
Stubbs et al., 2005). For PfRh4 as well as for PfRh2b and AMA1 it was recently shown
that phosphorylation of the cytoplasmic domain is essential for protein functionality
(Tham et al., 2015; Engelberg et al., 2013; Treeck et al., 2009). Depletion of PfCK2, the
kinase predicted to phosphorylate the cytoplasmic tails of type | transmembrane
proteins, blocked parasite invasion into red blood cells. Likewise, for two residues within
the cytoplasmic domain of EBA175 (T1466 and S1489) PfCK2 is the predicted kinase
(NetPhosK; Tham et al., 2015). It was shown that mutation of both amino acids to
alanine results in a reduced phosphorylation relative to the wild type. But no effect on

invasion could be observed. Here, we included 4 other potential phosphorylation sites
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to test the effect on invasion into red blood cells. If phosphorylation would be essential
for EBA175 functionality, for EBA175;ncspho-parasites no obvious reduction of
proliferation would be expected when cultured in neuraminidase-treated RBCs.
Mutation of the essential phosphorylation sites presumably would have led to a switch
of the invasion pathway resulting in an up-regulated expression of PfRh4. Interestingly
the phospho-mutant parasites EBA175ph0sphoGFP show a reduced proliferation
comparable to wild type EBA175,,:GFP parasites (80.3% and 76.68%, respectively) when
cultured in neuraminidase-treated erythrocytes. These values are comparable with the
parental W2mef strain demonstrating that even 6 silenced putative phosphorylation
sites do not have any effect on parasite growth. It can be concluded that no switch had
occurred in the EBA175ph0spno-parasites. Nevertheless, the actual status of
phosphorylation was not tested in this study. The missing effect of the established
mutation sites might also indicate that the predicted phospho-sites are not actually
phosphorylated. Also, in western blot analysis one would expect the GFP signal of the
wild type protein to be detected a bit higher resulting from effective phosphorylation
compared to the phospho-mutant. Analysis via a phosphatase assay would be
reasonable to test the real status of phosphorylation. Stil, Tham and colleagues
observed a reduced phosphorylation upon mutation of T1466 and $1489, the two
potential target sites for PfCK2, which did not affect invasion as mentioned before

(Tham et al., 2015).

To date no tyrosine kinases are confirmed in P. falciparum (Ward et al., 2004). However,
it could be shown that phosphorylation of PfRh4 was significantly reduced when
tyrosine residues were included into the mutation cell line. Also tyrosine residues within
the cytoplasmic tail of PRh4 were essential for Rh4-CR1 interaction, which likely
involves phosphorylation (Tham et al., 2015). Further, the thrombospondin-related
anonymous protein (TRAP) is essential for sporozoite motility as well as invasion into
hepatocytes (Sultan et al., 1997; Kappe et al., 1999). Interestingly, the cytoplasmic tail
could be substituted by the one of EBA175 without loosing protein functionality

(Gilberger et al., 2003). Phosphorylation of TRAP CPD is supposed to be important and it
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was shown that the CPD displays multiple phosphorylation sites, including tyrosine
residues (Akhouri et al., 2008). Hence it would be interesting to also consider tyrosine
residues Y1446 and Y1491 in the cytoplasmic tail of EBA175 as potential target sites for
kinases or a possible requirement for receptor binding. Nonetheless, these results
clearly indicate that, in contrast to Rh4 and AMA1, none of the putative phosphorylation
sites within the cytoplasmic tail (S1448, S1449, T1466, S1473, T1483, S1489) does have

any essential impact on the function of EBA175.

4.2 Novel putative candidates for erythrocyte invasion

More than 15 years ago the whole P. falciparum genome sequence was published
(Gardner at al., 2002). This data provided the platform for several bioinformatic tools to
predict the localization and function of proteins and diverse network prediction studies
previously showed that the localization of proteins indeed allows for functional
inference (Date and Stoeckert, 2006; Haase et al., 2008; Hu et al., 2009; Wuchty and
Ipsaro, 2007; Zhou et al., 2008). Those prediction tools can be harnessed for screens to
identify proteins involved in complex processes such as invasion. An important subset of
invasion related proteins was shown to either localize to the surface of invading
merozoites or to be stored in the secretory organelles (Cowman and Crabb, 2006).
Furthermore, the IMC is implicated in invasion and therefore displays an important

compartment for proteins that are involved in this process (Keeley and Soldati, 2004).

Unifying features across all proteins involved in invasion are a late transcription (Le Roch
et al., 2003) as well as the presence of a N-terminal signal peptide, which is required for
co-translational translocation into the endoplasmatic reticulum from where they get
transported to their subcellular locations within the secretory pathway (Crabb et al.,
2004; Haase et al., 2008). Representing examples are proteins such as MSP1, AMA1,

EBA175, and Rh5 that was recently shown to be essential for parasite invasion (Holder
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et al., 1992; Peterson et al., 1989; Yap et al., 2014; Camus and Hadley, 1985; Volz et al.,
2016).

Haase and collaborators conducted a genome-wide search for invasion related proteins
(Haase et al., 2008). In a bioinformatic screen they used transcriptional and structural
features such as a N-terminal SP, an obligatory TM, and late expression during the
intraerythric cycle. They identified 49 hypothetical proteins with high probability of
being located on the surface of merozoites or in the secretory organelles and could
show that the selection criteria were sufficient to identify novel invasion related
candidate proteins. Nonetheless, not all compounds of the invadome are discovered yet,

which demands for another update.

4.2.1 Identification of novel candidates

The chosen 38 genes were endogenously fused to GFP and 29 cell lines could be
selected on neomycin using the pSLI system (Birnbaum and Flemming et al., 2017). The
29 obtained stable cell lines were further analysed using fluorescence microscopy in
unfixed parasites and subdivided into different categories based on their localization. In
total, we identified 15 candidates localizing to invasion related compartments. Among
these, we found four proteins at the surface of late stage parasites and free merozoites,
two candidate proteins localized to the IMC or BC, and nine fusion proteins were

detected at the apical pole of the parasites (Figure 50).
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Figure 50: Schematic representation of a merozoite and candidate genes that were localized to the invasion related
compartments. The invasion relevant compartments are depicted in orange (apical organelles), blue (IMC and BC),
and green (surface). RBC, red blood cell; NC, nucleus.

4.2.2 Functional domains within the localized candidate genes

Among the 15 localized proteins four candidates other contained predicted functional
domains besides the predicted SP and TMs. The candidates localized to the surface
(PF3D7_1143200 and PF3D7_1421900) or the apical pole of the parasite
(PF3D7_1035900, and PF3D7_1463900) (Figure 51), and gene disruption approach
revealed at least three of the candidates to be likely essential for parasite growth in

blood stage (PF3D7_1143200, PF3D7_1035900, and PF3D7_1463900).

Among the surface candidates we identified a putative copper transporter
(PF3D7_1421900) (Rasoloson et al., 2004; Kenthirapalan et al., 2016) and a putative
Dnal protein (PF3D7_1143200) (Hiller et al., 2004; LaCount et al., 2005;).
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Figure 51: Annotated functional domains within the 15 localized candidates. Four of the candidate genes display
other predicted functional domains (depicted in green) besides the predicted SP (red) and TMs (blue). Two of the
candidates localized to the surface and two to the apical pole of the parasite.

Candidate PF3D7_1421900 is a putative copper transporter, harboring a potential
copper transporter domain (Rasoloson et al., 2004). Copper is an essential trace element
for all organisms and a crucial cofactor for metalloenzymes such as cytochrome-c
oxidase (Rasoloson et al., 2004). The copper chelator neocuproine was shown to inhibit
the transition of ring stage to trophozoites in P. falciparum parasites, which indicates
the requirement of copper for parasite development (Rasoloson et al., 2004). Copper
catalyses electron transfer reactions as well as the generation of potentially toxic
reactive oxygen species (Kenthirapalan et al., 2014). Cuperozymes are able to cycle
copper between a stable oxidized (Cu®*) and an unstable (Cu*) state for diverse redox
reactions. As a consequence this reaction makes copper potentially toxic as it generates
oxygen radicals via the Fenton reaction. Toxic free ionic copper thus needs to be
carefully sequestered by specific cellular mechanisms (Halliwell and Gutteridge, 1984;
Wardman and Candeias, 1996; Puig et al., 2002; Rasoloson et al., 2004). The exact
sources of copper for parasite growth during blood stage development, however, are
unknown. Inside the RBCs high amount of the copper is associated with copper

superoxide dismutase (Cu/Zn SOD) (Speisky et al., 2003). Rasoloson and colleagues
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therefore suggested an uptake of the erythrocyte derived Cu/Zn SOD along with
haemoglobin in the parasite food vacuole as the main source for copper (Rasoloson et
al., 2004). Erythrocytes contain 20 uM copper and it was shown that copper content in
iRBCs decreases during growth of the parasite (Beutler et al., 1995; Rasoloson et al.,
2004). Also, extracellular copper chelation does not inhibit parasite growth. These
findings support the hypothesis that P. falciparum parasites export copper to minimize
its toxicity (Rasoloson et al., 2004). Parasitic protozoa such as P. falciparum allocate only
2 to 3% of their genome to membrane transporters and only 3 genes encoding for
copper transporters are known in Plasmodium spp. to date (Rasoloson et al., 2004;
Martin et al., 2009; Choveaux et al., 2012; Kenthirapalan et al., 2014). Our localization
analysis of PF3D7_1421900 could situate the GFP fusion protein to the surface of
schizont-stage parasites and merozoites. This observation concurs with the localization
of other Plasmodium copper transporters such as PF3D7_143900 (Choveaux et al., 2012)
and PbCuTP (Kenthirapalan et al., 2014), which localize to the erythrocyte and parasite
PM. The presence of three TMs is considered definitive for copper transport proteins
(De Feo et al., 2009). Also copper transporters in general comprise a specific motif in the
second TM such as MxxxM and GxxxG (Aller et al., 2004; Puig et al., 2002). Candidate
PF3D7_1421900 comprises three TMs and a metal binding motif (MxxxM) in the second
TM, which, although not restricted to copper transporters, was also shown to be
important for copper transporter 1 (CRT1) function (Puig et al., 2002). The presence on
the surface of free merozoites strongly suggests implication of the candidate in invasion.
The source for copper during blood stage parasite growth might result from erythrocyte
derived Cu/Zn SOD as suggested by Rasoloson and colleagues. However, the presence of
the copper transporter in the PPM may indicate the requirement during the first hours
post invasion as merozoites carry the protein early from the beginning. This presence
does not necessarily involve the transporter in invasion but might indicate a function in
the regulation of copper homeostasis during invasion or subsequent to the process. As a

healthy copper homeostasis is essential for parasite growth and fertility, and thus for
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parasite survival (Marva et al.,, 1989; Kenthirapalan et al., 2014), further functional

analyses are currently under progress.

Candidate PF3D7_1143200 is a putative Dnal protein. DnaJ domains are functional
domains of all heat shock proteins (Hsps). Hsps in general are molecular chaperones and
implicated in many diverse processes such as folding of nascent proteins or the
translocation of proteins across membranes (Njunge et al., 2013). According to their
molecular weight, which is ~40 kDa for the present candidate, they are grouped into
different families. Hsp40s can further be classified into type I-IV based on the presence
of other than the DnaJ domain (Botha et al., 2007, review). Lacking of other than the
Dnal domain most probably classifies candidate PF3D7_1143200 as a type Il Hsp40
(Figure 52). This is the biggest group of Hsp40s, however functional information is rare.
In P. falciparum, Hsps play crucial roles at the host-parasite interface, such as Hsp101,
which mediates protein export into the host cell (Shonai and Blatch, 2014; Beck et al.,

2014).

PF3D7 1143200 NE--—-—--———
PF3D7_0213100 ---—- ? GREEID Y
PF3D7_1437900 -—-———————t
PF3D7_0113700 KDNGVEELSS

Figure 52: Alignment of PF3D7_1143200 with known Hsp proteins. The presence of a DnaJ domain (blue box) verifies
candidate PF3D7_1143200 as a Hsp40 protein. The absence of HPD domain (red box) most probably classifies the
candidate as a type Ill Hsp40 (with thanks to Tawanda Zininga).

Subsequent to invasion, the parasite starts to remodel its human host, which requires
extensive protein folding, complex assembly and disassembly, as well as translocation of
proteins to diverse subcellular compartments. Hsp40s and 70s are proposed to play a

significant role in the establishment and development of the parasite within the host
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cells (Pesce and Blatch, 2014). Further they are important regulators to ensure correct
protein folding and transcription under stress conditions such as exposure of the
parasite to temperature fluctuation during transmission and regular fever bouts of the
human host (Rug and Maier, 2011). Other members of the type Ill Hsp402 were shown
to act in processes such as ER translocation, ER-associated degradation, or display
increased mRNA levels upon heat shock (Rug and Maier, 2011; reviewed by Schnell and
Hebert, 2003; Hosoda et al.,, 2010;30, Watanabe, 1997). Direct involvement in the
invasion process has not been shown to date. Nonetheless, localization of our candidate
protein PF3D7_1143200 to the surface of late stage parasites and merozoites might be a
hint for at least an indirect role in egress from or invasion in RBCs. Further, upon several
attempts to disrupt this candidate gene no parasites were obtained, which suggests the
candidate to be likely essential. However, pursuing functional characterization will

provide more detailed information about its explicit role and interacting partners.

The group of apical candidates comprises a probable protein containing a predicted
pumillio homology domain (PUM-HD) profile (PF3D7_1035900), and a protein of
unknown function, which displays a predicted EF-hand Ca2+—binding domain

(PF3D7_1463900).

Candidate PF3D7_1035900 was annotated as a probable protein with no further
definition. Besides the SP it displays a Pumilio homology domain (PUM-HD), which
classifies the candidate as member of the Pumilio family of proteins (Puf). Puf proteins
are known to regulate translation and mRNA stability in many diverse eukaryotic
organisms ranging from plants to fungi, animals and protists (Parisi and Lin, 2000). The
signature feature of this protein family is a highly conserved core RNA-binding domain,
referred to as the Puf domain, consisting of eight tandem repeats of an approximately
36 aa sequence motif, surrounded by short N- and C-terminal conserved regions
(Zamore et al.,, 1997; B. Zhang et al.,, 1997). In a bioinformatic survey Reddy and

collaborators identified 189 putative RNA-binding proteins (RBPs) in P. falciparum,
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which can be classified in 13 different families, including the family of Puf proteins
(Reddy et al., 2015). The presence of so many RBPs underlines the importance of post-
transcriptional regulation in P. falciparum. The Pumilio homology domain (PUM-HD) is a
sequence specific RNA binding domain and several Puf family members have been
shown to bind specific RNA sequences, which are mainly found in the 3’UTR of mRNA.
This binding leads to a repression of target mRNA translation and enhances its decay
(Souza et al., 1999; Tadauchi et al., 2001; Wharton et al.; B. Zhang et al., 1997). In P.
falciparum two Puf proteins are found, namely Pufl and Puf2 (Cui et al., 2002; Fan et al.,
2004; Miao et al., 2010). Pufl and Puf2 are expressed differential in gametocytes during
the erythrocytic development. Overexpression and knock down approaches of PfPuf2
resulted in the repression and elevation of gametocytogenesis, respectively. This
suggests a role during sexual differentiation and development and therefore in
transmission from the human to the mosquito host (Cui et al., 2002; Fan et al., 2004;
Gomes-Santos et al., 2011; Miao et al., 2010). In contrast to Pufl and Pu2, candidate
PF3D7_ 1035900 expression has its maximum in late erythrocytic stages and
fluorescence analysis revealed an apical localization in free merozoites, which suggests a
role in invasive stages. Exposure to a different extracellular milieu during the invasion
process requires a rapid molecular as well as cellular re-programming. Further, the
sequential steps of the invasion process are strictly regulated. The presence of
candidate PF3D7_1035900 in free merozoites therefore suggests an implication in the
regulation of mRNA translation and decay of important components of invasion that

may be activated or repressed before and during the process.

Candidate PF3D7_1463900 was not described in P. falciparum before but its T. gondii
homologue was recently annotated as RON11 (Beck et al., 2013). Calcium (Ca*") is a
second messenger in eukaryotic cell signalling, which is typically released from
intracellular stores in response to an (chemical, electrical or mechanical) external

stimulus. This release triggers a signalling cascade resulting in an increase of
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cytoplasmic-free Ca®* (Erxleben et al., 1997). In T. gondii and P. falciparum increased
cytosolic Ca** due to release from intracellular stores has been shown to regulate
microneme secretion, which results in driving motility and invasion (Carruthers et al.,
1999). Rise in cytosolic Ca? triggers secretion of microneme proteins such as EBA175 to
the merozoite surface, which was shown to depend on PfRh1l-induced Ca® signalling
(Singh et al., 2010; Gao et al., 2013). Subsequent decrease of Ca®* correlates with
rhoptry discharge, for example CLAG3.1 and Rh2b (Singh et al., 2010). The predicted EF-
calcium binding domain of candidate PF3D7_1463900 suggests a role in binding Ca** or
sensing Ca”* fluctuation. Gene disruption of its homologue TgRON11 was successful but
using an inducible CRISPR/Cas9 system, depletion of the gene did not affect blood stage
parasites indicating that RON11 is not essential for parasite survival in T. gondii (Wang
et al., 2016). Nevertheless, PF3D7_1463900 candidate was refractory to gene deletion,
which indicates the protein to be likely essential for blood stage parasites. But as
observed for the T. gondii homologue, targeted gene disruption is just a first prediction.
Future studies in our lab using inducible KO systems will be performed to investigate the

likely essentiality of candidate gene PF3D7_1463900 for P. falciparum parasites.

4.2.2.1 Candidates with low expression

The expression of six fusion candidate proteins was too low for localization via
fluorescence microscopy. Comparing the expression profiles of those to the 15 genes
that could be localized to invasion related compartments (candidates of group I-1ll) no
obvious difference can be detected in the minimum and maximum expression values
(Figure 53), which would have been a possible explanation for the absence of GFP
signals. Two candidates display a delay of minimum and maximum expression values
towards later time points in the parasite life cycle, with the minimum peak at around 38
hpi and the maximum peak at around 48 hpi (Figure 53, left panel). Also, approximately
30% of all genes display a delayed peak of mMRNA compared to protein levels (Foth et al.,

2011; Le Roch et al., 2004). This might explain why the fusion proteins could not be
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detected in late stages, as protein expression would be expected in ring stages. However,
as mentioned before, known invasins display an expression maximum during late
schizogony and in merozoite stages (Le Roch et al., 2003). Therefore ring stage parasites

were not investigated in this approach.
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Figure 53: Expression values of the candidate genes. Left panel: expression values of candidate genes that could not
be localized via fluorescence microscopy analysis. Right panel: expression levels of candidate genes that could be
localized and were subdivided in group I-Ill depending on their localization. Color code refers to the compartment
where the proteins were localized (green, surface; turquoise, IMC/BC; orange, apical). Expression profiles were
available on plasmoDB.org.

Different features such as SPs, TMs, rare codons, introns and AT-rich sequences are
known to affect recombinant expression of P. falciparum proteins (Vedadi et al., 2007).
Only one of the six candidates encodes for predicted TMs, but all of them display a SP as
we screened exclusively for those genes. Additionally, for unknown reasons, the P.
falciparum has an exceptionally high AT content (~¥80% in 3D7 parasites) compared to
other eukaryotes and even to other Plamsodium spp. (Gardner et al., 2002). This might

at least to some extend explain the low expression rate of some candidate proteins.

Further, gene expression in strictly mediated by different mechanisms. These include
epigenetic, transcriptional, post-transcriptional as well as post-translational mechanisms

such as phosphorylation (Cui et al., 2015; Doerig et al., 2015; Hughes et al., 2010; Voss
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et al., 2014; Zhang et al.,, 2013). It is known that external circumstances such as
temperature, pH or other stressors can lead to suppression or activation of a great
diversity of genes. Further, stress is one of the most common modes of global mRNA
translational repression in eukaryotes (reviewed in Vembar et al., 2016). Accordingly,
some of these candidates might only be expressed upon certain external stimuli or
circumstances and therefore are silenced under normal conditions. Besides, some
proteins are only expressed upon loss of function of others. This is known for important
invasins such as EBA175 as described previously, PfRh4 is upregulated when EBA175 is
not functional (Dolan et al., 1990; Reed et al., 2000; Duraisingh at al., 2003; Gilberger et
al., 2003a; Stubbs et al., 2005).

Additionally, mass spectrometry data of five out of the six candidates provide
expression evidence in stag V gametocytes, sporozoites or ookinets, which might be a
hint for a role in transmission and fertilisation. However, mass spectrometry evidence
was not taken into account for candidate selection in the present screen. Nonetheless, it
would be interesting to investigate into other than blood stages for further

characterization of these proteins.

4.2.3 Critical aspects

Seven of the selected candidate genes could not be successfully integrated into the
appropriate loci and two could not be selected for pSLI-GFP plasmids. Some of the
candidates are rather small but it was shown that integration of fragments with a
homology region exceeding 200 bp should be feasible as validated by Birnbaum and
Flemming et al. (2017). The absence of an amplicon in the seven neomycin resistant
transgenic cell lines could be explained by the integration of the plasmid in other than
the appropriate loci. Further, previous experience showed that a certain percentage of
proteins cannot be C-terminally fused to GFP. This may result from heavy C-terminal
modifications such as phosphorylation or other post-translational modification. N-

terminal fusion to GFP using a codon optimized SP-sequence would be an option to
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circumvent these restrictions. Another chance for successful C-terminal tagging would
be the use of smaller protein tags such as TY1, MYC, or HA-sequence. These sequences
are significantly shorter than the GFP sequence and may therefore enable the
generation of endogenously C-terminal tagged parasite cell lines. Episomal expression as
performed by Haase and collaborators would also be an option to circumvent the
difficulties of endogenous tagging by homologues recombination (Haase et al., 2008).
Late-stage-specific promoters with strong activity such as the amal promoter could be
used to drive expression of the proteins. However, overexpression of proteins instead of
insertion into the genome results in higher amounts the investigated protein as it occurs
on top of the endogenous protein expression. Secretory organelles for instance are
rather small compartments, which might not have enough space for a higher amount of
proteins than usual. Wild-type localization of the fusion proteins therefore might not be
assured. Our approach therefore was to examine expression under conditions as natural

as possible.

Also, the original output data set generated by Hu and collaborators (2009)
encompassed candidates that did not contain a predicted SP. 11 of the 31 proteins that
were predominantly targeted to the secretory organelles or the IMC did neither contain
a SP nor a TM. Nevertheless they could be shown to be associated to invasion (Haase et
al., 2008). Likewise, the glideosome associated protein 45 (GAP45) was shown to
localize to the IMC despite the absence of a N-terminal SP (Ridzuan et al., 2012). It
therefore should be considered to reassess selection criteria and further to investigate
PTMs such as myristoylation and palmitoylation which have been suggested to drive

IMC localization of proteins or at least of GAP45 (Rees-Channer et al., 2006).

As mentioned before, about 30% of all genes display a delayed peak of mMRNA compared
to protein levels (Foth et al., 2011; Le Roch et al., 2004). One selection criterion for our
screen was a maximum expression level in late stages, which refers to a peak around 44
hpi. As also mentioned previously, protein expression is tightly regulated at

transcriptional as well as translational levels (Le Roch et al., 2003; Bozdech and Llinas et
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al., 2003; Doerig et al., 2015). Delayed translation of proteins due to post-transcriptional
as well as -translational modifications such as phosphorylation is a common regulatory
mechanism. The selection of candidate genes with maximum expression values earlier
in the life cycle therefore might have to be considered to include likely invasion related

candidate genes that might have falsely been excluded from our screen.

Further, microarray and RNA sequencing both are methods that allow for high
throughput profiling of the whole transcriptome. Nonetheless, it has to be kept in mind
that microarray as well as RNA sequencing evidence only provide transcriptional data
but do not relay on actual expression of proteins — at all. A critical point as discussed
above, which has to be admitted and might explain the absence of some of the
candidate fusion proteins when analysed by fluorescence microscopy. Mass
spectrometry in contrast provides expression data of proteins that have actually been
detected and therefore must have been expressed. A reasonable future approach
therefore would implicate evidence derived from mass spectrometry to circumvent the
problem of hypothetical proteins that remain hypothetical instead of being actually

expressed.

4.3 Conclusion and outlook

Merozoite invasion into human erythrocytes is a fast and crucial event. It obliges
sequential steps that involve an unidentified number of proteins (LaCount et al., 2005)

and needs to be tightly organized.

Performing functional analysis we provided further characterization of the well-known
invasion ligand EBA175 and could show that in contrast to other invasion ligands such as
AMA1 and Rh4, none of the putative phosphorylation sides that were assessed within

the cytoplasmic tail do have any essential impact on the functionality of EBA175.
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Further we used a bioinformatic screen to identify new invasion relevant proteins.
Combining microarray and RNA sequencing evidence we searched for late transcribed
genes that localize to the secretory organelles, the merozoite surface or the IMC, and
thus are likely involved in invasion. We identified 15 candidates in those compartments
and started to investigate into their essentiality for blood stage parasites, which

suggests four of them as likely essential for blood stage growth of the parasite.

However, identification of these 15 putative invasion relevant candidates is just the
beginning and paves the way for an update of the invadome. Functional characterization
using inducible knock out systems such as Cre recombinase or the gims system will show
if these candidates could be the next potential therapeutic targets and will help to

understand the complex mechanism of erythrocyte invasion.
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Appendix

Oligonucleotides
EBA175

Name

Appendix

Sequence 5’-3’

EBA175_Notl_fwd

GCGCgcggccgcGGAAACAGACAAGATCGGGGGGGE

EBA175_Notl_800bp_fwd

GCGCgcggccgcCATGAAGAAATCCCATTAAAAACATGC

EBA175_Avrll_rev

GCGCcctaggTTTCTTAAAATTAATATCATTTATATCC

EBA175_S1448A_S1449A overlap_
fwd

CCAAATATCAAgcTgCTGAAGGAGTTATGAATG

EBA175_S1448A_S1449A overlap_
rev

CCTTCAGCAGCTTGATATTTGGCTTG

EBA175_T1466A_S1473A_overlap_
fwd

GAATAATTTTTTATTTGAAGTTECTGATAATTTAGATAAATTAGCCAATAT
GTTC

EBA175_T1466A_S1473A_overlap_
rev

GAACATATTGGCTAATTTATCTAAATTATCAGCAACTTCAAATAAAAAATT
ATTC

EBA175_T1483A_S1489A_Auvrll_re
v

GCGCcctaggTTTCTTAAAATTAATATCATTTATATCCTCATGGTATTCAGCA
AAATCGTTGATATTAGCTTCCTGTACTTGTTGATTGAAC

EBA175_inte_check 1889 bp fwd

GGGTGAATTCTAAACCTTTATCTG

Table 3: List of oligonucleotides that

integration into the endogenous locus.

Bioinformatic screen

Name

were used to generate the EBA175 constructs and for validation of their

Sequence 5’-3’

0105400.1_Notl_fwd

GACACTATAGAATACTCgcggccgcATGAGATTATGGTTGATTGTTTG

0105400.1_Avrll/Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggATTATGCATAG
GATTTGGATTAAC

0105400.1_inte check

TTCTGTGCATACCTCTATGC

0105400.1_TGD_Notl_fwd

gctatttaggtgacactatagaatactcgcggccgcTAAGATTATGGTTGATTGTTTGT

0105400.1_TGD_Avrll/Mlul_rev

cctccagcaccagcagcagcacctctagcacgegtectaggAATAGTAGACGCACCTAA
TGC

0204100_Notl_fwd

GCGCGCGGCCGCTAGATGAACATATATATAATGAAG

0204100_Avrll_Mlul_rev

GCGCACGCGTCCTAGGTATAATTTTAAAAAAAGATAATATC

0204100_inte check

CATATCATGATACATATGATTTATG

0210800_Not!_fwd

GCGCGCGGCCGCAACAGATTTATATTTAAGGACACT

0210800_Avrll_Mlul_rev

GCGCACGCGTCCTAGGATAAAAAGGGAAAGAATAAATATC

0210800 _inte check

GATATCATAAGTAATAATAAG

0316300.2_Notl_fwd

GCGCGCGGCCGCAGCTTTTACCTTGATTGACGAGGGA

0316300.2_Avrll_Mlul_rev

GCGCACGCGTCCTAGGAGGTGTCCATATGTTGAGATCTGGC

0316300.2_inte check_sense

GCGCGGAAGCATTATTATTTACTGG

0316300.2_TGD_TAA_Notl_fwd

gctatttaggtgacactatagaatactcgcggccgc TAAGTGTATATGCTTATGTATGT
CTATGG

0316300.2_TGD_Auvrll_Mlul_rev

cctccagcaccagcagceageacctctagecacgegtectaggaactttcatatgatacataaacgt
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gcg

0404800_Notl_fwd

GCGCGCGGCCGCTAATCATGTATTTTTAGAGGCTGTT

0404800_Avrll_Mlul_rev

GCGCACGCGTCCTAGGTTCTGTTATAAATTCATGTAATTTTC

0404800_inte_check_sense

GTTGAGGAGCTCTTCTGTTCG

0410700_Not!_fwd

GCGCGCGGCCGCTAGATTATGTTATCATATTATTG

0410700_Avrll_Mlul_rev

GCGCACGCGTCCTAGGCCATCCTATATATTTGTCTGA

0410700_inte_check_sense

CTAAAGCCAATGAAGAATGGGG

0419400_Not_fwd

gacactatagaatactcgcggccgcGGTTGGAATTACGATGGACAAACAG

0419400_Avrll_Mlul_rev

AGCAGCACCTCTAGCacgcgtcctaggTAAATCATCTCCATGAAAAAGACC

0419400_inte check

GCGCGGGGAAGAGCAAATGAAAACATATCCG

0419400_TAA_TGD_Notl_sense

GCGCgcggccgc TAAAGAAAAAAGAAGAAAACGTG

0419400_TGD_MIul_as

GCGCacgcgtATTATCATTTTCTATTGTCG

0419400_TGD_inte_check_s_utr77

GTGTGTGTGTGTATGCTTATTATCAC

0423300_Notl_fwd

GCGCgcggccgcCTCGTAATTCAATTTTTACCACC

0423300_Avrll_Mlul_rev

AGCAGCACCTCTAGCACGCGTCCTAGGTCTTTTTGTTTCTAAAGAATGTAT
ATCCGGATATACATTCTTTAGAAACAAAAAGACCTAGGACGCGTGCTAG
AGGTGCTGCT

0423300_inte check

GAACGATAAAGATGGAAAG

0530300_Not!_fwd

GACACTATAGAATACTCgcggccgcCTCTAGATCTTCATTCATATTGTTATC

0530300_Avrll/Mlul_rev

AGCAGCACCTCTAGCacgcgtcctaggCTTCTTCAATTTTGATATAACTATCA
GAG

0530300_inte check

GCGCGTAAAATGCCTTTATTAAATG

0530300_TGD_Notl_fwd

GCGCgcggccgcTAAATAAAAGAGAAATTGTTAAAAT

0530300_TGD_Mlul_rev

GCGCacgcgtCTTTTTTAATTTATTAATAC

0625400_Notl_fwd

GCGCgcggccgcCAATAACGGATATTG

0625400_Avrll_Mlul_rev

GCGCacgcegtcctagg TAACTCCACATTTTTTTTTGGG

0625400_inte check GCAAGGGTGTTGTAAG
0704300_Notl_fwd GCGCgcggccgcGATGGTGTAAAAAATGATGGTG
0704300_Mlul_rev GCGCacgcgtTTTTTTTTTATTITTTTTTTCTG

0704300_inte check

GATGGTGTAAAAAATGATGGTG

0704300_TGD_Notl_fwd

GCGCgeggccgc TAAGAAAAGAATAAATACGATATAG

0704300_TGD_Mlul_rev

GCGCacgcgtAGTTAAATAATATTTGTATTC

0716300_Notl_fwd

GACACTATAGAATACTCgcggccgcCAACACTGACGATGGTGTAGATGC

0716300_Avrll_Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggTGAAAATATTT
CTTCATAATTTGTATTGTCAACC

0716300_inte check

TGAAGATGAGATAGAGAGGG

0721100_Notl_fwd

GACACTATAGAATACTCgcggccgcATGTCGAGACTTTTCTCTTTCTTGTTC

0721100_Avrll_Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggTTCAGTCACAT
AACATACTGGATGG

0721100_inte check

CACTTGAAATATGATCCTAAGGC

0725400_Notl_fwd

GCGCgcggecgcATGTGTTTCCTTAAGTATTTC

0725400_Mlul_rev

GCGCacgcgtATTATTCTGTCCCTTTTTTCTC

0725400_inte cehck utr113

CGGTGTATGTTGTTTTAAAAAAGAAG

0730800.1_Notl_fwd

GACACTATAGAATACTCgcggccgcATGGTTCATTTTACCAAGATTTTAGCA
G

0730800.1_Avrll_Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggAAATTTTTTIT
TTTTTCCTCTCAATGTAGAAGTACCAGC

0730800.1_inte check

GTAGATTAAACGTACTTACAACGG

0806200_Not!_fwd

gacactatagaatactcgcggccgcCCAGAAATTATACCAGATAATACACC

0806200_Avrll_Mlul_rev

AGCAGCACCTCTAGCacgcgtcctaggATTGTATATATAAAAAAATAATAAAT
AATC
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GCGCGCTTGTCTTCCTTTTAGTGATGGG

0811600_Notl_fwd

GCGCgcggccgcGTAATATAGATGATGTAAGTTC

0811600_Avrll/Mlul_rev

GCGCacgcgtcctaggTTCGTCTACCTTAAATAAATAAAAGAAGACG

0811600_inte check

GAAACTGATAACAGTAATGAAG

0811600_TGD_Notl_fwd

GCGCgcggccgc TAATCATAATATTTTTATTATTAC

0811600_TGD_MIul_rev

GCGCacgcgtCATAATATTCATCTATACTTC

1014100_Notl_fwd

GCGCgcggccgcCTCTCACCTTTGATATAAATTATG

1014100_Avrll_Mlul_rev

GCGCacgcgtcctaggTGGATTTCTAAAATCTAGTGCATCTCC

1014100_inte chcek

GGAAGAGGATATGAATGAG

1030200_Notl_fwd

GCGCGCGGCCGCCAAGGTAAAAATAGTG

1030200_Avrll_Mlul_rev

GCGCACGCGTCCTAGGAAATTTATATGGTTTCTGTGAATCAAATG

1035100_Notl_fwd

GCGCgcggccgcGAATAAAGATAACAG

1035100Avrll_Mlul_rev

CGCGCacgcgtcctaggCTTATAATCACTAAATAAATTTATTATAG

1035100 _inte chek

GTCATCCTGAAGCACTTGTGGGTGGAGAG

1105300_Notl_fwd

GCGCgeggccgcGGATTCAATAAATGAAATATCC

1105300_Mlul_rev

GCGCacgcgtATGGCCTACAGTCGAGGGAC

1105300 _inte check

CATCTGTTAATCAGTATACAGC

1105300_TGDI_TAA_Not_fwd

GCGCgcggccgc TAAAGAAAAATAATACCTCTTTTGTACTCGG

1105300_TGD_Mlul_rev

GCGCacgcgtGGAAGAATTAAAAGAATTATTATAATAATTG

1115600_Notl_fwd

GACACTATAGAATACTCgcggecgc TATGCTTTATGCGCCGAGGAAC

1115600_Avrll/Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggCAATGGCAAT
TCTCCTGATTC

1115600 _inte check

TATAAAGGAGGAAAAATGGG

1115600_TGD_Not_fwd

gctatttaggtgacactatagaatactcgeggecgcTAAgtatctaattagatctcataatttta
atacatac

1115600_TGD_Avrll/Mlul_rev

cctccagcaccagcagcagcacctctagcacgegtcctaggGTGGGTATTTATTATTAT
cC

1122700_Notl_fwd

GCGCgcggccgcATGAAGCTGAATAAATTTTTTGATCG

1122700_ Mlul_rev

GCGCacgcgtGTAAAAATCTTTATTATAATCATC

1122700 _inte_check_sense_utrl5
7

CCAATTCTTGCCCTTATCC

1136200_Notl_fwd

GCGCgcggccgcCTATTATGCTAAACAATAGTTCTTC

1136200_ Mlul_rev

GCGCacgcgtTAAAAATAATATATATGTAATTATAG

1136200 _inte check

CAGGTGCAGCTATCAGCGGAC

1136200_TGD_TAA_Notl_fwd

GCGCgcggccgcTAAAATTTAAACAAAATTTCTGTCC

1136200_TGD_Mlul_rev

GCGCacgcgtCGTGTTATTATCATCTACATTGTC

1136200_TGD_inte check

CCAAAAGGCAGCGGATCAC

PF3D7_1143200_Notl_fwd

GCGCgcggccgcATGAGAATACATTGTTTTTC

PF3D7_1143200_Mlul_rev

GCGCacgcgtATCGTTGTAATTAAAACTTAAACC

PF3D7_1143200_5'utr_inte check

CCCTTATTAAATTGTTACATATC

PF3D7_1143200_TGD_Notl_fwd

GCGCgcggccgc TAAAGAATACATTGTTTTTC

PF3D7_1143200_TGD_Mlul_rev

GCGCacgcgtCAAATATACTAAATTCAAAAAAC

PF3D7_1200700_Notl_fwd

GCGCgcggccgcGAATATATAGAAACTGAAATG

PF3D7_1200700_Avrll_Mlul_rev

GCGCacgcegtcctagg TACATTTACTTGTAGTTCTTG

PF3D7_1200700_inte check

CACGAATGATGGTTATTTTAAAACGGGAGATATTG

PF3D7_1229300_Notl_fwd

GCGCgcggccgcCAATGATACTACTAAGAATAACC

PF3D7_1229300_Mlul_rev

GCGCacgcgtTGCCATGTCAAGTGAATTTTC

PF3D7_1229300 inte check

CGGAGAAAAGTGTTGAGAAGG

PF3D7_1229300_TGD_Notl_fwd

GCGCgcggccgcTAAAAGTTGAAATATCATTTATTTITITC

PF3D7_1229300_TGD_Mlul_rev

GCGCacgcgtCTTAAATGATTTCTTAAATAAATTG

PF3D7_1310200_Notl_fwd

GACACTATAGAATACTCgcggccgcATGAAAATACAATACATGATAATAATA
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TATTTTATCATTTTGATCTGCG

PF3D7_1310200_Avrll/Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggACTGTTCATAA
ATTTCACGTGTTTTACATG

PF3D7_1310200_inte check

ATTTATATAGCCTCTCTCTTGG

PF3D7_1310200_TGD_Notl_fwd

GCGCgcggccgc TAAATAATAATATATTTTATCATTTTG

PF3D7_1310200_TGD_MIlul_rev

GCGCacgcgtCATTGCACCACCAGAATTTCTC

PF3D7_1334600_Notl_fwd

GACACTATAGAATACTCgcggccgcAGGACTTATTTTTTATTTGTTTATATGC

PF3D7_1334600_Avrll/Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggACTATATAAAC
CATACATTACCTTTTTAAATTC

PF3D7_1334600_inte check

ATTTATATAGCCTCTCTCTTGG

PF3D7_1334600_TGD_Notl_fwd

gctatttaggtgacactatagaatactcgcggccgc TAAGGACTTATTTTTTATTTGTT
TATATGC

PF3D7_1334600_TGD_Avrll/Mlul_
rev

cctccagcaccagcagcagcacctctagecacgegtcctaggATAATCGTCCACATTTTG
ACC

1352500_Notl_fwd

GACACTATAGAATACTCgcggccgcATGGCTATATTTAAGAAGAG

1352500_Avrll_Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggATCCTTTTTCT
TAGCAACTTTCGATGCTCC

1352500 _inte check

AAAGCATATTTTACAACTCC

PF3D7_1358000_Notl_fwd

GCGCgcggccgcGAAGAAGAAATTAATTCCTCC

PF3D7_1358000_Mlul_rev

GCGCacgcgtTGTTTCTTTTTTAAAAAAGAAACATC

PF3D7_1358000_inte check

GCCAAACAGAAAATCGAAAAGATTC

PF3D7_1404700_Notl_fwd

GACACTATAGAATACTCgcggccgcGAAAATATCATAGGGCAGGATGAGA

PF3D7_1404700_Avrll_Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggTTTAGAAAATA
TAAATGTTATGTTTGC

PF3D7_1404700_inte check

GAGTCCTCCTAATTACAGTAC

PF3D7_1404700_Notl_fwd

GACACTATAGAATACTCgcggccgcGAAAATATCATAGGGCAGGATGAGA

PF3D7_1404800_Notl_fwd

GACACTATAGAATACTCgcggccgcGAGAAATTAGGATATGCTTATAGAG

PF3D7_1404800_Avrll_Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggTGTAGAATAA
AATTTTGATATAACACGGGATGGC

PF3D7_1404800_inte check

CGTTTAGATATTGTTGTTGATGTACC

PF3D7_1404900.1_Notl_fwd

GACACTATAGAATACTCgcggecgcATGTTGAGTGTTAACAAAGTTACCGC

PF3D7_1404900.1_Avrll_Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggGAGTTCATCTG
AACTGTTAAGTAG

PF3D7_1404900.1_inte check

GAATATAATTTACTTCAGACAGTTGAGAG

PF3D7_1404900.1_TGD_TAA_Notl
fwd

gctatttaggtgacactatagaatactcgcggccgc TAATTGAGTGTTAACAAAGTTA
cC

PF3D7_1404900.1_TGD_Avrll_Mlu
|_rev

cctccagcaccagcagcagcacctctagcacgegtcctaggTCCATAGCTTTCTTTGCTG
G

PF3D7_1463900_Notl_fwd

GACACTATAGAATACTCgcggecgcTGGACATAAATGCTGTTCAGGT

PF3D7_1463900_Avrll/Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggTTTCGAATCAG
ATGCTGActgta

PF3D7_1463900 inte check

TAACATCTGAACATGATATTAGGG

PF3D7_1463900_TGD_Notl_fwd
PF3D7_1463900_TGD_MIlul_rev

GCGCgcggecg cTAATTGTATCTTCATATTTTGTTATGT
GCGCacgcgtAGGTTCATAATAATTTCCTTTTTGTTC

PF3D7_1472600_Notl_fwd

GCGCgcggecgcGATTTCCTTATAAATATAAGCCACAAAG

PF3D7_1472600_Avrll_Mlul_rev

CGCGCacgcgtcctagg TAATTCTTCATAATTTTCAAATAGTTG

PF3D7_1472600_inte check

CTGGTACGACACAAATTTTTGAAAAGCGATTACTC

PF3D7_1035900_Notl_fwd

GACACTATAGAATACTCgcggecgc TGTGAAGCCAATGGAACACT

PF3D7_1035900_Avrll_Mlul_rev

ACCTCCAGCACCAGCAGCAGCACCTCTAGCacgcgtcctaggTGGATATAAA
GTGCTTAAATGC

PF3D7_1035900 inte check

GTGCACACAAAAGATGCTTATATTTGTAC
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GCGCgcggccgc TAATTGAATATTTTTAATATAATTTTC

PF3D7_1035900_TGD_MIul_rev

GCGCacgcgtTACTTCTTCAGCTACTTTTTC

Table 4: List of oligonucleotides that
constructs.

Sequencing primer

were used for cloning and integration analysis of the candidate gene

Name Sequence 5’-3’

pA55sense GGAATTGTGAGCGGATAACAATTTCACACAGG
pA_as CAGTTATAAATACAATCAATTGG

FKBP39rev TTGACCTCTTTTTGGAAATGTACG

GFP272as CCTTCGGGCATGGCACTC

Table 5: List of oligonucleotides that were used for sequencing of the plasmids that were generated for this study.

Control genes

Name

Reference

EBA175

Orlandi, P.A., Sim, B.K., Chulay, J.D., and Haynes, J.D., 1990, Mol
Biochem Parasitol 40, 285-294

EBA181 (JESEBL)

Adames, J.H., Blair, P.L., Kaneko, O., and Peterson, D.S., 2001, Trends
Parasitol 17, 297-299; Gilberger et al., 2003 (see References)

AMA1 Crewther, P.E., Culvenor, J.G., Silva, A., Cooper, J.A., and Anders,
R.F., 1990, Exp Parasitol 70, 193-206

RH4 Triglia, T., Thompson, J., Caruana, S.R., Delorenzi, M., Speed, T., and
Cowman, A.F., 2001, Infect Immun 69, 1084-1092

Rh2b Duraisingh et al., 2003 (see References)

MSP1 Tanabe, K., Mackay, M., Goman, M., and Scaife, J.G., 1987, ) Mol Biol
195, 273-287

MTRAP Baum, J., Richard, D., Healer, J., Rug, M., Krnajski, Z., Gilberger, T.W.,
Green, J.L., Holder, A.A., and Cowman, A.F., 2006, J Biol Chem 281,
5197-5208

MSP7 Pachebat J.A,, Ling I.T., Grainger M., et al., 2001, Mol Biochem
Parasitol.; 117: 83-89

EBL1 Adams, J.H., Blair, P.L., Kaneko, O., and Peterson, D.S., 2001, Trends
Parasitol 17, 297-299

RopH3 Brown, H.J., and Coppel, R.L., 1991, Mol Biochem Parasitol 4, 99-110

SERA5 Delplace, P., Fortier, B., Tronchin, G., Dubremetz, J.F., and Vernes,
A., 1987, Mol Biochem Parasitol 23, 193-201; Miller et al., 2002 (see
References)

RAP2 Howard, R.F., Stanley, H.A., Campbell, G.H., and Reese, R.T., 1984,
Am J Trop Med Hyg 33, 1055-1059; Bushell et al., 1988

MSP9 Sharma, P., Kumar, A,, Singh, B., Bharadwaj, A., Sailaja, V.N., Adak,

T., Kushwaha, A., Malhotra, P., and Chauhan, V. S., 1998, Infect
Immun 66, 2895-2904; Kushwaha et al., 2000
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Table 6: List of genes that were used as control for the expression profiles of candidate genes selected in the
bioinformaic screening approach and the according reference publications.

Genes identified by the bioinformatic screening approach

Gene ID

Product Description

PF3D7_0102500

erythrocyte binding antigen-181

PF3D7_0102700

merozoite-associated tryptophan-rich antigen

PF3D7_0104000

thrombospondin-related sporozoite protein

PF3D7_0104200

StAR-related lipid transfer protein

PF3D7_0105400

conserved Plasmodium protein, unknown function

PF3D7_0105400

conserved Plasmodium protein, unknown function

PF3D7_0106600

conserved Plasmodium protein, unknown function

PF3D7_0106900

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, putative

PF3D7_0109850

phosphatidate cytidylyltransferase, putative

PF3D7_0111500

UMP-CMP kinase, putative

PF3D7_0202500

early transcribed membrane protein 2

PF3D7_0204100

conserved Plasmodium protein, unknown function

PF3D7_0206900

merozoite surface protein 5

PF3D7_0207400

serine repeat antigen 7

PF3D7_0207500

serine repeat antigen 6

PF3D7_0207600

serine repeat antigen 5

PF3D7_0207700

serine repeat antigen 4

PF3D7_0207800

serine repeat antigen 3

PF3D7_0207900

serine repeat antigen 2

PF3D7_0208000

serine repeat antigen 1

PF3D7_0210600

conserved Plasmodium protein, unknown function

PF3D7_0210800

conserved Plasmodium protein, unknown function

PF3D7_0211600

UDP-N-acetylglucosamine transferase subunit ALG14, putative

PF3D7_0212000

GDP-fructose:GMP antiporter, putative

PF3D7_0212600

secreted protein with altered thrombospondin repeat domain

PF3D7_0214900

rhoptry neck protein 6

PF3D7_0215900

palmitoyltransferase DHHC11, putative

PF3D7_0216800

TMEM121 domain-containing protein, putative

PF3D7_0217000

conserved Plasmodium membrane protein, unknown function

PF3D7_0220800

cytoadherence linked asexual protein 2

PF3D7_0221700

Plasmodium exported protein, unknown function

PF3D7_0302200

cytoadherence linked asexual protein 3.2

PF3D7_0302500

cytoadherence linked asexual protein 3.1

PF3D7_0303900

phosphatidylethanolamine-binding protein, putative

PF3D7_0304700

conserved Plasmodium protein, unknown function

PF3D7_0307400

ATP-dependent Clp protease proteolytic subunit
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parasite-infected erythrocyte surface protein

PF3D7_0311200

valine--tRNA ligase, putative

PF3D7_0314000

co-chaperone p23

PF3D7_0316300

inorganic pyrophosphatase, inorganic pyrophosphatase, putative

PF3D7_0316300

inorganic pyrophosphatase, inorganic pyrophosphatase, putative

PF3D7_0320200

CPW-WPC family protein

PF3D7_0323400

Rh5 interacting protein

PF3D7_0402100

Plasmodium exported protein (PHISTb), unknown function

PF3D7_0402300

reticulocyte binding protein homologue 1

PF3D7_0404700

dipeptidyl aminopeptidase 3

PF3D7_0404800

conserved Plasmodium protein, unknown function

PF3D7_0404900

6-cysteine protein

PF3D7_0405900

apical sushi protein

PF3D7_0408600

sporozoite invasion-associated protein 1

PF3D7_0410700

ribosome biogenesis GTPase A, putative

PF3D7_0413800

50S ribosomal protein L10, putative

PF3D7_0415700

conserved Plasmodium protein, unknown function

PF3D7_0419200

protein transport protein GOT1, putative

PF3D7_0419400

conserved Plasmodium protein, unknown function

PF3D7_0419700

apical merozoite protein

PF3D7_0422800

serpentine receptor, putative

PF3D7_0423300

conserved Plasmodium protein, unknown function

PF3D7_0423400

apical asparagine-rich protein AARP

PF3D7_0423700

early transcribed membrane protein 4

PF3D7_0423800

cysteine-rich protective antigen

PF3D7_0424100

reticulocyte binding protein homologue 5

PF3D7_0424200

reticulocyte binding protein homologue 4

PF3D7_0424300

erythrocyte binding antigen-165, pseudogene

PF3D7_0500600

stevor, pseudogene

PF3D7_0501500

rhoptry-associated protein 3

PF3D7_0501600

rhoptry-associated protein 2

PF3D7_0504500

MOLO1 domain-containing protein, putative

PF3D7_0505400

conserved Plasmodium protein, unknown function

PF3D7_0506400

conserved Plasmodium protein, unknown function

PF3D7_0507400

conserved Plasmodium protein, unknown function

PF3D7_0507500

subtilisin-like protease 1

PF3D7_0508000

6-cysteine protein

PF3D7_0508200

longevity-assurance (LAG1) protein, putative

PF3D7_0511600

apical rhoptry neck protein

PF3D7_0522500

50S ribosomal protein L17, apicoplast, putative

PF3D7_0522600

inner membrane complex protein
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conserved Plasmodium protein, unknown function

PF3D7_0530200

phosphoenolpyruvate/phosphate translocator

PF3D7_0530300

conserved Plasmodium membrane protein, unknown function

PF3D7_0606800

VFT protein

PF3D7_0607300

uroporphyrinogen Il decarboxylase

PF3D7_0611100

succinate dehydrogenase subunit 3, putative

PF3D7_0612300

transmembrane protein 234, putative

PF3D7_0612700

6-cysteine protein

PF3D7_0613200

conserved Plasmodium protein, unknown function

PF3D7_0613400

50S ribosomal protein L18, apicoplast, putative

PF3D7_0620400

merozoite surface protein 10

PF3D7_0624700

N-acetylglucosaminylphosphatidylinositol deacetylase, putative

PF3D7_0625400

conserved Plasmodium protein, unknown function

PF3D7_0629300

phospholipase, putative

PF3D7_0630400

conserved Plasmodium protein, unknown function

PF3D7_0702000

Plasmodium exported protein (hyp12), unknown function

PF3D7_0704300

conserved Plasmodium membrane protein, unknown function

PF3D7_0704900

peptide chain release factor 2

PF3D7_0707300

rhoptry-associated membrane antigen

PF3D7_0709100

Cgl protein

PF3D7_0709800

conserved protein, unknown function

PF3D7_0715200

conserved Plasmodium protein, unknown function

PF3D7_0716300

conserved Plasmodium protein, unknown function

PF3D7_0719400

conserved Plasmodium protein, unknown function

PF3D7_0721100

conserved Plasmodium protein, unknown function

PF3D7_0722200

rhoptry-associated leucine zipper-like protein 1

PF3D7_0725400

conserved Plasmodium protein, unknown function

PF3D7_0727100

conserved Plasmodium protein, unknown function

PF3D7_0730800

Plasmodium exported protein, unknown function, unspecified product

PF3D7_0730800

Plasmodium exported protein, unknown function, unspecified product

PF3D7_0731500

erythrocyte binding antigen-175

PF3D7_0731600

acyl-CoA synthetase

PF3D7_0804400

methionine aminopeptidase 1c, putative

PF3D7_0806200

C-mannosyltransferase, putative

PF3D7_0808200

plasmepsin X

PF3D7_0811600

conserved Plasmodium protein, unknown function

PF3D7_0817800

conserved Plasmodium protein, unknown function

PF3D7_0820600

conserved Plasmodium membrane protein, unknown function

PF3D7_0825200

translation initiation factor IF-3

PF3D7_0827500

apicoplast ribosomal protein L21 precursor, putative

PF3D7_0828800

GPl-anchored micronemal antigen
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early transcribed membrane protein 8

PF3D7_0831600

cytoadherence linked asexual protein 8

PF3D7_0900500

rifin

PF3D7_0902800

serine repeat antigen 9

PF3D7_0904400

signal peptidase complex subunit 3, putative

PF3D7_0904700

bacterial histone-like protein

PF3D7_0905400

high molecular weight rhoptry protein 3

PF3D7_0908100

apicoplast integral membrane protein, putative

PF3D7_0908300

conserved protein, unknown function

PF3D7_0908300

conserved protein, unknown function

PF3D7_0909600

conserved Plasmodium protein, unknown function

PF3D7_0911600

conserved Plasmodium protein, unknown function

PF3D7_0913500

protease, putative

PF3D7_0916300

conserved Plasmodium protein, unknown function

PF3D7_0917200

conserved Plasmodium membrane protein, unknown function

PF3D7_0918000

glideosome-associated protein 50

PF3D7_0918400

conserved Plasmodium protein, unknown function

PF3D7_0919400

protein disulfide isomerase

PF3D7_0920600

conserved Plasmodium protein, unknown function

PF3D7_0929400

high molecular weight rhoptry protein 2

PF3D7_0929900

conserved Plasmodium protein, unknown function

PF3D7_0930300

merozoite surface protein 1

PF3D7_0932100

protein MAM3, putative

PF3D7_0932500

palmitoyltransferase DHHC6, putative

PF3D7_0935800

cytoadherence linked asexual protein 9

PF3D7_1001500

early transcribed membrane protein 10.1

PF3D7_1001700

Plasmodium exported protein (PHISTc), unknown function

PF3D7_1005900

conserved Plasmodium protein, unknown function

PF3D7_1008500

conserved Plasmodium membrane protein, unknown function

PF3D7_1012200

rhoptry associated adhesin

PF3D7_1014100

merozoite surface protein MSA180, putative

PF3D7_1017100

rhoptry neck protein 12

PF3D7_1021000

conserved Plasmodium protein, unknown function

PF3D7_1021300

apicoplast integral membrane protein, putative

PF3D7_1022800

4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (ferredoxin), putative

PF3D7_1028700

merozoite TRAP-like protein

PF3D7_1030200

claudin-like apicomplexan microneme protein, putative

PF3D7_1030900

ookinete surface protein P28

PF3D7_1034100

conserved Plasmodium protein, unknown function

PF3D7_1034200

apicoplast ribosomal protein L27 precursor, putative

PF3D7_1035100

probable protein, unknown function
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S-antigen

PF3D7_1035300

glutamate-rich protein GLURP

PF3D7_1035400

merozoite surface protein 3

PF3D7_1035700

duffy binding-like merozoite surface protein

PF3D7_1035900

probable protein, unknown function

PF3D7_1036000

merozoite surface protein

PF3D7_1036300

duffy binding-like merozoite surface protein 2

PF3D7_1038000

antigen UB05

PF3D7_1038000

antigen UBO5

PF3D7_1102700

early transcribed membrane protein 11.1

PF3D7_1102800

early transcribed membrane protein 11.2

PF3D7_1105300

conserved Plasmodium protein, unknown function

PF3D7_1105600

translocon component PTEX88

PF3D7_1106100

apicoplast ribosomal protein S15 precursor, putative

PF3D7_1108600

endoplasmic reticulum-resident calcium binding protein

PF3D7_1114800

glycerol-3-phosphate dehydrogenase, putative

PF3D7_1115100

conserved Plasmodium protein, unknown function

PF3D7_1115600

peptidyl-prolyl cis-trans isomerase

PF3D7_1115900

palmitoyltransferase DHHC9

PF3D7_1116000

rhoptry neck protein 4

PF3D7_1117000

conserved Plasmodium membrane protein, unknown function

PF3D7_1117300

conserved Plasmodium protein, unknown function

PF3D7_1122100

GPI transamidase component GPI16, putative

PF3D7_1122700

conserved Plasmodium protein, unknown function

PF3D7_1124000

endoplasmic reticulum oxidoreductin, putative

PF3D7_1125000

conserved Plasmodium protein, unknown function

PF3D7_1127500

protein disulfide-isomerase, putative

PF3D7_1128700

GPl-anchor transamidase, putative

PF3D7_1132800

aquaglyceroporin

PF3D7_1133000

conserved Plasmodium protein, unknown function

PF3D7_1133400

apical membrane antigen 1

PF3D7_1134100

protein disulfide isomerase

PF3D7_1136200

conserved Plasmodium protein, unknown function

PF3D7_1136900

subtilisin-like protease 2

PF3D7_1137500

apicoplast ribosomal protein S14p/S29e precursor, putative

PF3D7_1143000

alpha/beta hydrolase, putative

PF3D7_1143200

Dnal protein, putative

PF3D7_1144700

apicoplast import protein Tic20, putative

PF3D7_1200700

acyl-CoA synthetase

PF3D7_1201300

liver stage associated protein 1

PF3D7_1201600

NIMA related kinase 3
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probable protein, unknown function

PF3D7_1205300

conserved Plasmodium protein, unknown function

PF3D7_1206000

shewanella-like protein phosphatase 2

PF3D7_1214000

conserved Plasmodium protein, unknown function

PF3D7_1218000

thrombospondin-related apical membrane protein

PF3D7_1228600

merozoite surface protein 9

PF3D7_1228700

conserved Plasmodium protein, unknown function

PF3D7_1229300

conserved Plasmodium protein, unknown function

PF3D7_1229600

conserved Plasmodium protein, unknown function

PF3D7_1232700

conserved Plasmodium protein, unknown function

PF3D7_1234600

protein TOC75, putative

PF3D7_1236800

protein-S-isoprenylcysteine O-methyltransferase, putative

PF3D7_1237900

conserved Plasmodium protein, unknown function

PF3D7_1240100

early transcribed membrane protein 12

PF3D7_1242000

conserved Plasmodium protein, unknown function

PF3D7_1247800

dipeptidyl aminopeptidase 2

PF3D7_1248600

conserved Plasmodium protein, unknown function

PF3D7_1252100

rhoptry neck protein 3

PF3D7_1252400

reticulocyte binding protein homologue 3, pseudogene

PF3D7_1252900

Plasmodium exported protein, unknown function

PF3D7_1253300

Plasmodium exported protein (PHISTa), unknown function, pseudogene

PF3D7_1253400

acyl-CoA synthetase

PF3D7_1253500

Plasmodium exported protein, unknown function

PF3D7_1301600

erythrocyte binding antigen-140

PF3D7_1301700

CX3CL1-binding protein 2

PF3D7_1301900

Plasmodium exported protein, unknown function

PF3D7_1305100

conserved Plasmodium protein, unknown function

PF3D7_1306200

conserved Plasmodium protein, unknown function

PF3D7_1308800

tyrosine recombinase

PF3D7_1310200

conserved Plasmodium protein, unknown function

PF3D7_1318000

conserved Plasmodium membrane protein, unknown function

PF3D7_1320100

ATP-dependent Clp protease adapter protein ClpS

PF3D7_1321900

conserved Plasmodium protein, unknown function

PF3D7_1322000

nucleoside-diphosphatase, putative

PF3D7_1330100

conserved Plasmodium protein, unknown function

PF3D7_1330200

conserved Plasmodium protein, unknown function

PF3D7_1331600

protein tyrosine phosphatase-like protein, putative

PF3D7_1332100

conserved Plasmodium membrane protein, unknown function

PF3D7_1334600

MSP7-like protein

PF3D7_1334700

MSP7-like protein

PF3D7_1334800

MSP7-like protein
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MSP7-like protein

PF3D7_1335100

merozoite surface protein 7

PF3D7_1338600

conserved Plasmodium protein, unknown function

PF3D7_1338900

serine/threonine protein kinase, putative

PF3D7_1340000

secreted ookinete protein, putative

PF3D7_1340800

mitochondrial pyruvate carrier protein 1, putative

PF3D7_1344600

lipoyl synthase

PF3D7_1345100

thioredoxin 2

PF3D7_1347600

conserved Plasmodium protein, unknown function

PF3D7_1352500

thioredoxin-related protein, putative

PF3D7_1352900

Plasmodium exported protein, unknown function

PF3D7_1358000

patatin-like phospholipase, putative

PF3D7_1358300

rhomboid protease ROM7

PF3D7_1364100

6-cysteine protein

PF3D7_1364600

aldehyde reductase, putative

PF3D7_1367500

NADH-cytochrome b5 reductase, putative

PF3D7_1368000

conserved Plasmodium protein, unknown function

PF3D7_1371600

erythrocyte binding like protein 1, pseudogene

PF3D7_1372100

Plasmodium exported protein (PHISTb), unknown function

PF3D7_1372300

Plasmodium exported protein (PHIST), unknown function

PF3D7_1372400

acyl-CoA synthetase

PF3D7_1401400

early transcribed membrane protein 14.1

PF3D7_1404700

conserved Plasmodium protein, unknown function

PF3D7_1404800

conserved Plasmodium protein, unknown function

PF3D7_1404900

conserved Plasmodium protein, unknown function

PF3D7_1410400

rhoptry-associated protein 1

PF3D7_1410700

conserved Plasmodium protein, unknown function

PF3D7_1412000

p1/s1 nuclease, putative

PF3D7_1413400

30S ribosomal protein S9, putative

PF3D7_1413500

FeS assembly ATPase SufC

PF3D7_1416000

conserved Plasmodium protein, unknown function

PF3D7_1421900

copper transporter, putative

PF3D7_1422500

ERAD-associated E3 ubiquitin-protein ligase HRD1

PF3D7_1429600

conserved Plasmodium protein, unknown function

PF3D7_1430200

plasmepsin IX

PF3D7_1430700

NADP-specific glutamate dehydrogenase

PF3D7_1431400

conserved Plasmodium protein, unknown function

PF3D7_1436300

translocon component PTEX150

PF3D7_1437100

conserved Plasmodium protein, unknown function

PF3D7_1439000

copper transporter

PF3D7_1443700

dephospho-CoA kinase, putative
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rhoptry neck protein 2

PF3D7_1452300

DER1-like protein

PF3D7_1459900

rhoptry protein, putative

PF3D7_1460900

apicoplast ribosomal protein S10, putative

PF3D7_1460900

apicoplast ribosomal protein S10, putative

PF3D7_1463900

EF-hand calcium-binding domain-containing protein, putative

PF3D7_1468500

derlin-1

PF3D7_1469200

shewanella-like protein phosphatase 1, putative

PF3D7_1470800

conserved Plasmodium protein, unknown function

PF3D7_1472600

protein disulfide-isomerase

PF3D7_1472800

conserved Plasmodium protein, unknown function

PF3D7_1477700

Plasmodium exported protein (PHISTa), unknown function

PF3D7_1478100

Plasmodium exported protein (hyp13), unknown function

PF3D7_1479000

acyl-CoA synthetase

PF3D7_API102400

probable protein, unknown function

mal_mito_1

cytochrome c oxidase subunit 3

Table 7: List of all 289 genes that were identified by the bioinformatics screen.
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