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ZUSAMMENASSUNG

Zusammenfassung

Durch den Biss einer infizierten Sandmiicke kann es zur Ubertragung des parasitaren Erregers
Leishmania kommen, der verantwortlich ist flir die vernachlassigte Tropenkrankheit Leishmaniose. Da
es bisher weder zufriedenstellende Medikamente gibt, noch eine Impfung, ist die Suche nach neuen
Moglichkeiten zur Eindammung der Krankheit von duRerster Wichtigkeit. In friiheren Untersuchungen
konnte gezeigt werden, dass Leishmanien einen programmierten Zelltod (Apoptose), mit den gleichen
Charakteristika wie Saugerzellen, durchlaufen konnen. Jedoch konnte keins der Apoptose-
regulierenden Gene aus Sdugerzellen im parasitaren Genom gefunden werden. Zudem konnte
nachgewiesen werden, dass apoptotische Leishmanien entscheidend fiir die Krankheitsentwicklung
sind, vermutlich spielt das auf toten Parasiten pradsentierte Phosphatidylserin (PS) hier eine Rolle.
Folglich habe ich die Hypothese, dass die Identifizierung neuer Apoptose-involvierter Proteine
mogliche Medikamenten- oder Impfstoff-Zielmolekiile offenbaren kénnte. Zu diesem Zweck habe ich
die Effizienz der verschiedenen Substanzen Staurosporin, Miltefosin, Harmonin und Compound 1o
Apoptose in den verschiedenen Leishmanien Stadien Promastigoten und Amastigoten zu induzieren,
untersucht. Dabei konnte ich deutliche Unterschiede der Substanzen auf die beiden Stadien
ausmachen. Die Substanzen habe ich des Weiteren benutzt um Apoptose zu induzieren und mittels
markierungsfreier, quantitativer Massenspektrometrie (MS) Proteine, die wahrend dieses Vorgangs
unterschiedlich reguliert sind, zu identifizieren. Ich konnte 55% des L. major Proteoms identifizieren
und 4416 Proteine in Promastigoten und 2376 in Amastigoten quantifizieren. In Apoptose-induzierten
Bedingungen, konnte ich 15 hoch- und 189 herunterregulierte Proteine in Promastigoten und 455
hoch- und 633 herunterregulierte Protein in Amastigoten finden. In diesen unterschiedlich regulierten
Proteinen vermute ich potentielle Ziele zum weiteren Verstandnis des Apoptosemechanismus sowie
beeinhalten diese vielversprechende Medikamentenziele. Proteine, die in allen Apoptosebedingungen
hochreguliert waren, sind: EFl1a, p1/s1 Nuklease, Polyubiquitin und 40S ribosomales Protein S2. Um
die Vermutung zu bestatigen, dass diese Proteine in der Apoptose involviert sind, habe ich mittels
CRISPR/Cas9 knock-outs (KO) der Ziele durchgefihrt und diese auf ihre Apoptosecharakteristika
untersucht. Von keinem der genannten konnte ein vollstéandiger KO erzielt werden, was auf eine
wichtige Rolle im Uberleben des Parasiten hindeuten kann. Zudem wurden auch Proteine untersucht,
deren Rolle in der Leishmanien Apoptose in der Literatur gezeigt wurde. Unsere Daten zeigen eine
neue Rolle fiir ABCG2 in der Verteidigung gegen reaktive Sauerstoffspezies. Zudem konnte die
Bedeutung von EndoG in der DNA Fragmentierung bestatigt werden. Ferner wurde nachgewiesen, dass
EndoG und MCA eine Rolle im intrazelluldren Uberleben in den Wirtszellen hat. Mit Fokus auf das anti-
inflammatorische Potenzial von PS konnten wir mittels MS das Vorhandensein spezifischer PS Spezies
auf toten Leishmanien nachweisen. Vorlaufige Daten mit Exosomen deuten darauf hin, dass PS von
apoptotischen Parasiten tatsachlich eine anti-inflammatorische Immunantwort induzieren kann.
Insgesamt liefert diese Arbeit einen sehr wertvollen MS-Datensatz und neue CRISPR/Cas9-
Instrumente, die unser Wissen Uber Apoptosemechanismen in Leishmanien erweitern. Es hat das
Potenzial, neue Wirkstoffkandidaten aufzudecken, die mit dem Zelltod des Parasiten in Verbindung

gebracht werden, sowie die Entwicklung eines Impfstoffstamms zu ermdoglichen.
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SUMMARY

Summary

Through the bite of an infected sand fly, the parasitic infectious agent Leishmania is transmitted to
its mammalian host where it causes the neglected tropical disease leishmaniasis. Since up to date,
there is neither a satisfying drug to treat the disease nor a protective vaccination available against the
parasite, new options for disease containment are urgently needed. In former studies, it could be
shown that Leishmania undergo programmed cell death (apoptosis) while showing the same
phenotypic characteristics as mammalian cells. However, none of the genes that regulate apoptosis in
mammals can be found in the parasite’s genome. Moreover, it was demonstrated that apoptotic
Leishmania are crucial for disease development and that this is probably due to phosphatidylserine
(PS) moieties, which are presented on the cell surface of dead parasites. Correspondingly, | hypothesize
that the identification of novel apoptosis-involved proteins reveals potential new targets for drug or
vaccine development. For this purpose, | investigated the efficiency of the selected compounds
staurosporine, miltefosine, harmonine and 1o to induce apoptosis in the Leishmania promastigote and
amastigote life stage. Here, | could see clear differences of the substances in both stages. Further, |
used the compounds to induce apoptosis and to subsequently identify and quantify differently
regulated proteins during this process by label-free quantitative mass spectrometry (MS). | was able
to identify 55% of the L. major promastigote proteome, quantifying 4416 proteins in promastigotes
and 2376 in amastigotes. Focusing on apoptosis-inducing conditions, | found 15 up- and 189
downregulated proteins in promastigotes and 455 up- and 633 downregulated proteins in amastigotes.
Within these differently regulated proteins, | expect potential targets for the further understanding of
apoptosis mechanisms and it might contain promising drug targets. The proteins elongation factor 1a,
p1/s1 nuclease, polyubiquitin and 40S ribosomal protein S2 were upregulated in all apoptosis-inducing
conditions tested. To prove my assumption that these proteins are involved in apoptosis, | used
CRISPR/Cas9 technology to generate the respective gene knockouts of the identified targets and
assessed their apoptosis characteristics. For none of these four targets, a full knockout could be
achieved, suggesting an important role of these proteins for parasite survival. Apart from that, | also
expanded the range of putative apoptosis-regulating targets to those described in already published
research data. My results indicate a new role of the ATP-binding cassette transporter, ABCG2, in the
defense against reactive oxygen species. In addition, the importance of the endonuclease EndoG in
DNA fragmentation was shown. Moreover, EndoG and the metacaspase MCA have substantial function
in the survival of the parasite inside the mammalian host cell. Focussing on the anti-inflammatory
potential of PS by MS, we could demonstrate the presence of specific PS species only on apoptotic
promastigotes, preliminary data using exosomes suggests that apoptotic parasites derived PS might
indeed induce an anti-inflammatory immune response. Altogether, this work provides a very valuable
MS dataset and new CRISPR/Cas9 tools increasing our knowledge on apoptosis mechanisms in
Leishmania. It has the potential to reveal new drug target candidates, which are linked to cell death in

the parasite as well as enabling the development of a vaccine strain.
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INTRODUCTION

1. Introduction

1.1. Leishmaniasis

The neglected, tropical disease leishmaniasis is caused by the protozoan parasite Leishmania that
is transmitted through the bite of the female sand fly Phlebotomus or Lutzomyia. According to world
health organization (WHO) classification, the disease can occur in three different manifestations:

visceral, cutaneous and mucocutaneous leishmaniasis?.

Figure 1. Leishmaniasis can occur in different forms: visceral (A), post-kala-azar dermal leishmaniasis (B), cutaneous (C)
and mucocutaneous (D) leishmaniasis. Visceral leishmaniasis (VL) causes the enlargement of spleen and liver and is therefore
fatal if untreated. After a recovered VL the post-kala-azar dermal leishmaniasis (PKDL) can occur, which leads to rash. The
cutaneous form is the most common one, leading to lesions on exposed parts of the body. The destruction of the nose can
be seen in the lower right picture of a patient with mucocutaneous leishmaniasis (ML). Pictures A — C are adapted from WHO
Leishmaniasis Photo Gallery?, D is adapted from Gomes et al (2014)3.

Visceral leishmaniasis (VL) is the most serious form of the disease, also known as kala-azar. This
form is fatal in over 95% of cases, if untreated. The symptoms reach from fever, anemia, weight loss
to an enlargement of spleen and liver? (see Figure 1A). It is endemic in 83 countries or territories, the
estimated number of new VL cases per year are 50,000 — 90,000 with most cases in India, Sudan and
Brazil (2019)". About 5 — 10% of patients who have recovered from VL are developing a post-kala-azar
dermal leishmaniasis (PKDL). It occurs as a rash on face, upper arms, trunks and other parts of the

body! (Figure 1B).
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The most common form of disease is the cutaneous form. It leads to lesions, which often cure on
its own but leave permanent scars and therefore a severe stigma* (Figure 1C). In 2018, the disease was
endemic in 92 countries or territories and there were between 600,000 and 1 million new cases
reported with the highest numbers in Syria, Afghanistan and Pakistan?.

The last and most disabling type of disease is called mucocutaneous leishmaniasis (ML). It causes a
destruction of mucous membranes of nose, mouth and throat! (Figure 1D). Most of the cases of this
disease are recorded in Bolivia, Brazil, Ethiopia and Peru?.

The manifestation of the disease depends on the strain that infects the human. Typical strains,
which lead to visceral leishmaniasis are Leishmania donovani (L. donovani) and L. infantum. Common
strains causing cutaneous leishmaniasis are L. major or L. aethiopica. L. braziliensis causes the
mucocutaneous form>®.

Many Leishmania infected persons do not develop any symptoms and therefore the disease
remains unrecognized*. The co-infection with HIV is a big problem since patients are developing the
whole clinical disease as well as high relapse and mortality rates®. The highest co-infection rates of

Leishmania and HIV are found in Brazil, Ethiopia and India®.

1.1.1. Drugs against Leishmaniasis

Leishmaniasis is a poverty-related disease. The socioeconomic conditions that are associated with
poverty, like bad sanitary conditions, malnutrition or migration, enhance the chance of Leishmania
infections®. While there is a broad range of drugs available against leishmaniasis, none of them is
working without some disadvantages, as described in the following.

Pentavalent antimony (Sb**) is widely used against CL and VL, however resistant strains became
evident in Bihar, India, where an increasing number of patients are unresponsive to pentavalent
antimonial compounds”8. The high costs of the drug, which is correlated with a poor compliance and
therefore disjointed treatments favor these unresponsiveness’. The proposed working mechanism of
the drug includes the inhibition of trypanothione reductase in Leishmania, which leads to disrupted
redox equilibrium and therefore the parasite is not able to react on oxidative stress®.

An alternative to Sb** is amphotericin B. This drug is very effective but needs to be administered as
infusion in a hospital setting and shows also very severe side effects that can range from fever to
death?, These side effects could be diminished through the use of a lipid formulation of amphotericin
B, however this led to high costs of the treatment!'. The drug leads to a defect in the parasite
membrane structure, which could be detected by the release of small molecules from the parasites.

This increased permeability of the membrane causes the cell death of the parasite!2.
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Developed in the 1990s, the phospholipid miltefosine showed a massive reduction of parasite
burden in mice®. Where the oral route of administration is an advantage of this drug, its potential to
cause birth defects is a disadvantage and therefore the drug cannot be used in pregnant women!, It
is used for the treatment of CL and VL, it is cheap but also shows side effects like vomiting and
diarrhea®* and emerging resistances were shown for L. infantum in Brazil*®. In Leishmania, miltefosine
inhibits the synthesis of phosphatidylcholine, disrupts the mitochondrial function by inhibition of
cytochrome c oxidase!® and it destroys the calcium homeostasis by activation of calcium channels and
acidocalcisomes to increase the intracellular calcium concentration massively’’. Showing that
miltefosin has a complex mode of action but the exact leishmanial target structure for miltefosin and
the mechanism by which Leishmania parasites are killed is still unknown.

Treatment is possible but a satisfying drug against the different forms of leishmaniasis is not found
until now. Problems include the upcoming resistance to the drugs currently in use, the toxicity/side

effects and high costs of the treatment®®. This highlights the need of developing new drugs.

1.1.2. Vaccination against Leishmaniasis

Avery old method to immunize people against Leishmania is called leishmanization. In this method,
parasites are collected from a patient’s CL lesion, and are inoculated in a covered part of the body of
a child. This leads mostly to a lesion of cutaneous leishmaniasis but after self-healing also to a life-long
protection against a further infection®®. After the development of in vitro Leishmania culture, the
artificial leishmanization from harvested parasites was performed and thousands of people in the
former Soviet Union as well as in Iran were immunized during the 1950s and 1960s2>%!, The WHO
supported a leishmanization study in which L. major was produced under good manufacturing practice
(GMP) conditions and 11/11 patients achieved full protection??. However, because of the usage of a
viable and infective agent, general safety and ethical reasons resulted in this method not being pursuit
any further?,

Other trials attempted the use of whole killed L. amazonensis (called Leishvaccine) or different
strains of autoclaved Leishmania, all showed a high safety profile but a low efficiency?®. The use of
Leishmania antigens as vaccines was very successful in canine leishmaniasis and resulted in two
veterinary licensed vaccines. Leishmune® uses the fucose-mannose ligand (FML) and CanilLeish® uses
extracted secreted proteins from L. infantum, while the latter is the only licensed vaccine in Europe?®.
A next generation of vaccines are comprised of recombinant proteins, one of them (Leish-Tec®) is
already licensed in Brazil for the use in dogs and contains the A2 antigen from L. infantum?®. A very
promising new approach are DNA-based vaccines, ChAd63-KH has already accomplished clinical trial
phase I, where it showed a high safety and induction of immune system. The vaccine encodes the two

genes KMP-11 and HASPB from L. donovani?’. The development of CRISPR/Cas9 techniques in

-3-



INTRODUCTION

Leishmania could also enable life-attenuated strains that are as effective as leishmanization but
safer?®3, This can be achieved by the deletion of a distinct gene, which leads to reduced virulence, as
shown for cysteine protease from L. mexicana®. Using this strategy, the parasites were shown to cause

less disease in a mouse model and induced a protective T helper 1 response.

1.2. Leishmania spp.

In 1903, Major W. B. Leishman published the observation of distinct “bodies” in the spleen of a
British soldier who was stationed in India®’. He suggested that those “bodies” are related to
trypanosoma. In the same year Major C. Donovan published the fact that he made the same
observation®2. Following to this, Major Ross suggested that this is a novel organism and these “bodies”
were named Leishmania donovani®®

The life cycle of Leishmania is diphasic, which means the parasites alternate between the flagellated
promastigotes in the sand fly and the aflagellated amastigotes within the mammalian phagocytes.

Common mammalian hosts are humans, dogs, rodents and monkeys3
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Figure 2. Lifecycle of the protozoan parasite Leishmania depicting the development in HOST | (female sand fly) and HOST
11 (human). Metacyclic promastigotes are transferred through the bite of the sand fly and infect in the human first neutrophils
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and later the final host macrophages. The promastigotes reside in the phagolysosomal vesicle and transforms there to its
amastigote form. Amastigotes start proliferating and infect further cells during cell lysis. When the sand fly bites the human
again the lifecycle is closed, since here the transformation from amastigote to promastigote takes place. As promastigote
they transform from the procyclic to the infective metacyclic form. Figure is adapted from Prasanna et al (2021)35.

Following the bite of an infected sand fly, the promastigote form of Leishmania parasites infiltrates the
skin of the mammalian host and an inflammatory reaction is initiated. This involves the recruitment of
polymorphonuclear neutrophil granulocytes (PMN) within the first hours after infection3®. They
produce IL-8 when sensing the parasites, which has a chemotactic activity on additional PMNs and
enhances phagocytosis of the parasite®’. Through delaying spontaneous apoptosis of PMNs,
Leishmania survive within this initial host cell about two to three days*. Hereupon, infected PMNs
produce chemokines (MIP-1a and MIP-1B) that attract the second wave of phagocytes, this time
mainly macrophages®. The parasites can enter the macrophages directly or through phagocytosis of
the infected apoptotic PMNs*’. Macrophages are the ultimate host cells for Leishmania in which they
start differentiate to amastigotes and multiply. Therefore, this is also the time point at which disease

symptoms become evident in the host>®

. Through another blood meal, infected cells and amastigotes
are taken up again by the sand fly. They reside in the sand fly’s midgut and transform back to their
promastigote form. Apart from viable promastigotes the inoculum consists also of apoptotic
promastigotes®!. The metacyclic infective parasites migrate to the pharyngeal valve and the lifecycle is

closed*.

1.2.1. The Role of Apoptosis in Infection

It could be shown that the presence of apoptotic parasites is crucial for the infectivity of
Leishmania®*'. In a susceptible murine model, separated apoptotic Leishmania were not able to cause
a severe footpad swelling and exclusively viable ones did not either. However, the mixture of both led
to a severe footpad swelling with an earlier onset of necrosis*’. Separation of apoptotic parasites can
be achieved by their ability to bind to annexin V via their surface-exposed phosphatidylserine (PS)*.
However, for Leishmania, it is still controversial, which phospholipid is responsible for their annexin V
binding®. Apart from infectivity, apoptotic parasites play an important role for the survival of viable
Leishmania in the host cell. Apoptotic promastigotes induce the production of anti-inflammatory TGF-B
and suppress pro-inflammatory TNFa, leading to the silencing of effector functions in PMNs, which in
turn favors the intracellular survival of viable parasites®.

The exact mechanism how apoptotic parasites can increase the infectivity remains elusive. However,
it could be shown that apoptotic and viable L. major are targeted differently by the host cell’s
autophagy machinery*. Further, the presence of apoptotic parasites decreased the release of pro-

inflammatory cytokines and the consequential T-cell activation which results in a diminished immune
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response against the pathogen. Taken together, the activation of the host’s autophagy-machinery by

apoptotic Leishmania contributes to overall parasite survival®.

1.2.2. Genetics in Leishmania

Parasites of the genus Leishmania show very special genetic features that do not occur in organisms
apart from the kinetoplasts. The size of the haploid Leishmania genome is about 35 Mb, organized in
36 chromosomes for the Old World species and, caused by chromosomal rearrangements, only 34 and
35 chromosomes for the New World species L. mexicana and L. braziliensis*=*. While the baseline
somy in Leishmania is haploid, aneuploidy could be detected in all species®. In L. donovani it could be
shown that aneuploid chromosomes adapt to different environments in the sand fly and host
macrophage*®. The only chromosomes that occur in the same configuration in all Leishmania species

are chromosome 31 and chromosome 25, which are tetrasomic or disomic, respectively®.

DNA synthesis in Leishmania is quite unusual, because during early S-phase, a single origin in each
chromosome serves as start point, while in all cell cycle phases subtelomeric DNA synthesis can occur®.
In chromosome 1 of the Leishmania major Friedlin strain, the first 29 genes are situated on the same
DNA strand, while the other 50 genes are located on the other DNA strand. This arrangement is called
‘head-to-head’. Another organization, which can be found on chromosome 3 is ‘tail-to-tail’>l. Apart
from this, Leishmania lacks the pathway of non-homologous end joining (NHEJ) but possesses a very
efficient homologous recombination pathway, which was used for many years in order to perform
genetic modifications in the parasite®2. This becomes even more important when considering that
Leishmania lack activity of the genetic tool RNA interference (RNAI). Only in the subgenus Vianna the

necessary genes Dicer and Argonaute are found and show activity>.

In theory, there are 8412 protein-coding genes found in L. major®. A lot of genes in the genome are
arranged as tandem repeats. These proteins can be assigned as important for cell survival, for example
for replication, transcription or translation®.. Several tandem duplications are ancient ones that are
related on protein-sequence level but without significant DNA sequence similarity®l. The genes found

in Leishmania do not cluster in operons with similar function®®.

In the parasite’s protein-coding genes, there are no introns found, suggesting another splicing
mechanism than the common cis-splicing*®°. The process that takes place here, is called trans-splicing
and was first discovered in Trypanosoma brucei**. Here, the existence of a 35 nucleotides long mini-
exon (later also called: spliced leader®) at the 5’ end of MRNAs was detected*®. Before splicing, the

protein-coding genes are transcribed into polycistronic mRNAs and a spliced leader is trans-spliced
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onto each mRNA. Therefore, a monocistronic capped transcript is generated, which is also

polyadenylated in this step®”>%.

Until now, there are no promoter elements found for RNA polymerase 11*°. Only one specific 3’-UTR
element leads to a higher expression in amastigotes®. Therefore, gene expression regulation must
occur mainly on posttranscriptional level by trans-splicing, polyadenylation, mRNA stability, translation
and protein stability®l. Another suggested gene regulation method is the dosage of genes. As already
mentioned, the Leishmania chromosomes are highly aneuploid, depending on the parasite’s
environment. Through the adaption of chromosome numbers, it is possible to provide a higher
expression of specific genes*®. The genomic plasticity of Leishmania can also be seen by the possibility
of generating parasite hybrids in vitro. The co-culture of a GFP-Neo L. tropica strain with a RFP-Hyg
L. tropica leads to a hybrid strain combining both fluorescent proteins and drug-resistance markers®.,
This sexual cycle of Leishmania can therefore enhance the genetic exchange between different

parasites.

1.2.3. CRISPR/Cas9 Toolkit

In 2017, Beneke et al. published a toolkit for rapid gene modification in kinetoplastids like
Leishmania through the use of clustered regularly interspaced short palindromic repeats (CRISPR) and
the CRISPR-associated gene 9 (Cas9)*2. This toolkit enables very rapid and efficient knock-out and
tagging of genes. The method requires a stable expression of the Cas9 endonuclease and the T7 RNA
polymerase in Leishmania. Therefore, an in vivo transcription of the single guide RNA (sgRNA) template
using the T7 RNA polymerase is possible. Figure 3 shows the procedure of sgRNA in vivo transcription.
An oligonucleotide is designed, which consists of the T7 promotor, a target site specific for the gene of
interest (GOI) and a part of the sgRNA scaffold. For the design of the target-specific sequences, the
online source LeishGEdit.net is used. A common PCR of the gene-specific oligonucleotide and the
sgRNA scaffold leads to a PCR product that can be transfected to T7 polymerase-expressing
Leishmania, achieving a sgRNA transcription in vivo. The complex formation of sgRNA with the Cas9
endonuclease and their binding to the genomic target site activates Cas9 and leads to the induction of

DNA double strand breaks.
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Figure 3. In vivo transcription of single guide RNA (sgRNA) within the CRISPR/Cas9 toolkit. By PCR, the T7 promotor is
connected with the gene-specific target site and the scaffold for sgRNA. When the product is transfected to Cas9/T7
expressing cells, the in vivo transcription is carried out, leading to a gene-specific sgRNA. Figure is adopted from Beneke et al.
(2017)52,

Gene tagging or knock-out can be promoted if a repair cassette is provided. The plasmids pT and
pPLOT are serving as repair cassette for knockout or tagging, respectively. By PCR with primers specific
for the UTRs of the GOI (also designed on LeishGEdit.net), a repair cassette with 5’ and 3’ UTR flanking
a drug resistance, is prepared (Figure 4). Simultaneous transfection of the Cas9/T7-expressing
parasites with the sgRNA template and the repair DNA fragment allows replacement of the GOI by the
antibiotic resistance gene through homologous recombination. Culturing the transfected parasites in
medium containing the selective antibiotics leads to a population of genetically manipulated parasites

within a very short time period*2.
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Figure 4. Plasmid system for genetic manipulation via CRISPR/Cas9 in Leishmania. The plasmid pT is used for knock-out, the
plasmid pPLOT for tagging of the GOI in Leishmania. A set of only four primers (1-2, 4-5) is needed for both systems. The
sgRNA cuts in the UTRs up- and downstream of the GOI (3, 6) Figure was adapted from Beneke et al (2019)%2.
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1.3. Apoptosis

The term apoptosis was first proposed by Kerr, Wyllie and Currie in 1972. They described it as the
mechanism of controlled cell deletion, which can be caused by different stimuli®. The importance of a
programmed cell death was further studied in the model organism Caenorhabditis elegans. In this
nematode, the development process is highly dependent on the apoptosis of distinct somatic cells at

t®. The apoptosis triggers can derive from a broad variety of

particular time points during developmen
stimuli, for example cell damaging through drugs or irradiation®, but also the binding of cytokines to
so called death receptors like Fas® or TNF receptor®’. Already in 1972, the morphological changes that
are induced by apoptosis were described very well. These include the shrinkage of the cell, chromatin
condensation (also called pyknosis) as well as the formation of apoptotic bodies®3.

When apoptosis is induced, (either through intrinsic or extrinsic stimuli) a proteolytic cascade is
started, which involves the cleavage of different pro-caspases to their active caspase form. Caspase
stand for cysteinyl-aspartate specific protease and these enzymes can be grouped into initiator
caspases (2, 8,9, 10) and effector caspases (3, 6, 7)%.

Intrinsic pathways of apoptosis always include the depolarization of the mitochondrial membrane,
which leads to the release of pro-apoptotic proteins like cytochrome c, AIF or EndoG®7,
Subsequently, cytochrome c binds APAF1 and form the apoptosome, which allows the activation of
the initiator caspase-9 and further activation of the effector caspases 3, 6 and 772

On the contrary, the extrinsic pathway is initiated through ligands binding death receptors (Figure
5). After ligand binding, FADD and caspase 8 are recruited to the receptor, forming the so-called death-
inducing signaling complex (DISC)”3. The following activation of caspase 8 leads to the cleavage of the
effector caspases. However, a clear discrimination of pathways can be difficult, since also the interplay
of extrinsic and intrinsic routes could be shown’®. Further, effector caspase 3 leads to the typical
apoptosis characteristics, like extensive fragmentation of DNA by endonucleases to segments of 180 —

200 bp length”.
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Figure 5. Extrinsic and intrinsic pathways of apoptosis in mammalian cells. Extrinsic stimuli are recognized via death
receptors and lead to the cleavage and following activation of pro-caspase-8/10. That in turn leads to the activation of
caspase-3 and 7. Intrinsic apoptosis stimuli favor the mitochondrial outer membrane permeabilization (MOMP), leading to
the release of pro-apoptotic proteins like cytochrome c, the formation of the apoptosome and the activation of caspase-9.
Consecutively, caspase-3 and 7 are activated and lead to apoptosis. Figure was adopted from Ichim et al’®,

Additionally, a restructuring of the cell membrane takes place during apoptosis. Phosphatidylserine
(PS), which locates to the inner cell membrane under normal conditions, is exposed to the outside of
the lipid bilayer in an apoptotic cell”’. This is executed through two main proteins: ATP11 and XKRS.
Both are cleaved by caspase-3, while ATP11 is inactivated through the cleavage, XKR8 is activated.
ATP11 is a flippase, which constantly traps phosphatidylserine in the inner leaflet of the membrane,
through the inactivation, phosphatidylserine is not flipped back from the outside’®. On the other hand,
XKR8 is a scramblase, which mediates the transfer of phospholipids between inner and outer leaflet”.

Phosphatidylserine acts as eat-me signal for the silent uptake of apoptotic cells, since they are
subsequently engulfed by phagocytic cells like macrophages®. There is a relatively broad range of
receptors present on phagocytes, which can recognize phosphatidylserine on apoptotic cells. These
are: TIM1, TIM4, BAI1, RAGE, CD300 family, stabilins, MerTK (with the adaptors Gas6 and protein S),
and avB5 integrin (with adaptor MFGE-8)®.. This silent uptake involves also that there are no
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inflammatory signals released during apoptosis, which is a feature that distinguishes apoptosis from
other cell death processes like necrosis®.

A tight regulation of apoptosis is of great importance, since the dysregulation can lead to cancer.
This becomes evident when looking at the pro-apoptotic protein p53, which is mutated in
approximately 50% of human cancer®. Therefore, the pathway of apoptosis is a target for potential
drugs against cancer but also several other diseases like neurodegenerative, cardiovascular and
infectious diseases®. Within the pathway there are different approaches, ranging from targeting of

)®. The strategy for anti-

the death receptors, caspases, anti- and pro-apoptotic proteins (e.g., p53
cancer drugs is to promote apoptosis of the cancerous cell, while the opposite is strived for in
neurodegenerative and cardiovascular diseases, where a prolonged survival of the cells is the main
aim®. One example of a drug that induces apoptosis and is approved against cancer is imatinib. The
drug kills gastric cancer cells via the inhibition of tyrosine kinases, which in turn leads to ROS production

and apoptosis®®. On the opposite, a drug that inhibits apoptosis is edaravone. It is used against

amyotrophic lateral sclerosis (ALS) and for stroke recovery by reducing oxidative stress®’.

1.4. Apoptosis in Leishmania

Leishmania parasites can enter a programmed cell death, which shows all the characteristics of
apoptosis: depolarization of mitochondrial potential, induction of reactive oxygen species (ROS),
externalization of phosphatidylserine, DNA fragmentation, and shrinkage of the body*44888% Until
now, very little is known about proteins that are involved in apoptosis in Leishmania®’. The proteins
that have an important function in mammalian apoptosis, like caspases, death receptors and pro- and
anti-apoptotic proteins, are not encoded in the Leishmania genome®:,

Some proteins have been suggested to play a role in leishmanial apoptosis but are not fully
charactherized as such yet. One is methionine aminopeptidase 2 (MAP2). Chemical inhibition of MAP2
in Leishmania prevented most apoptosis characteristics induced by miltefosine®’.. However, PS
externalization and cell death could not be prevented through the inhibition of MAP2 in apoptotic
parasites. Consequently, it was suggested that the protein is an effector molecule for the induction of
apoptosis, but it is dispensable for leishmanial cell death. Another class of proteins are suggested
because they carry a distinct domain that is unique for pro- and anti-apoptotic proteins (e.g., BH3
domain). Li-BH3AQP was found to harbor a BH3 domain and it could be shown that the overexpression
of this protein in Leishmania leads to reduced parasite survival when apoptosis is induced through
staurosporine®. Another suggested effector protein is the cysteine proteinase C (CPC), which binds to

the pan-caspase inhibitor Z-VAD-FMK and might therefore fulfill a similar role as caspases in
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Leishmania. The KO of the cpc gene leads to enhanced survival after leishmanial apoptosis induction

through hydrogen peroxide®.

1.4.1. Endonuclease G

A well-characterized cell-death-related protein is Endonuclease G (EndoG). It was first described as
a caspase-independent nuclease involved in the cell death in mice’. This nuclease has also homologs
in C. elegans and humans with about 30% sequence identity and conserved amino acids for nuclease
activity (5206, H209, E249)%. A difference between mammalian EndoG (33 kDa) and leishmanial EndoG
(54 kDa) is the size of the protein®, which is correlated with its nuclease activity. In Neurospora, yeast
and Leishmania, EndoG possesses full endo/exonuclease activities?. In contrast, in mammals, EndoG
is restricted to endonuclease activity, while a second protein, EXOG, exerts the 5 exonuclease
activity”’. EndoG is located in the mitochondria, which was first suggested by the mitochondrial
targeting signal, but could then also be confirmed by co-localization experiments®. Upon apoptotic
stimulus, EndoG is released from the mitochondria and moves to the nucleus®°®°, The mitochondrial
localization of EndoG seems to be important for cell survival, since an ectopic expression of EndoG in
the cytosol leads to cell death in Hela cells %°. However, protein modelling of L. infantum EndoG reveals
a pH-dependent domain, which leads to inactivation of the protein upon higher pH values, as it is found
in the mitochondrial matrix. Lower pH values as in the cytosol, lead to the activation of EndoG*®.

The overexpression of EndoG in L. donovani has no effect on growth behavior in the promastigote
stage. However, it leads to a significant reduction of the growth of axenic amastigotes, which is
correlated with an increased DNA fragmentation. Oxidative stress in EndoG-overexpressing
amastigotes increases DNA fragmentation significantly®®. Regarding the effect on the host cell
macrophages, the overexpression of EndoG does not lead to an altered infection rate, but to a killing
of the intracellular amastigotes within 96 hours®. An EndoG knockdown in T. brucei had no effect on
growth but cells were less susceptible to the toxic effects of H,0,, which could be seen by decreased
DNA fragmentation measured by TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining®.

Immunoprecipitation experiments show an interaction of EndoG, FEN-1 and TatD-like nuclease in
L. donovani, which comprise the so called ‘degradasome’. Since a downregulation of EndoG leads to
reduced apoptosis characteristics like ROS formation and mitochondrial membrane permeabilization,
a negative feedback loop through EndoG is suggested®®.

The antibiotic Tunicamycin, which leads to unfolded protein response (UPR) in the endoplasmatic
reticulum (ER), also leads to the release of EndoG through mitochondrial membrane depolarization as

101

a result of elevated ROS and calcium levels'®*. Another drug that leads to EndoG release in L. donovani

and to activation of metacaspase, is the topoisomerase IB inhibitor Betulin®,
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The search for anti-leishmanial compounds also involved EndoG as a drug target. The inhibition of
the endonuclease shows reduced viability in promastigotes and amastigotes of L. infantum®. These
results were further confirmed by Rico et al °’: they were able to create a partial EndoG KO, which
grew at a lower rate, had increased mitochondrial potential and exhibited lower infection rate and
lower parasite burden. An overexpression of recombinant EndoG from L. infantum leads to parasites
that are more susceptible to edelfosine-induced cell death. It is speculated that this observation is

caused by an increase in the pro-apoptotic machinery®.

1.4.2. Metacaspase

Leishmania does not possess caspases, but a metacaspase was found in the parasite that was
thought to fulfill a similar function, even though with different substrate specificity. The catalytic dyad
is comprised of histidine and cysteine as known for caspases!®. In 2006, researchers showed the
importance of the metacaspase in order to induce cell death in L. major. They depleted the
metacaspase analog in yeast and overexpressed the metacaspase MCAS from L. major. MCAS5 could
completely restore the function of the yeast protein after induction of cell death through hydrogen
peroxidel®. In Leishmania donovani, two additional metacaspases were found: MC1 and MC2. These
enzymes could be inhibited by antipain and Na-Tosyl-Lys-chloromethylketone (TLCK)%, both
inhibitors of trypsin and trypsin-like serine proteases.

In 2007, the group of Jeremy Mottram published data on an essential role of metacaspase in the
cell cycle progression of L. major. They showed that metacaspase is a microtubule-associated protein
(MAP), like the EF1a, since it associates with the mitotic spindle during cell division. An overexpression
of MCA led to impaired kinetoplast segregation, mitosis and also cytokinesis. They stated that a knock-
out of the gene was not possible, suggesting its role as potential drug target®. However, recent
improvements in knock-out techniques enabled the establishment of a metacaspase KO%. The MCA
KO showed implications in cell death and autophagy. After a 24h incubation with miltefosine, the MCA
KO still did not show any signs of cell death like DNA fragmentation, stop of movement and loss of
mitochondrial membrane potential®®. Further, a better growth during starvation could be seen for the

MCA KO and an upregulation of MCA during starvation in the wildtype could link MCA to autophagy®.

1.5. Hypothesis and Aims

In order to induce cell death in pathogenic parasites and thus, to render them innocuous, the
pathway of apoptosis is a promising target for the development of drugs. Since it is my ultimate goal

to find a proper way to kill Leishmania, we need a deeper understanding of the regulation of the

-13 -



INTRODUCTION

apoptosis pathway in the parasite. Although Leishmania do not encode for any homologs of known
mammal apoptosis-regulating proteins, they show apoptosis characteristics like cell shrinkage,
externalization of annexin-binding lipids and DNA fragmentation®. Therefore, | hypothesize that
Leishmania induces and proceeds apoptosis through a specialized mechanism, and | seek to elucidate
this mechanism by the identification and characterization of proteins involved in its regulation.
Further, it is my hypothesis that the identified apoptosis-regulating proteins can then serve as target
for drug development: an inhibition of anti-apoptotic proteins would induce apoptosis and kill the
parasites. On the other hand, an inhibition of pro-apoptotic proteins could impair apoptosis
characteristics like PS externalization. This would lead to a decrease of the anti-inflammatory response
of the human immune system and an anti-leishmanial T cell response. This approach could then also
serve as the basis for vaccine development: instead of inhibiting a pro-apoptotic protein, | could
produce a knockout strain targeting the anti-inflammatory potential of PS, which should then result in
a protective inflammatory immune response enabling a protection against a further challenge with

wildtype Leishmania.

Based on this, | have the following aims (Figure 6):

1. Establishment of the CRISPR/Cas9 Leishmania system in our lab to investigate target genes
potentially involved in leishmanial apoptosis (in cooperation with Prof. Jiménez Ruiz,

University of Alcald).

2. Inducing drug mediated parasite apoptosis to identify promastigote and amastigote
specific proteins that are involved in the process of apoptosis by employing label free

quantitative mass spectrometry (in cooperation with Prof. Tenzer, University Mainz).

3. Functional characterization of gene knockouts in Leishmania in order to confirm potential

targets of pro- and anti-apoptotic proteins for drug development.

4. Identification and characterization of effects of knockout mutants on the human immune
system aiming to find parasites lacking anti-inflammatory properties for future vaccine

development.
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Figure 6. Aims that are strived for in this thesis. First of all, a CRISPR/Cas9 system is applied in Leishmania to achieve knock-
out (KO) strains of specific genes, which might be involved in apoptosis mechanisms. Following, the induction of cell death in
the parasites through different compounds are investigated in more detail (2.®) and are used to identify differently regulated
proteins during apoptosis by label free quantative LC-MS/MS (2.@). In the third step, KO strains of potential pro- or anti-
apoptotic targets are characterized regarding their reactive oxygen species (ROS) production (3.®), phosphatidylserine (PS)
externalization (3.@) and DNA fragmentation (3.®) during apoptosis with the aim to find possible drug targets. In a last step,
the effects of the KO strains on the human immune system are investigated including the infection rate of human primary
macrophages (4.0), the intracellular transformation and proliferation of Leishmania (4.@) and the pro- and anti-
inflammatory response of macrophages by cytokine secretion (4.0).
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2. Materials and Methods

2.1. Materials

2.1.1. Reagents
2-Mercaptoethanol
2-Propanol
Acrylamide
Agarose, LE
Ammonium persulfate
Agua bidest.
Biopterin
Bovine Serum Albumin (BSA)
Casyton
Difco Brain Heart Infusion Agar
Diff Quik Fixative, Solution | and Il
Dimethyl sulfoxide (DMSO)
ECL plus western blotting substrate
Ethylenediaminetetraacetic acid (EDTA)
Ethanol, absolute
FACS Clean
FACS Flow
FACS Rinse
Fetal Calf Serum (FCS)
Glycerol
Hemin
HEPES
Histopaque®-1077
Histopaque®-1119

Human interferon-y (IFN-y)

Human recombinant Granulocyte Macrophage Colony

Stimulating Factor (GM-CSF)

Human recombinant Macrophage Colony Stimulating

Sigma-Aldrich
VWR

Serva

Biozym Scientific
Serva
Medienktiche PEI
Sigma-Aldrich
Sigma-Aldrich
OMNI Life Science
Becton Dickenson
Medion Diagnostics
AppliChem
Thermo Fisher
Merck

VWR
Medienktiche PEI
Medienktiche PEI
Medienkiiche PEI
Sigma-Aldrich
Citifluor
Sigma-Aldrich
AppliChem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Bayer

R&D Systems
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Factor (M-CSF)

Human Serum Type AB Lonza
Hydrochloric acid (HCI) Merck

LB Agar Merck
L-glutamine Merck
Lipopolysaccharide (LPS) Sigma-Aldrich
Medium 199 Gibco

Milk powder TSI

Mowiol Mounting Medium Sigma-Aldrich
Paraformaldehyde Sigma-Aldrich
Penicillin/Streptomycin Biochrom
Rabbit Blood, defibrinated Elocin-Lab
RNase AWAY VWR

Roswell Park Memorial Institute (RPMI) 1640 Medium Sigma-Aldrich
Sodium bicarbonate Sigma
Sodium dodecyl sulfate (SDS) Merck

N, N, N’,N"-tetramethylethylenediamine (TEMED) Serva

2.1.2. Buffers

Buffer

Receipt

Ammoniumchloride solution

Blocking solution

Blotting buffer

PBS without Ca?* and Mg? pH 7.1 (1x)

MACS buffer

Ringer solution
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0.15 M Ammoniumchloride

Aqua bidest.

TBS-T

5% milk powder (w/v)

50 mM Tris

40 mM Glycin

0.0375% SDS (w/v)

2.5% Methanol (v/v)

Aqua bidest.

136.9 mM sodium chloride

2.68 mM potassium chloride

1.47 mM potassium dihydrogen orthophosphate
8.1 mM sodium dihydrogen phosphate
Aqua bidest.

0.5% BSA (w/v)

0.5 mM EDTA

PBS pH 7.2

147 mM NaCl

4 mM KClI
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2.2 mM CaCl,

Agua bidest.
Running buffer (5x) 125 mM Tris

1.25 M Glycine

0.5% SDS (w/v)

Aqua bidest.
Separating gel buffer pH 8.8 (4x) 1.5 M Tris-HCl pH 8.8
0.4% SDS (w/v)

Aqua bidest.
Stacking gel buffer pH 6.8 (4x) 0.5 M Tris-HCI pH 6.8
0.4% SDS (w/Vv)

Aqua bidest.

TAE buffer (20x) 0.8 M Tris-HCl pH 8.0
20 mM EDTA

2.25% acetic acid
Aqua bidest.

TBS buffer (10x) 50 mM Tris-HCl pH 7.4
150 mM NacCl

Aqua bidest.

TBS/T solution 1 x TBS buffer

0.5% Tween 20 (v/v)
Washing-buffer 1x PBS without Ca** and Mg*" pH 7.1
5% complete-medium (v/v)
Zimmerman buffer 132 mM NaCl

8 mM KClI

8 mM Na;HPO,

1.5 mM KH2PO4

0.5 mM MgAc,

90 uM CaOAc;

Agua bidest.

pH 7

sterile filtered

TFB1 30 mM KAc

100 mM RbCl

10 mM CaCl, x 2 H,0
50 mM MnCl; x 4 H,O
15% Glyerol

Aqua bidest.

pH 5.8

sterile filtered

TFB2 10 mM MOPS

75 mM CaCl,

10 mM RbClI

15% Glyerol

Agua bidest.

pH 6.5
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sterile filtered

2.1.3. Media
Medium Receipt
Amastigote Medium (AAM) RPMI-1640

Liquid Medium

Leishmania Medium (LM)

Complete Medium (KM)

Blood agar medium (Novy-Nicolle-McNeal)

LB Medium

Ampicillin Agar Plates

S.0.C. Medium
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10% FCS (v/v)

3 mM L-glutamine

100 U/mL Penicillin

100 pg/mL Streptomycin
pH 5.5

sterile filtered

Medium 199

10% FCS (v/v)

100 U/mL Penicillin

100 pg/mL Streptomycin
20 mM HEPES buffer

100 uM Adenine

0.05% Hemin (w/v)
0.041% Biotin (w/v)

RPMI 1640

5% FCS (v/v)

2 mM L-glutamine

100 U/mL Penicillin

100 pg/mL Streptomycin
10 mM HEPES buffer

50 uM B-Mercaptoethanol
RPMI 1640

10% FCS (v/v)

2 mM L-glutamine

100 U/mL Penicillin

100 pg/mL Streptomycin
10 mM HEPES buffer

50 uM B-Mercaptoethanol
16% Rabbit blood defibrinated
16% PBS

66.2% Brain heart infusion agar
66.2 U/mL Penicillin

66.2 ug/mL Streptomycin
2.5% LB Bouillon (Miller)
Agua bidest.

3.7% LB Agar

100 pg/mL Ampicillin
Agua bidest.

2.66% SOB-Medium
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M199 Plates

2.1.4. Primers

Aqua bidest.

5 mg/l Hemin

20% FCS

1.5% LB Agar
Aqua bidest.

All primers were obtained from Eurofins (HPSF-purified).

The following primers were used for qRT-PCR:

Target Gene

Forward (5’ -> 3’)

20 mM D-Glucose

16.06 g/l M199
0.35 g/l NaHCO3

0.6 mg/| Biopterin

100 U/mL Penicillin
100 pg/mL Streptomycin

Reverse (5’ ->3’)

KMPII-2

LmjF.36.6260 (Carboxypeptidase)
TRYP4

LmjF.17.0082 (Elongation factor
1-alpha)
LmjF.18.1300 (Uncharacterized
protein)

LmjF.30.1500 (p1/s1 nuclease)
LmjF.35.0030 (Pyruvate kinase)
LmjF.05.0960 (Dipeptidyl-
peptidase Ill)

ABCG2

LmjF.10.0610 (EndoG)

SMP-4

G6PD

6PGD

MCAS

GCCTGGATGAGGAGTTCAACA
CTACGCGGAAATCAAGTCGC
CCTGCTGGAGGCTTTTCAGT
TTCGCGGAAATCGAGTCCAA

ATTGGCCGCATCTTCAAGGA

TGTGCGTGACTGAGGTTCTC
ATCACACAAGGCGTGGAGAG
GGCCGCACCATTGCAATTTA

GCGCCTACAGAGGACACCTA
CCGAGCCATCTGTTCAAGGT
AGTTCCACGTGAAGGTGACG
GAGCAGTCTCATGCTGATCAGG
GCGAATCTCGCCCTGAACAT
CAACGGGTTACCCAGTCCAC

GTGCTCCTTCATCTCGGG
AGCGCAATCTGCTTCTCCTT
GTTGTGGTCGACCTTCATGC
CTTGATCGCCTTGGGGTTCT

ACACCGGCAGAAGTAAGGTG

CCATCGCGTCAAGCTTTTCC
CATGAAAACCACGGCACCTG
TCTGGCGAATGTCGTCGTAG

TGGGAGTCTACCTTGCCAGA
CTGAAGCCCTGTGATACGCT
TGGATGAAGGGCTCCGTAGT
GTTGATGCGATCGCACGATTC
TTCAGGTTGGCGGCAAATTTC
CCAACCTGGACTCTGTGGTG
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The following primers were used for restriction cloning:

Target Gene Sequence Restriction Site
LmG6PD_fwd CCG CTC GAG ATG TCG GAA GAG C Xhol
LmG6PD_rev GAA GAT CTT CACAGCTTATTC GAG GGA AG Bglll
LmPGD_fwd GGGAATTCCATATGTCGAACGACCTCGGCATTATC Ndel
LmPGD_rev GGA ATT CCA TAT G CT ACT GCA GTG CG Ndel
LdG6PD_fwd CCG CTC GAG ATG TCC GAA GAG C Xhol
LdG6PD_rev GGA ATT CCA TAT GTC ACA GCT TGT TCG ACG Clal

The following primers were used for Gibson Assembly:

Plasmid Primer Name Sequence
pSSU_SAT CPB_fwd gggatcactctcggcatggacgagctgtacaagtgaccttCCTTCTAGATG
CCCTTGTGTG
CPB_rev atcaccgaaatcttcatact CACTAGTCGCGGACGCGG
SAT fwd gceegegtecgegactagtgAGTATGAAGATTTCGGTGATCC
SAT_rev ggcatcgctgcaaccaccacacacacgcacacaagggcatTCTAGAACTC

pSSU_SAT EndoG | CPB_fwd

CPB_rev
EndoG_fwd
EndoG_rev
SAT_fwd
SAT_rev

pTNeo_eGFP_loxP | loxP_fwd

loxP_rev

TTTAGGCGTC
gggatcactctcggcatggacgagctgtacaagtgaccttCCTTCTAGATG
CCCTTGTGTG
ccgagcagcecgggcgatcatCACTAGTCGCGGACGCGG

gceegegtecgegactagtgATGATCGCCCGGCTGCTC
atcaccgaaatcttcatactTCAGCGTCGCTCTGCCTG
accaggcagagegacgctgaAGTATGAAGATTTCGGTGATCC

ggcatcgctgcaaccaccacacacacgcacacaagggcatTCTAGAACTC
TTTAGGCGTC
tcttctcactgacattccatATAACTTCGTATAGCATACATTATACGA
AGTTATAATTGCCC

GGCTACGGTGGACGGCTC

dsRed_CPB_fwd TTGAGCCGTCCACCGTAG
dsRed _CPB rev gaagggagggggagegggtatGGAACAGAAGGAAGCAATGAAC

The following primers were used for PCR:

Primer

Sequence

Puromycin Resistance fwd
Puromycin Resistance rev
Blasticidin Resistance fwd
Blasticidin Resistance rev

Geneticin Resistance fwd
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Geneticin Resistance rev
Nourseothricin Resistance fwd

Nourseothricin Resistance rev

CGGCCATTTTCCACCATGATATT
GAAGATTTCGGTGATCCCTGAGCAG
CATCCTGTGCTCCCGAGAACC

Further primers for CRISPR/Cas9-related cloning or for confirmation of genetic manipulations can be

found in the Supplement.

2.1.5. Plasmids

Backbone Insert Resistance Gene Source
pIRmcs3-/+ - SAT Antonio Jiménez Ruiz
LmG6PD SAT This thesis
LmPGD SAT This thesis
LdG6PD SAT This thesis
pGL2339 - Blasticidin Jeziel Damasceno
pGL2314 - Puromycin Jeziel Damasceno
pTNeo loxP/eGFP Neo This thesis
pSSU eGFP SAT This thesis
eGFP/EndoG SAT This thesis

Plasmids for CRISPR/Cas9 knock-outs were published in Beneke et al (2017)%? and obtained from

Antonio Jiménez Ruiz.

Plasmid Resistance Marker Fusion Tag Size

pTB0OO7 Hygromycin Flag::NLS::Cas9::NLS 15.4 kb
NLS::T7 RNAP

pTBlast Blasticidin 1.7 kb

pTPuro Puromycin 1.8 kb

pTNeo Geneticin 1.75 kb
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2.1.6. Antibodies and Dyes

Antibody Dilution / Company
Concentration

FITC-Annexin A5 1:100 Miltenyi

Carboxyfluorescein diacetate N-succinimidyl | 4 pM Sigma

ester (CFSE)

DHE 50 uM Life Technologies

DHR123 3uM Life Technologies

Ethidium bromide solution 10 ng/ml Merck

Goat anti-mouse IgG (H+L), HRP conjugated 160 ng/ml Thermo Scientific

H,DCFDA 1uM Sigma

3-[4,5-dimethylthiazole-2-yl]-2,5- 1.1 mM Abcam

diphenyltetrazolium bromide (MTT)

Monoclonal Anti-FLAG® M2 antibody (mouse) | 160 ng/ml Sigma-Aldrich

Propidiumiodide 1 pg/ml Sigma Aldrich

Rabbit anti-Lm Serum 1:100 Prof. Uwe Ritter, Regensburg

Rhodamine 123 10 pg/ml Thermo Fisher

TriTrack DNA Loading Dye 6x 1x Thermo Fisher

OxyBURST 5 pg/ml Thermo Fisher

DAPI 300 nM Carl Roth

Chicken anti-rabbit Alexa647 antibody 2.5 pg/ml Thermo Fisher

2.1.7. Kits
Kit Company
DNeasy Blood & Tissue Kit Qiagen
RNeasy Plus Mini Kit Qiagen
Qiaprep Spin Miniprep Kit Qiagen

NucleoBon Xtra Maxi Kit

MESA Blue gPCR MasterMix Plus

PWO MasterMix

Rapid DNA Ligation Kit

Im Prom-Il Reverse Transktiption System

CD14 MicroBead Kit, human

illustra GFX PCR DNA and Gel Band Purification Kit

In Situ Cell Death Detection Kit

=24 -

Roche

Sigma

Macherey-Nagel

Eurogentec

Thermo Fisher
Promega
Miltenyi Biotec

GE Healthcare Life Sciences
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NEBuilder® HiFi DNA Assembly Master Mix New England Biolabs
Human IL-10 DuoSet ELISA R&D Systems

Human TNFa DuoSet ELISA R&D Systems
Platinum™ SuperFi™ PCR Master Mix Invitrogen

123count™ eBeads Counting Beads Thermo Fisher Scientific

2.1.8. Compounds and Inhibitors

Compound Source Stock Concentration Final Concentration
Miltefosine Calbiochem 1.96 mM 25 uM
Staurosporine AdipoGen / Biomol 10 mM 25 uM
Harmonine Prof. Andreas Vilcinskas, 14.725 mM 30 uM

Giellen
Compound 1o Prof. Katja Becker, Gielen 10 mM 25 uM
Aurintricarboxylic acid | Sigma Aldrich 20 mM 50 uM
(ATA)
Antipain Carl Roth 75 mM 2 uM

2.1.9. Antibiotics

Antibody Concentration Company
Hygromycin 30 pg/ml Invitrogen
Puromycin 20 pg/ml (L. donovani) / Invitrogen

40 pg/ml (L. major)

Blasticidin 10 pg/ml Invitrogen
Nourseothricin 100 pg/ml Jena Bioscience
G418 40 pg/ml Invivogen
Ampicillin 100 pg/ml VWR
Kanamycin 30 pg/ml VWR
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2.1.10. Enzymes
Enzyme Company
Bglll Thermo Fisher
Clal Thermo Fisher

Kpnl (Fast Digest)

Thermo Fisher

Ndel Thermo Fisher
Pacl New England Biolabs
Pmel New England Biolabs
Smal Thermo Fisher
Spel-HF New England Biolabs

Swal (Fast Digest)

Thermo Fisher

Xbal New England Biolabs
Xhol Thermo Fisher
Thermosensitive Alkaline Phosphatase Promega

RNase Thermo Fisher

T4 DNA Ligase Promega

Quick CIP (calf intestinal alkaline phosphatase) New England Biolabs

2.1.11. Leishmania Strains

- Leishmania major isolate MHOM/IL/81/FEBNI wildtype

The wildtype strain was isolated from a skin biopsy of an Israeli patient. It was kindly provided by Dr.

Frank Ebert (Bernhard Nocht Institute for Tropical Medicine, Hamburg, Germany).

- Leishmania major dsRed

MHOM/IL/81/FEBNI strain with stable expression of dsRed fluorescent protein from Discosoma sp.

- Leishmania major Cas9/T7

MHOMY/IL/81/FEBNI strain with stable expression of Cas9 endonuclease and T7 RNA polymerase for
the generation of knock-out strains. The strain was produced by Celia Lopez Gutiérrez in the laboratory

of Antonio Jiménez Ruiz in Alcald de Henares, Spain.

- Leishmania donovani Africa isolate MHOM/ET/67/HU3 Z18 wildtype

Strain isolate of Leishmania donovani MHOM/ET/67/HU3 Z18 obtained from the Leishmania collection
of Montpellier, France (Patrick Bastien).

-26 -



MATERIALS AND METHODS

- Leishmania donovani Africa Cas9/T7

L. donovani Africa isolate with stable integration of Cas9 endonuclease and T7 RNA polymerase. It was
created during this thesis.

- Leishmania donovani Africa Cas9/T7/DiCre

L. donovani Africa Cas9/T7 strain with stable integration of DiCre recombinase for the generation of
inducible KOs. Integration into the ribosomal locus was performed using the pGL2339 plasmid

obtained from Jaziel Damasceno, Glasgow. The strain was created during this thesis.

2.1.12. Human Primary Cells
Human peripheral blood mononuclear cells (PBMCs) were isolated out of anonymized buffy coats

from DRK blood donation center Frankfurt am Main.

2.1.13. Bacterial Strains

Chemically competent E. coli TOP10 F Prime cells were used for transformations and obtained from

Jorg Kirberg, Paul-Ehrlich-Institut.

2.2. Methods

2.2.1. Cell Biological Methods

All experiments were carried out under sterile conditions with autoclaved materials.
If not indicated otherwise, all centrifugation steps in tubes with parasites were carried out at
2400xg, and with human cells at 68xg for 8 min at room temperature. Centrifugation of 96-well plates

were carried out at 440xg for 4 min at 4°C.

2.2.1.1. Preparation of Blood Agar Plates
20.8 g brain heart infusion agar was mixed with 400 ml water and autoclaved. Meanwhile, 100 ml|
PBS were preheated to 42°Cin a sterile petri dish and defibrinated rabbit blood was preheated to 37°C.
When agar was cooled down to about 55°C it was added to the PBS in the petri dish and after reaching
about 45°C, 4 ml penicillin/streptomycin and 100 ml defibrinated rabbit blood were added. Using a
multi-channel pipette, 60 ul blood agar was distributed to each well of a 96-well plate in a 45 angle.

Plates were stored at 4°C.
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2.2.1.2. Cultivation of Leishmania Promastigotes
Leishmania promastigotes were cultivated in biphasic 96-well plates with a solid phase (blood agar
for L. major and M199 agar for L. donovani) and a liquid phase (Leishmania medium) at 27°C and 5%
CO,. For passaging, stationary phase promastigotes were seeded at a concentration of 1x10%/ml (living
and dead) in agar plates until they reached again the stationary growth phase (6 — 10 days). After 8
serial passages another aliquot of parasites was thawed.

For transgenic parasites, the Leishmania medium was supplemented with the respective antibiotic.

2.2.1.3. Isolation and Cultivation of Leishmania Amastigotes

Logarithmic phase promastigotes were transferred to liquid medium and supplemented with 10%
FCS for three days at 27°C. Medium was changed to AAM and washed three times with the first
centrifugation step at 1400xg. Promastigotes were counted and seeded to a 24-well plate at a
concentration of 20x10%/ml and incubated at 33°C for 7 — 14 days. To achieve a sufficient purity of
amastigotes, the supernatant was removed and replaced by fresh AAM.

If the purity of amastigotes was below 90%, a density gradient centrifugation was carried out. For
this, Histopaquelll9 was diluted with AAM to achieve 50, 70, 80 and 90% solutions. 100%
Histopaquel119 was given to the bottom of a tube and the 90%, 80% and 70% solutions were carefully
layered on top of the 100% Histopaquel119. Amastigotes were centrifuged and resuspended in 50%
solution, which was layered on the top of the density gradient. The gradient was centrifuged at 2400xg
for 35 min without brake and the interphases between 70 — 80% and 80 —90% were collected. After
washing the interphases two times with AAM they were used for experiments or counted and adjusted

to a concentration of 20x10%/ml and seeded to a 24-well plate.

2.2.1.4. Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs)

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats. For this, the
blood cell concentrate was diluted 1:5 in prewarmed PBS and layered carefully on top of 15 ml of
Lymphocyte Separation Medium (LSM). Gradient was centrifuged at 545xg for 30 min with lowest
acceleration and deceleration. The interphase between plasma at the top and LSM in the middle
contained the PBMCs and was collected for further washing steps. The cells were filled up with washing
buffer and centrifuged three times at decreasing speed (1084xg, 573xg and 143xg) for 8 min. Lysis of
erythrocytes was further carried out by addition of 10 ml cold ammonium chloride for 10 min at room
temperature. A further washing step at 143xg followed and cells were counted using a CASY Cell

Counter.
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2.2.1.5. Generation of Human Monocyte-Derived Macrophages (hMDM:s)

Monocytes were either separated by plastic adherence or by CD14* magnetic-activated cell sorting
(MACS).

For plastic adherence, 40 — 50x10° PBMCs were seeded in a T-25 flask in 5 ml of complete medium
supplemented with 1% human serum and incubated for 1 h at 37°C. Supernatant containing all non-
adherent cells were removed and further washed twice with washing buffer.

For CD14* MACS, PBMCs were centrifuged and washed with 50 ml MACS buffer. 5 pl anti-CD14
microbeads and 95 pl MACS buffer was added to 100x10° PBMCs and incubated for 15 min at 4°C. Cells
were washed with 50 ml MACS buffer and pellet was resuspended in 5 ml MACS buffer. Meanwhile, a
large separation column was placed in a magnetic field and equilibrated with 5 ml MACS buffer. The
cell suspension was applied onto the column and three washing steps with 3 ml MACS buffer each
followed. For elution of CD14" cells, the column was removed from the magnetic field and 5 ml MACS
buffer was applied onto the column. Eluted monocytes were counted by CASY cell counter and seeded
in a 6-well plate with 3x10° cells per well.

Differentiation to type 1 macrophages was achieved by adding 10 ng/ml GM-CSF, to type 2 by
adding 30 ng/ml M-CSF to complete medium!?’. After 5 — 7 days at 37°C macrophages were fully

differentiated.

2.2.1.6. Infection of hMDM with Leishmania

Macrophages were detached from the culture plate surface by putting them on ice for 30 min and
further mechanically with a cell scraper. The cells were harvested and flasks/plates were washed with
cold PBS. Cells were sedimented by centrifugation, resuspended in complete medium and counted by
CASY Cell Counter. Macrophages were adjusted to a concentration of 1x108/ml in complete medium.

For infection experiments, stationary phase promastigotes were counted and adjusted to a
concentration of 1x10%/ul in complete medium. Parasites were added to macrophages with a
multiplicity of infection (MOI) of 10. Cells were incubated at 37°C for 3 h and extracellular parasites
were washed away by centrifugation. Infected macrophages were incubated for 24 h or 96 h at 37°C
and used for further experiments.

For determining the infection rate by flow cytometry, parasites lacking the expression of a
fluorescent protein had to be stained with a fluorescent dye prior to infection. For this, parasites were
incubated for 20 min in 4 uM CFSE at 27°C. Staining solution was washed away two times with PBS and
infection was carried out.

If infection was further tracked by microscopy, CytoSpins and Diff-Quik were performed and

analyzed with an inverse microscope at 400x magnification.
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2.2.1.7. Assessment of Intracellular Parasite Proliferation
Fluorescent parasites (eGFP+) were used for infection of macrophages. Mean fluorescence intensity
(MF) was measured via flow cytometry one day after infection and four days after infection. By dividing
these two numbers, the increase of fluorescence and therefore the intracellular proliferation could be

measured.

2.2.1.8. Isolation of Exosomes

Parasites from logarithmic and stationary growth phase were harvested and washed in LM without
FCS. Afterwards, they were seeded at a density of 2x108/ml in LM without FCS in T-25 flasks and
incubated overnight at 27°C, 5% CO.. All further steps were performed on ice or 4°C. Parasites were
centrifuged and supernatant was transferred to new tubes and centrifuged at 10,000xg, 15 min using
a JA-20 rotor. Supernatant was again moved to fresh tubes and centrifugation was repeated. A sterile
filtration of the supernatant with a 0.22 um filter followed and it was subjected to ultracentrifugation
at 100,000xg, 90 min. The supernatant was discarded and pellet was resuspended in 35 mL HBSS.
Another ultracentrifugation at 100,000xg for 90 min followed and supernatant was discarded. The
pellet was resuspended in 1 mL HBSS and checked for quality and quantity via Nanoparticle Tracking

Analysis (NTA).

2.2.2. Cell Death Assays

2.2.2.1. Cell Proliferation via MTT Assay

In order to assess cell proliferation after compound treatment, 10x10° parasites were seeded in a
96-well plate (V-shape) and centrifuged at room temperature. As much medium as possible was
carefully removed and replaced with 100 pl fresh RPMI without phenol red supplemented with 10 pl
12 mM MTT. A negative control without cells, consisting only of medium and MTT, was included. 4 h
of incubation at 27°C followed. Plate was centrifuged again and all but 25 ul of medium was removed
and replaced with 50 ul DMSO. After resuspension, the plate was incubated for 10 min at 37°C to
dissolve formazan crystals. Samples were mixed again and absorbance was measured at 540 nm at
Tecan Reader. All values were subtracted by negative control without cells and normalized to
untreated parasites. Increased conversion of MTT to formazan crystals are indicative of an increased

metabolic activity, which occur when parasites proliferate®,

2.2.2.2. Phosphatidylserine Externalization via Annexin Binding Assay

Annexin A5 specifically binds negatively charged phospholipids, namely phosphatidylserine, at the

surface of cell membranes'®. Therefore, the magnitude of phosphatidylserine externalization can be
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measured by fluorescence intensity of bound FITC-labeled Annexin A5. Since binding of Annexin is
dependent on calcium ions, a negative control without calcium ions was always included (PBS w/o
Ca?).

1x108 parasites per well were seeded in a 96-well plate and centrifuged. Supernatant was discarded
and the pellet was resuspended in 100 ul Ringer buffer, which contained calcium. The cells were
stained with 1 pl AnnexinAS5-FITC in 100 ul Ringer buffer and incubated for 20 min in the cold and dark.
A washing step with 100 ul Ringer buffer followed. The samples were resuspended in 100 ul Ringer
buffer and transferred to FACS tubes. Analysis was done via flow cytometry in FITC channel. The PBS

control served as annexin A5 negative sample.

2.2.2.3. DNA Fragmentation via Cell Cycle Assay

Since propidiumiodide (PI) stochastically binds to DNA, it can be used to determine in which cell
cycle phase a cell is situated’®. The subG1 phase correlated with the percentage of cells that harbor
fragmented DNA,

Parasites (1x10%/well) were centrifuged in a V-shaped 96-well plate and supernatant was discarded.
Pellet was washed in 100 pl cold PBS and afterwards resuspended in 25 ul PBS. 175 pl EtOH 70% (v/v)
was added and incubated at -20°C for at least 30 min for fixation and membrane permeabilization.
Cells were centrifuged and washed in PBS supplemented with 50 mM EDTA. Staining solution,
containing 1 ug/ml Pl and 5 ug/ml RNase in 100 pl PBS/EDTA, was added to the cells, resuspended and
transferred to FACS tubes. Cells were incubated for 30 min at 37°C. Analysis was done by flow
cytometry in the Pl channel. A digestion control was included, in which Pl was not added, and used as
negative control. Gating of the cells was done with the digestion control, which included the gating of
Leishmania, single cells and stained cells (Figure 7). First, the Leishmania population was gated in the
FSC-A/SSC-A. Next, the doublets were gated out using a single cell gate in the FSC-A/FSC-H channel.
Finally, only the stained cells were considered through gating on Pl+ cells. To determine the number
of cells in the subG1 phase, every cell with a lower fluorescence than the biggest peak in the untreated

parasites control, which corresponds to the G1 phase, was counted.
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Figure 7. Gating strategy of cell cycle assay. The first three steps of gating were performed with the digestion control sample.
Here, within the FSC-SSC it was gated on the Leishmania population. Next, using FSC-A and FSC-H it was gated on single cells
and further on PI+ cells within the PI-A channel. The last gating step was done using stained but untreated parasites to gate
on the subG1 phase. In miltefosine-treated parasites the number of cells in this gate was massively enhanced.

2.2.2.4. DNA Fragmentation via TUNEL Assay

A further method to determine DNA fragmentation is terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL), in which the 3’-hydroxyl termini of DNA strand breaks are labeled*2,

For TUNEL assay, 1x10° parasites were seeded in a 96 well plate (V-shape) and the In Situ Cell Death
Detection Kit from Sigma was used according to the manufacturer’s instructions, leading to the
labelling of free 3’-OH groups at DNA breaks with fluorescein-dUTP. For microscopy, the TUNEL
staining was centrifuged to a Cytoslide (10 min at 1500 rpm). After that, a DAPI and an anti-Leishmania
staining followed. For this, DAPI was mixed with anti-Lm serum and incubated with the parasites for
30 min at room temperature in the dark. After washing three times, a secondary anti-rabbit Alexa647
antibody was incubated for another 30 min in the dark. Further, three washing steps followed and

parasites were embedded in Mowiol mounting medium and sealed with a cover slip and nail polish.
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2.2.2.5. ROS Detection

The determination of reactive oxygen species (ROS) can be performed with different dyes, all
detecting distinct species of ROS. H,DCFDA can be used to detect H,0,, OH' and ONOO", DHE is used
for detection of O, and DHR123 is used for H,0,, HOCI, ONOO™**3,

1x10° parasites were centrifuged and washed with 100 pl PBS. Staining solution of 1 uM H,DCFDA,
50 uM DHE or 3 uM DHR123 in 100 ul PBS was prepared. The pellet was resuspended in 100 ul of the
appropriate dye and incubated at 4°C in the dark for 20 min. Cells were washed with PBS and
resuspended in 100 ul PBS for flow cytometry. An unstained control was included for each experiment.
Readout was performed for DHE in the PE channel, for H,DCFDA and DHR123 in the FITC channel. A
parallel staining of H,DCFDA and DHE was done. For this, a compensation of the fluorescent PE and

FITC signals, using single-stained parasites, was performed.

2.2.3. Molecular Genetic Methods

2.2.3.1. Preparation of Chemically Competent Bacterial Cells
A5 mlovernight culture of TOP10 F Prime E. coli cells was inoculated at 37°C. The culture was added
to 100 ml fresh LB medium and optical density was measured in a cuvette at Nanodrop at 600 nm.
After about 1.5 h, the optical density reached 0.5 and the culture was put on ice for 5 min. Cells were
centrifuged at 3,600xg for 10 min at 4°C and supernatant was discarded. Next, the cells were
resuspended in 40 ml TFB1 and put again on ice for 5 min. Bacteria were centrifuged again at 3,600xg
for 10 min at 4°C and supernatant was discarded. 4 ml TFB2 were added, resuspended and put on ice

for another 15 min. Competent cells were aliquoted on dry ice and stored at -80°C.

2.2.3.2. Transformation
TOP10 F Prime chemically competent E. coli cells were thawed on ice for 5 min. 1 -5 pl of DNA was
added to the cells and incubated on ice for 30 min. Subsequently, the cells were subjected to heat
shock at 42° C for 1 min and placed immediately on ice for another 2 min. 250 pul of prewarmed S.0.C.
medium was added to the cells and incubated at 37°C for 1 h. 1/10 of the cells were plated on one half
of a selective agar plate and 9/10 were plated on the other half. The plate was incubated over night at

37°C.

2.2.3.3. Restriction Cloning

For restriction cloning, the insert was produced by PCR with primers containing the respective

restriction sites. The following PCR reaction was prepared:
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gDNA 50 ng/ul 2 ul
Primer fwd 1l
Primer rev 1l
H,0 16 ul
PWO Mastermix 20 ul

The mix was incubated in a BioRad thermocycler with the following program, annealing

temperature (highlighted in bold) was optimized for each insert:

95°C 3 min

95°C 30 sec

60°C 30 sec

72°C 1 min 30 sec 25 cycles
72°C 10 min

4°C oo

Restriction digest and subsequent dephosphorylation of a vector was performed with the
respective restriction enzyme and the thermosensitive alkaline phosphatase (TSAP) or the quick calf

intestinal phosphatase (CIP).

Vector DNA 1ug
Restriction enzyme 15 units
Buffer 1x
TSAP/CIP 1x

H20 ad 20 ul
37°C 1h

74°C/ 80°C 15 min

4°C oo

Restriction digest with insert was performed the same way as with the vector, but without
dephosphorylation. Insert and vector were subjected to agarose gel electrophoresis. DNA was purified
from gel pieces using the illustra GFX PCR DNA and Gel Band Purification Kit from GE Healthcare
according to the manufacturer’s instructions. The ratio of vector to insert was set to a molar ratio of

1:6, using 100 ng of the vector. Ligation of vector and insert was carried out with the Rapid DNA
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Ligation Kit from Thermo Fisher according to the manufacturer’s instructions. 5 pul of the ligation
reaction was used for transformation of chemically competent E. coli.

Grown single-clone colonies were picked and incubated overnight at 37°C in 5 ml LB medium
supplemented with ampicillin or kanamycin. 2 ml were used for Miniprep using the Qiaprep Spin
Miniprep Kit according to the manufacturer’s instructions. The isolated plasmid was digested with the
respective restriction enzymes and loaded onto an agarose gel. If the vector and the released insert
showed the expected size after gel electrophoresis, a proportion of the undigested plasmid was sent

for sequence analysis at LGC genomics.

2.2.3.4. Gibson Assembly
10 pg of the vector was enzymatically digested as for restriction cloning. Insert overhangs, being
homologous to 3’ and 5’ regions of the vector, were designed using the NEBuilder assembly tool

(https://nebuilder.neb.com/). 30 - 40 bp overhangs were chosen and overhang-containing inserts were

produced by PCR. Without further purification, the vector and inserts were assembled using the

NEBuilder® HiFi DNA Assembly Master Mix according to the manufacturer’s instructions.

2.2.3.5. Stable Integration of Cas9/T7 in Leishmania

4 ug pTBOO7 were linearized using Pacl for 1 h and inactivated afterwards. Restriction was checked
by agarose gel electrophoresis. 10x10° Leishmania donovani were washed in Zimmermann buffer and
mixed with 2 pg of the linearized plasmid. Mixture was electroporated using the X-001 program at
Amaxa Nucleofector 2b. A MOCK control was included, in which the cells alone were electroporated
without a plasmid. Parasites were transferred to a T25 flask with 5 ml LM. 12 — 16 h later 30pug/ml
hygromycin supplemented with 10% FCS was added. When the MOCK control was completely dead,
the parasites were centrifuged to get rid of the antibiotic and a clonal cell line was established by serial
dilution. To confirm Cas9 expression, a PCR within the Cas9 CDS and a western blot for FLAG tag was

performed.

2.2.3.6. Stable Integration of eGFP and DiCre in Leishmania
10 pg plasmid (pSSU-eGFP-SAT for eGFP and pGL2339 for DiCre) was linearized using Pacl/Pmel for
1 h and inactivated afterwards. Restriction was checked by gel electrophoresis. 60x10° logarithmic
phase Leishmania were used to electroporate them with the whole sample of the restriction digest.
Therefore, the parasites were washed and resuspended in 200 ul Zimmerman buffer with the
linearized plasmid and electroporated using the X-001 program at Amaxa Nucleofector 2b. After
electroporation, parasites were transferred to LM and incubated overnight at 27°C, 5% CO,. At the

next morning, the respective antibiotic (Nourseothricin/Blasticidin) was added to the parasites and
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they were subjected to a serial dilution in blood agar plate. The expression of eGFP was confirmed by

flow cytometry. The successful integration of DiCre was checked by PCR.

2.2.3.7. Generation of Knock-outs

For generation of knock-outs in Leishmania the necessary primers for homologous region (HR) and
single guide RNA (sgRNA) were designed using LeishGEdit®?, accessible on the following website:

http://www.leishgedit.net/Home.html

In a first round of transfection, at least one allele of the gene of interest was replaced by a
puromycin resistance gene. In the next round, the second allele was replaced by a blasticidin resistance

gene, if necessary. For this, the pTPuro, pTBlast and pTNeo plasmids were used and homology arms

were added up- and downstream of the resistance genes.

Oligonucleotides for HR and sgRNA were amplified via PCR:

-  HRPCR:

pTPuro / pTBlast / pTNeo 15 ng/ul

Fw HR primer 20 uM
Rev HR primer 20 uM
DMSO 100%

MgCl; 10 mM

H.O

PWO Mastermix

“HR” Program:
94°C 5 min
94°C 30 sec
65°C 30 sec
72°C 2 min 15 sec
72°C 7 min
4°C oo
- sgRNA PCR:

5’ / 3’ sgRNA Primer 20 uM
Scaffold 10 uM

H,0

PWO Mastermix

-36-

2 ul

2 ul

2 ul
0.6 ul
2.76 pl
0.65 ul
10 ul

40 cycles

4 ul
4 ul
2 ul
10 ul



MATERIALS AND METHODS

“sgRNA” Program:

98°C 30 sec

98°C 10 sec

60°C 30 sec 35 cycles
72°C 15 sec

4°C oo

2 ul of each PCR product was checked on a 1% agarose gel.

- “Steril” Program:

94°C 5 min
4°C )

60x10° logarithmic phase promastigotes were used for electroporation and washed one time in
5 ml Zimmerman buffer. Pellet was resuspended in 200 pl Zimmerman buffer. 7.5ul of each PCR (HR
and both sgRNAs) was pipetted on the bottom of an electroporation cuvette and the parasites were
given to the DNA. Electroporation was done with Amaxa Nucleofector 2b in program X-001. Whole
electroporation solution was pipetted into a T-25 flask with 5 ml of prewarmed LM. After 12 — 16 h the
corresponding antibiotic was added to the flask, which was supplemented with 10% FCS.

For each electroporation, a MOCK control was done in parallel, in which the parasites were
electroporated with the sgRNA but not the HR oligonucleotide. When the MOCK control was fully dead,
the parasites were centrifuged and cultured in fresh LM supplemented with additional 10% FCS but
without antibiotics.

After reaching normal growth behavior, the polyclonal mixture of knock-out parasites was either
subjected to a serial dilution or it was plated on a M199 plate.

For serial dilution, 1x10° parasites were resuspended in 1 m| LM and 125 pl parasites were pipetted
in eight replicates into a blood agar plate. Starting with these sample, eleven 1:5 serial dilutions were
pipetted into the same blood agar plate. The plate was incubated at 27°C for 7 — 10 days. In theory,
after six serial dilution steps, a single-clone cell line is reached.

In parallel, the polyclonal parasites were plated out on M199 plates. For this, different amounts of
parasites were plated onto the plates, ranging from 1,000 — 100,000 per plate. Plates were wrapped
in parafilm and incubated at 27°C for several weeks. Leishmania colonies growing on these plates were

assumed to originate from a single parasite, representing a single-cell clone.
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2.2.3.8. Generation of inducible Knock-outs

Inducible KOs were generated in the same way as the common CRISPR/Cas9 KOs. The sgRNA PCR

was performed accordingly. The HR PCR differed as follows:

- HRPCR:
pTNeoloxPeGFP / pGL2314 15 ng/ul 1l
Fw HR primer 20 uM 1l
Rev HR primer 20 uM 1l
GC Enhancer 4 ul
H,O0 3ul
Platinum Mastermix 10 ul

“Platinum” Program:

98°C 30 sec

98°C 10 sec

72°C 4 min/3 min* 35 cycles
72°C 5 min

4°C oo

* Elongation time was 4 min for the 5’ PCR and 3 min for the 3’ PCR

For electroporation, 60 x 10° DiCre parasites were used with the PCRs from 5’ HR and 5’ sgRNA.
After selection of the neomycin resistance-carrying parasites, the electroporation with the 3’ HR and
3’ sgRNA followed. A further selection for puromycin resistance was done and a serial dilution for

generation of single clones led to the parasites that were used in further experiments.

For the induction of the KO, 100 nM rapamycin was added to the cell culture medium. Parasites
were subjected to flow cytometry daily and checked for eGFP and mCherry expression. For further
counting at the flow cytometer, 123count™ eBeads counting beads were used. For this, 10 pl beads
were mixed with 100 pl of parasite culture and measured at BD Symphony. At least 1000 events of
beads were measured. Further calculation of parasite concentration was done according to the

manufacturer’s instructions.
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2.2.3.9. Confirmation of Knock-outs

To confirm a successful gene knock-out in Leishmania, the genomic DNA was isolated using the
DNeasy Blood and Tissue Kit from Qiagen according to the manufacturer’s instructions. For each knock-
out, four PCRs were established. Firstly, the forward (Primer 1) and reverse primer are positioned
within the coding sequence (CDS) (Primer 2) of the gene of interest (GOI). For the second primer pair,
the forward primer binds in the CDS (Primer 1) and the reverse primer downstream of the restriction
site of Cas9 in the untranslated region (UTR) (Primer 3). The third primer pair detects an inserted
blasticidin resistance with a forward blasticidin primer (Primer B) and a reverse UTR primer (Primer 3).
Lastly, the fourth primer pair detects a puromycin resistance (Primer P), in comparable way as the

blasticidin resistance.

wt KO

1+2 143 3+B 3+P 1+2 1+3 3+B 3+P

3 kb —+
—  S—
1 kb —— [R—
0.5 kb —

Figure 8. Confirmation of knock-out (KO) through PCR. A first PCR within the coding sequence of the gene of interest (GOI)
was performed (1+2). The next PCR binds forward in the CDS and reverse in the UTR (1+3). The third PCR binds forward in the
blasticidin resistance gene and reverse in the GOI UTR (3+B). The last PCR binds forward in the puromycin resistance gene
and reverse in the GOI UTR (3+P). The example agarose gel shows the PCR products of wildtype (wt) left and EndoG KO right.

Thus, for wildtype gDNA, the PCR led to a DNA fragment amplified through primer pair one and
two, but not for the two resistance genes. On the other hand, a successful knock-out led to no PCR

product using the first two primer pairs, but shows a PCR product for the resistance genes (Figure 8).

gDNA 50 ng/ul 1l
Fwd Primer 1w
Rev Primer 1w
H,O 2 ul
PWO Mastermix 5ul

-39-



MATERIALS AND METHODS

“PWQ” Program:

95°C 3 min

95°C 30 sec

60°C * 30 sec 25 cycles
72°C 1 min 30 sec

72°C 10 min

4°C oo

*Annealing temperature was optimized for each primer pair.

2.2.3.10. gRT-PCR

50 — 100x10° Leishmania parasites were harvested and washed in cold PBS. For RNA Isolation, the
RNeasy Plus Kit from Qiagen was used according to the manufacturer’s instructions. For DNA isolation,
the DNeasy Blood and Tissue Kit from Qiagen was used according to the manufacturer’s instructions.
The amount of RNA or DNA was measured at 260 nm using a NanoDrop and diluted to 100 pg/ml for
RNA and 5 ng/ul for DNA.

Up to 10 pg of RNA was treated with 10 U DNase | and 40 U RNase Inhibitor at 37°C for 20 min and
75°C for 10 min. To perform quantitative real-time PCR (qRT-PCR), 100 ng RNA was used for synthesis
of cDNA with the ImProm-Il Reverse Transcription System from Promega according to the
manufacturer’s instructions.

Detection of mRNA or gDNA was performed with the SYBR Green fluorophore. For this purpose,
the MesaBlue qPCR MasterMix Plus from Eurogentec was used, according to the manufacturer’s

instructions. For analysis, the 2"°2® method was used, where kmp11 served as housekeeping gene.

2.2.4. Biochemical Methods

2.2.4.1. \Western Blot

For confirmation of Cas9 expression, a Western blot to detect the FLAG-Cas9 fusion protein was
performed. For this, 3x10° parasites were harvested and resuspended in 20 pl 1 x Laemmli buffer. After
heating for five minutes at 95°C, the lysate was loaded onto a 12% Sodium Dodecyl Sulfate (SDS)
polyacrylamide gel. The proteins were separated by SDS-PAGE at a voltage of 80 V in the stacking gel
and 120 V in the separating gel. Afterwards, the proteins were transferred onto a nitrocellulose
membrane through semi-dry blotting in transfer buffer at 1.5 mA per cm? gel for 1 h. After transfer,
the membrane was blocked for 1 h at RT in TBS-T + 5% milk. Next, the membrane was incubated with

the primary antibody overnight at 4 °C. The membrane was washed three times with 10 ml PBS
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supplemented with 0.1% TWEEN 20 for 5 min and then incubated with the corresponding secondary
antibody for 1.5 h at RT. As described before, three washing steps followed. For detection of
chemiluminescence, the membrane was incubated with the ECL substrate for 30 sec and detected in

the digital gel-documentation device INTAS Chemostar.

2.2.4.2. Preparation of Mass Spectrometry Samples for Proteomic Analysis

25x10° promastigotes or amastigotes were seeded in a 12-well plate in 1 ml of LM or AAM,

respectively. Parasites were treated with compounds for indicated time points and were sedimented

by centrifugation. If the pellet contained too many rabbit erythrocytes from the blood agar plates

(clearly visible by a red pellet), the pellet was resuspended in 1 ml of ammonium chloride and

centrifuged immediately. Pellet was washed twice in 1 ml PBS and centrifuged again. Subsequently,
the supernatant was discarded and the dry pellet was frozen at -80°C.

Mass spectrometric analysis was performed at the Core Facility of Mass Spectrometry at the
University Medical Center Mainz in collaboration with Prof. Stefan Tenzer and PD Dr. Ute Distler.
Samples were shipped on dry ice. Upon arrival, parasites were lysed in 7 M Urea, 2 M Thiourea, 2%
CHAPS by sonication in a Bioruptor. The solubilized proteins were applied to tryptic digestion and
further subjected to high-resolution nanoUPLC separation. Samples were analyzed using data-
independent acquisition on the Waters Synapt G2-S platform. The rawdata was processed by PLGS
searching the Leishmania reference proteome and label-free quantification was performed using the
in-house developed software pipeline ISOQuant!!4. The mass spectrometry data was further analyzed

using Partek®Flow®.

2.2.4.3. Preparation of Mass Spectrometry Samples for Lipidomic Analysis

A distinct number (between 3.3 — 8.4 x 10° parasites per measurement) of logarithmic (d3) and
stationary phase (d10) promastigotes, and as a further control supernatant from blood agar plates
without parasites, were sent to our cooperation partner Prof. Bernhard Spengler in GieRen. Here, lipids
were extracted using the methyl-tert-butyl ether extraction method and resuspended in
acetonitrile/water (60:40; v/v). The internal standard 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine was added and samples were subjected to ultra-high-performance liquid chromatography
(Ultimate 3000 from Dionex) with isopropanol/acetonitrile (90:8) with 10 mM ammonium formate and
0.1% formic acid as second solvent. Afterwards, lipids were applied to high resolution hybrid
quadrupole Orbitrap mass spectrometer (Q-Exactive HF-X from Thermo Fisher Scientific) in data
dependent negative mode. The detected signals, which matched the masses of phosphatidylserine

lipids were further validated by fragmentation. Converting and peak picking was performed using
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Proteowizard, MZmine 2.5 and following identification was done with LipidDataAnalyzer and

LipidMatch.

2.2.4.4. Enzyme-linked immunosorbent assay (ELISA)

Human monocyte derived macrophages type 1 were stimulated with 50 ng/ml IFN-y or 100 ng/ml
LPS with IFN-y for 18 h. Afterwards, medium was replaced and exosomes were added for 24 h.
Supernatants were frozen at -80°C until further use. The concentration of IL-10 or TNFa in cell
supernatants was determined by ELISA in half area 96-well plates. Therefore, everything was done

according to the manufacturer’s instructions but with halved volumes.

2.2.5. Microscopy

To evaluate the morphology of macrophages and Leishmania, microscopic pictures were obtained
via cytospins and following Diff-Quik staining. 100,000 macrophages or 1 x 10° parasites in 100 pl
medium were centrifuged on slides for 5 min at 500 rpm or for 10 min at 1500 rpm, respectively. Slides
were dried on air and subjected to Diff-Quik staining. For this, cells were fixated for 2 min and stained
in eosin (solution ) for 2 min and afterwards in thiazine (solution Il) for 2 min. Slides were washed with
water and dried on air. Pictures were obtained with ZEISS Axiophot in 400x magnification.

TUNEL staining of miltefosine-treated Leishmania was analyzed using the Leica SP8 LIGHTNING
confocal laser scanning microscope. Therefore, fluorescein labeled DNA fragmentation were detected
using the 488 laser and the FITC channel. The staining was complemented by nuclei staining with DAPI
excited by 405 laser and detected in the DAPI channel and Leishmania were visualized by excitation
with 633 laser and detection in the Alexa647 channel. Further examination was done using the Leica
Application Suite X (LAS X) software. Here, same intensities were used to compare different Leishmania

strains.

2.2.6. Statistical Analysis

Statistical analysis of mass spectrometry data was performed in Partek® Flow®. Here, proteins were
considered as significantly regulated when the false discovery rate (FDR) was lower 0.05 and the fold
change bigger 1.5 or lower -1.5. Remaining statistics were done using Two-Way ANOVA with Dunnett's
multiple comparisons test in GraphPad Prism version 8. For P-values *p < 0.05, **p < 0.01, ***p <0.001

and ****p < 0.0001 were considered to be statistically signficiant.
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3. Results

In order to investigate apoptosis in Leishmania, | induced apoptosis in either promastigotes or
amastigotes and subsequently assessed different characteristics of apoptosis. First, | checked for the
decreasing metabolic activity by MTT assay and further for the early apoptosis characteristic
phosphatidylserine externalization via annexin binding. Next, | investigated the late apoptosis
characteristic DNA fragmentation, which can be tested by cell cycle assay, where the fragmented DNA

accumulates in the subG1 phase.

3.1. Apoptosis Induction through different Compounds

| determined the potential of the compounds staurosporine, miltefosine, harmonine and
compound 1o in apoptosis induction. Staurosporine is an unspecific kinase inhibitor that is also

inducing apoptosis in mammalian cells'®®

. Miltefosine is a drug used for the treatment of leishmaniasis,
and it induces leishmanial apoptosis through disruption of the calcium homoeostasis'’. Harmonine and
compound 1o are newly developed compounds with unknown target and working mechanism from
our cooperation partners at the university in GieBen!'®'Y’, To evaluate the potential of the anti-
leishmanial drugs to inhibit or induce apoptosis in the parasites, | performed dose-response
experiments and evaluated their efficacy by calculating an inhibitory concentration (IC) for the
inhibition of the metabolic activity and an effective concentration (EC) for the induction of annexin
binding. The IC/ECso represents the concentration, which leads to a response in the halfway between
top and bottom response. It is expected that the ICso of the metabolic activity is always a little lower
than the ECso of the annexin binding, since for the metabolic assays, an intact mitochondrion is crucial
and the depolarization of the mitochondrion is one of the first steps of apoptosis induction, right
before PS externalization®?8,

To do so, | incubated logarithmic phase L. major promastigotes with different concentrations of the

compounds for 24 h and performed an MTT assay to measure the decrease of metabolic activity of the

parasites after drug exposure (Figure 9).
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Figure 9. Staurosporine, miltefosine, harmonine and compound 10 show micromolar inhibitory concentrations (ICso) of
metabolic activity in L. major promastigotes. Logarithmic phase promastigotes of L. major were treated with different
concentrations of staurosporine (A), miltefosine (B), harmonine (C) and compound 10 (D) for 24 h. MTT was added for 4 h
and metabolic activity was assessed through normalizing to untreated control. ICso values were determined by nonlinear
regression in GraphPad prism. Mean + SD are shown and are representative for three independent experiments.

All compounds decreased the metabolic activity, while staurosporine showed with 4.4 + 1.9 uM the
lowest ICs, followed by miltefosine with 6.9 £ 0.6 uM, compound 1o with 9.1 £ 6.1 uM and harmonine
with 11.0 £1.0 uM. It is noteworthy, that even the highest concentrations with 1o did not decrease the
metabolic activity to the same extend as the other compounds did. In sum, all drugs except compound

1o could diminish the metabolic activity of promastigotes and therefore kill the parasites.

I was further interested in the potential of the compounds to induce apoptosis, and for this | treated
the promastigotes for 24 h and 48 h with the compounds before assessing annexin binding by using
flow cytometry (Figure 9). A higher annexin binding means a higher externalization of PS and therefore

induction of apoptosis”’.
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Figure 10.. Staurosporine, miltefosine and harmonine show micromolar effective concentrations (ECs) of annexin binding
in L. major promastigotes. Logarithmic phase promastigotes of L. major were treated with different concentrations of
staurosporine, miltefosine, harmonine and compound 1o for 24 (blue) and 48 h (red). After indicated time points

phosphatidylserine externalization was assessed through annexinA5 staining at BD LSR Il. ECsg values were determined by
nonlinear regression in GraphPad prism. (n=1-4)

Treatment of L. major promastigotes with 25 pM staurosporine led to over 60% annexin+ parasites
for incubation times 24 h and 48 h. Incubation with 25 uM miltefosine led to over 80% annexin+
promastigotes for both incubation times. For harmonine, a concentration of 50 uM was necessary to
obtain 60% annexin+ promastigotes. In all the tested concentrations, compound 10 reached no higher
annexin+ cells than 40%. The percentages of annexin+ cells after 24 h and 48 h of treatment with the
compounds was comparable. Effective concentration 50 (ECso) of 24 h incubation was lowest for
miltefosine treatment with 3.97 + 2.30 uM, followed by staurosporine with 9.05 + 4.0 uM and
harmonine with 29.19 + 10.80 uM. After 48 h incubation, staurosporine showed the lowest ECso (3.75
1 3.26 uM), followed by miltefosine (6.13 + 3.79 uM) and harmonine (22.48 + 11.60 uM). In summary,
the results show that the most competent apoptosis inducer for promastigotes was miltefosine,
followed by staurosporine and harmonine, while compound 1o was not able to induce apoptosis in
promastigotes.

In addition to phosphatidylserine externalization, assessed by annexin binding and quantified as an
early sign of apoptosis, | also quantified later apoptosis characteristics such as DNA fragmentation by

using cell cycle analysis. Furthermore, since multiplying parasites in host macrophages are in the
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amastigote stage, | used axenic amastigote cultures!!® to asses early and late signs of apoptosis in this

parasite stage in comparison to promastigotes (Figure 11).
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Figure 11. Staurosporine induces different apoptosis characteristics in L. major promastigotes and amastigotes, while
miltefosine and harmonine is only active in promastigotes and 1o is active in amastigotes. L. major logarithmic phase
promastigotes (Pro) and axenic amastigotes (Ama) were treated with 25 uM staurosporine (A), 25 uM miltefosine (B), 30 uM
harmonine (C) or 25 uM compound 1o (D). After 24 h, phosphatidylserine externalization was measured via annexin A5
binding (Annexin+). Further, DNA fragmentation was measured by cell cycle analysis on the treated parasites and the
proportion of sub-G1-phase parasites (corresponds to fragmented DNA) is shown (subG1+). Data shows mean + SD and is
representative for at least 3 independent experiments. Significance was assessed by Two-Way ANOVA with ***p < 0.001 and
***¥p<0.0001.

Staurosporine induced annexin binding as well as DNA accumulation in the subG1l phase in
Leishmania promastigotes as well as amastigotes. Parasites were 67.45 + 18.03% and 86.47 + 10.96%
annexin+ and 59.57 + 26.88% and 38.43 + 9.75% subG1l+ for promastigotes and amastigotes,
respectively. Miltefosine only induced PS externalization (96.00 + 1.52% annexin+) and DNA
fragmentation (67.70 + 13.27% subG1+) in promastigotes but not in amastigotes (12.24 + 4.47%
annexin+ and 13.03 + 4.02% subG1+). For harmonine, the same was true but to a lower extent. Here,
promastigotes showed annexin+ of 56.67 + 16.16% and subG1+ of 58.03 + 25.38%, while the
amastigotes were only 12.96 + 5.06% annexin+ and 14.44 + 12.35% subG1+. Compound 1o led to
higher annexin binding in amastigotes (52.28 + 16.09%) than in promastigotes (32.70 + 9.47%) and to
DNA fragmentation only in amastigotes (74.40 £ 20.74%) but not in promastigotes (15.53 + 8.25%).
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As | could determine by increased annexin and subG1+ parasites, staurosporine is a very effective
apoptosis inducer in promastigotes as well as in amastigotes. Miltefosine was able to significantly
increase annexin binding and DNA fragmentation in promastigotes, while in amastigotes the values
were comparable to the untreated control. The difference between promastigotes and amastigotes
was highly significant. Harmonine showed a comparable pattern to miltefosine, as apoptosis
characteristics were only increased in the promastigote stage and not in the amastigote. However, the
values were lower than after miltefosine treatment. Also here, the difference between promastigotes
and amastigotes were significant. For compound 1o, annexin binding and DNA fragmentation assessed
by cell cycle were higher in the amastigote form than in the promastigote stage. This was more
pronounced for DNA fragmentation than for annexin binding, though significant for both. Overall,
miltefosine and harmonine were determined to be potent apoptosis inducers in promastigotes, while
compound 10 had an effect in amastigotes and staurosporine in both forms.

The newly developed compounds harmonine and 1o were only effective in either of the parasite
life stages. Since promastigotes are cultured in medium with pH 7.4 and amastigotes are cultured in
pH 5.5, to mimic the acidic environment of the phagolysosome, it is not clear if the compounds are
only effective in the tested pH or if they are really only effective in one parasitic stage. To answer this
question, promastigotes were cultured in amastigote medium pH 5.5 and amastigotes were cultured
in promastigote medium pH 7.4 and were treated with 25 UM compound 1o or 30 uM harmonine for

24 h (Figure 12).
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Figure 12. Harmonine is highly dependent on the pH of the environment. Compound 10 and harmonine were tested in two
different media (AAM with pH 5.5 and LM with pH 7.4) for their phosphatidylserine exposure inducing activity in L. major
promastigotes (Pro) and amastigotes (Ama). Parasites were incubated with 25 uM 10 or 30 uM harmonine for 24 h in
amastigote medium (pH 5.5) or promastigote medium (pH 7.4) and then assessed via annexin staining for PS exposure. Data
is representative for at least 3 independent experiments and shown as mean + SD. Significance was assessed by Two-Way
ANOVA with ***p < 0.001 and ****p<0.0001.

Compound 1o showed comparable activity at both pH values for promastigotes (pH 5.5: 48.77 +
9.92%; pH 7.4: 36.18 £ 8.15%) and amastigotes (pH 5.5: 52.28 + 16.09%; pH 7.4: 59.10 + 9.38%).
At pH 5.5, harmonine led to 22.13 + 9.94% annexin+ promastigotes and to 12.96 + 5.06% annexin+

amastigotes, which is only slightly increased compared to untreated parasites (see Figure 11).
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However, it showed almost as high annexin positivity for amastigote (48.10 + 12.27%) as for
promastigotes (56.67 + 16.16%) at pH 7.4. Thus, harmonine is only active at a neutral pH and not at an

acidic pH as found in a phagolysosomal compartment.

3.2. Mass Spectrometry Analysis of Leishmania major

As described above, various drugs, including those already used in the clinics, induce apoptosis in
different parasite live stages by targeting different molecules and mechanisms. Since there is not much
known about apoptosis regulation in Leishmania, | was aiming to identify proteins involved in
apoptosis using a mass spectrometry approach. To this end, | induced apoptosis through the
mentioned apoptosis-inducing agents. In order to identify initiators and executioners of apoptosis, |
aimed to analyze the parasite’s proteome at an early time point after treatment when apoptosis is just

induced, and a later time point at which apoptosis is already fully activated.

3.2.1. Assessment of Time Points of Apoptosis Induction for Mass

Spectrometry
As indicator for apoptosis induction, | assessed annexin binding for staurosporine, miltefosine,
harmonine and compound 1o in promastigotes (Figure 13) and amastigotes (Figure 14). For this,

different time points and two different concentrations were tested.
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Figure 13. Staurosporine, miltefosine and harmonine but not 1o induce phosphatidylserine (PS) exposure in L. major
promastigotes. PS exposure measured by annexin staining in L. major promastigotes was performed after incubation of

different concentrations of staurosporine, miltefosine, harmonine and 1o. Annexin staining was carried out after indicated
time points and measured at BD LSR II; n=1-3.

The percentage of annexin+ promastigotes increased slightly after 6 h staurosporine treatment and
was approximately 80% after 24 h, independent of the concentration that was used. Miltefosine
already showed annexin+ of 39.5 + 6.5% at a concentration of 25 uM after 3 h. After 24 h at 25 uM
miltefosine, 95.0 + 1.4% were annexin+. Harmonine treatment caused slightly increasing apoptosis
characteristics after 6 h and 66.8 + 12.3% at a concentration of 50 uM after 24 h. Compound 1o did
not induce apoptosis at all. After 24 h at a concentration of 25 uM compound 1o, 31.9% of the

parasites were annexin+, which is negligible compared to 31.5% of the untreated parasites.
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Figure 14. Staurosporine and 1o but not miltefosine and harmonine induce phosphatidylserine (PS) exposure in L. major
amastigotes. PS exposure measured by annexin staining in L. major amastigotes was performed after incubation of different

concentrations of staurosporine, miltefosine, harmonine and 1o. Annexin staining was carried out after indicated time points
and measured at BD LSR II; n=1-3.

In amastigotes, 18 h of 25 UM staurosporine treatment increased the annexin binding from <20% in
the untreated parasites to 44.6%, and after 24 h at 50 uM, 85.1% were reached. For miltefosine and
harmonine, annexin binding did not increase after 24 h at 25 uM or 50 uM, respectively. At a

concentration of 25 uM, compound 1o led to annexin binding of 44.5% after 18 h and 83.4% after 48 h.

In order to perform mass spectrometry analysis on the parasites, | decided to use an early time point
after drug treatment, with a proportion of annexin+ parasites lower than 40%, and a late time point
with annexin+ higher than 60%, see Table 1. For the compounds that did not induce apoptosis at all in

the parasites, only one time point and concentration was chosen.
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Table 1. Concentrations and time points of staurosporine, miltefosine, harmonine and compound 1o that were used to
treat promastigotes and amastigotes of L. major for mass spectrometry analysis.

Promastigotes Amastigotes
Early Time point Late Time point Early Time point Late Time point
25 uM 25 uM 50 uM 50 uM
Staurosporine
6h 24 h 6h 24 h
25 uM 25 uM 25 uM
Miltefosine -
3h 24 h 24 h
50 uM 50 uM 50 uM
Harmonine -
6h 24 h 24 h
25 uM 25 uM 25 uM
Compound 1o -
24 h 6h 24 h

In addition, as a control of naturally dying parasites, L. major from the stationary growth phase were

included in the mass spectrometry screen. In my experiments, 69.6 + 4.8% of the parasites from this

growth phase exhibited annexin-binding properties, confirming my expectation that the majority of

the parasites in the stationary growth phase is already dead.

3.2.2. Analysis of Mass Spectrometry Data

Seven replicates of each of the differentially treated parasite samples were sent to Prof. Stefan

Tenzer, Mainz and the parasites’ proteome was analyzed via label free quantitative MS. Subsequent

analysis of the MS data was performed using Partek®Flow® (Figure 15).
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Figure 15. Pipeline for mass spectrometry data analysis in Partek®Flow®. Raw mass spectrometry data was uploaded to
Partek® and filtered for control sequences and contaminants in a first step. Afterwards, they were normalized using counts
per million (CPM) analysis and 1.0E-4 was added to avoid zero values. To test for differential expression, a Gene Specific
Analysis (GSA) was performed with the lowest average coverage of 1. Further, all conditions were compared to untreated
control and considered as significant when the false discovery rate was lower 0.05 and the fold change bigger 1.5 or
lower -1.5. Normalized counts were also used to perform a principal component analysis (PCA) and to do a hierarchical
clustering.

The Partek®Flow® pipeline was comprised of filtering, normalization and differential expression
analysis. In a first step, the control sequences that are used for MS and contaminants that arise during
sample preparation were filtered out. This led us to the overall count of 4416 proteins in promastigotes
and 2376 proteins in amastigotes. When considering 8038 predicted proteins in L. major proteome?
this corresponds to 55% of the whole proteome for promastigotes and 30% for amstigotes that was
found in our screen.

The filtered counts were normalized using the CPM (counts per million) method, in which 1.0E-4
was added to avoid zero values. At this point, values were used to perform principal component
analysis (PCA) and hierarchical clustering for heat maps. This was followed by the differential
expression analysis using the gene specific analysis (GSA) method, in which the lowest average
coverage of 1 was used. All of the treatment conditions were then compared to the untreated control.
The up- or downregulation of proteins were considered as significant when the false discovery rate
(FDR) was < 0.05 and the fold change was > 1.5 or < -1.5.

During the analysis, | could see that the seven replicates of harmonine-treated promastigotes (24 h)

differed. This could also be seen in the PCA, where the replicates did not cluster at all. Hence, | excluded

this condition for further analysis.
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The PCA of the promastigote dataset showed that, compared to the untreated sample, compound
1o shows similarly regulated proteins. In stationary phase promastigotes, slightly different proteins
were regulated compared to untreated parasites. For the staurosporine 6 h treatment and the
harmonine 6 h treatment, similar proteins were regulated that were different to the untreated control.
24 h of staurosporine treatment led to an altered up- or downregulation of distinct set of proteins. For
the miltefosine 3 h treatment, four of the replicates were quite similar to the untreated promastigotes
and three replicates differed. 24 h of miltefosine treatment had the biggest effect on the regulation of
proteins compared to control. Here, the seven replicates clustered almost completely. This is in line
with the expectation that small changes in apoptosis characteristics (e.g. compound 1o treatment) led
to only a small subset of proteins that are differently regulated. On the other hand, big changes in
apoptosis characteristics (for example miltefosine 24 h treatment) led to a large subset of differently
regulated proteins (Figure 16A).

In the amastigote dataset, the untreated sample showed similarly regulated proteins as samples
exposed to miltefosine or compound 10 (both time points). Staurosporine 6 h, 24 h and harmonine
regulated specific proteins that were completely different to all other conditions. The replicates in the
amastigote dataset did not cluster as strongly as the replicates in the promastigote dataset (Figure

16B).
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Figure 16. Proteins of L. major promastigotes and amastigotes are differentially regulated upon treatment with various
apoptosis inducers. Principal component analysis (PCA) of mass spectrometry data obtained from promastigotes (A) or
amastigotes (B) was performed in Partek®Flow®. Data was filtered for control sequences and contaminant and normalized
before PCA was assessed in Partek®Flow®. For promastigotes 54 and for amastigotes 48 samples were included in the analysis.
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3.2.2.1. Differential Expression Analysis of Promastigotes

Using Partek®Flow®, all compound-treated samples were compared to the untreated controls of
promastigotes or amastigotes. To assess which proteins are significantly up- or downregulated in the
treated samples compared to the untreated samples, | used the differential expression analysis. The
regulated proteins were considered as significant when the false discovery rate (FDR) was lower 0.05
and the fold change was lower -1.5 for downregulation and bigger 1.5 for upregulation. All proteins
were plotted in volcano plots, where each dot represents one protein. The grey dots indicate not
significantly regulated proteins and the colored dots indicate regulated proteins. On the left side, they
show a negative fold change and therefore a downregulation and on the right side a positive fold
change and therefore upregulation. A Venn diagram shows further the overlap of proteins that are
regulated in more than one condition.

The differential expression analysis for staurosporine-treated promastigotes showed that there are
75 proteins regulated after 6 h treatment. 18 h later, only 13 proteins were significantly regulated
(Figure 17A-C). Only two proteins are differentially regulated (upregulated) in both time points (Figure
17C): ribosomal protein S2 and elongation factor 1-alpha (see Supp. Table 2 and Supp. Table 3). It is
noteworthy, that considering both time points, 80 proteins were downregulated and only 6 were

upregulated. That means much more proteins were downregulated than upregulated.

A B

P-value (Staurosporine 6h vs w/o)
P-value (Staurosporine 24h vs w/o)

" Fold change (Staurosporine 24h vs w/o)

\
6h | 73 [ 2 | 1 | 24n

Figure 17. Specific proteins are regulated during staurosporine treatment in L. major promastigotes. Volcano plot of
staurosporine treated promastigotes shows 75 regulated proteins after 6 h treatment (A) and 13 regulated proteins after
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24 h treatment (B). Venn diagram shows 2 proteins that are regulated in both conditions (C). Figures were created in
Partek®Flow® and considered as significant when the false discovery rate (FDR) was lower 0.05 and the fold change bigger
1.5 or lower -1.5. List of regulated proteins can be found in Supp. Table 2 and Supp. Table 3.

The treatment of promastigotes with miltefosine for 3 h led to the upregulation of four proteins
and the downregulation of four proteins (Figure 18A). 21 h later, 102 proteins were regulated, whereas
88 of them were downregulated (Figure 18B). Seven proteins were identified to be regulated at both

time points (Figure 18C).
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Figure 18. Specific proteins are regulated during miltefosine treatment in L. major promastigotes. Volcano plot of
miltefosine treated promastigotes shows 8 regulated proteins after 3 h treatment (A) and 102 regulated proteins after 24 h
treatment (B). Venn diagram shows 7 proteins that are regulated in both conditions. Figures were created in Partek®Flow®
and considered as significant when the false discovery rate (FDR) was lower 0.05 and the fold change bigger 1.5 or lower -1.5.
List of regulated proteins can be found in Supp. Table 4 and Supp. Table 5.

Six hours of harmonine treatment led to the regulation of 49 proteins in promastigotes, of which
44 were downregulated and only five were upregulated (Figure 19). As already mentioned, the data

for the 24 h treatment could not be analyzed, because it did not meet the quality standards.
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Figure 19. Volcano plot of harmonine-treated L. major promastigotes shows that 49 proteins are differentially regulated
after 6 h. Figure was created in Partek®Flow® and considered as significant when the false discovery rate (FDR) was lower

0.05 and the fold change bigger 1.5 or lower -1.5. List of regulated proteins can be found in Supp. Table 6.

Compound 1o, which was the only compound tested that does not induce apoptosis in

promastigotes, altered the measured abundance of only 12 proteins after 24 h of treatment compared

to the untreated control. Here, three proteins were upregulated and nine downregulated (Figure 20).

P-value (Compound 10 vs w/o)
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Figure 20. Volcano plot of compound 1o treated L. major promastigotes shows that twelve proteins are differentially
regulated after 24 h. Figure was created in Partek®Flow® and considered as significant when the false discovery rate (FDR)
was lower 0.05 and the fold change bigger 1.5 or lower -1.5. List of regulated proteins can be found in Supp. Table 7.

Promastigotes of the stationary growth phase showed the upregulation of three and the

downregulation of five proteins compared to the promastigotes of the logarithmic growth phase

(Figure 21).

-57-



RESULTS

® 3367 points
8 selected

P-value (Stationary Phase vs w/o)

Fold change (Stationary Phase vs w/o)

Figure 21. In the stationary phase of L. major promastigotes eight proteins were differentially regulated compared to the
logarithmic phase. Figure was created in Partek®Flow® and considered as significant when the false discovery rate (FDR) was
lower 0.05 and the fold change bigger 1.5 or lower -1.5. List of regulated proteins can be found in Supp. Table 8.

Taken together, the different compound treatments led to the regulation of specific proteins in
early and late timepoints of apoptosis induction. The effect on downregulation of proteins was more

pronounced than on protein upregulation.

3.2.2.2. Differential Expression Analysis of Amastigotes
When observing the differential expression analysis of the amastigote dataset it became clear that
overall, there were more proteins significantly differentially regulated than in the promastigote
dataset. For the staurosporine-treated amastigotes, there were 401 proteins regulated after 6 h
(Figure 22A) and 735 after 24 h (Figure 22B). The overlap between the two time points was 194
proteins (Figure 22C).
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Figure 22. A high number of proteins are regulated during staurosporine treatment in L. major amastigotes. Volcano plot
of staurosporine treated amastigotes shows 401 regulated proteins after 6 h treatment (A) and 735 regulated proteins after
24 h treatment (B). Venn diagram shows 194 proteins that are regulated in both conditions (C). Figures were created in
Partek®Flow® and considered as significant when the false discovery rate (FDR) was lower 0.05 and the fold change bigger
1.5 or lower -1.5. List of regulated proteins can be found in Supp. Table 9 and Supp. Table 10.

Miltefosine, which is not inducing apoptosis in amastigotes (see Figure 11 and Figure 14), led to the

differential regulation of 50 proteins, most of which were upregulated (Figure 23).
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Figure 23. 50 proteins are regulated during 24 h miltefosine treatment in L. major amastigotes. Figures was created in
Partek®Flow® and considered as significant when the false discovery rate (FDR) was lower 0.05 and the fold change bigger
1.5 or lower -1.5. List of regulated proteins can be found in Supp. Table 11.
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The treatment of amastigotes with harmonine did not induce apoptosis but let to the differential

regulation of 234 proteins (Figure 24).
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Figure 24. 234 proteins are regulated during 24 h harmonine treatment in L. major amastigotes. Figure was created in
Partek®Flow® and considered as significant when the false discovery rate (FDR) was lower 0.05 and the fold change bigger
1.5 or lower -1.5. List of regulated proteins can be found in Supp. Table 12.

As shown before, compound 1o very strongly enhanced annexin binding in amastigotes (Figure 14).
This induction of apoptosis led to the differential regulation of 34 proteins after 6 h of treatment with
compound 1o (Figure 25A). After 24 h treatment, there were 442 proteins differentially regulated
(Figure 25B). There were 31 proteins found to be differentially regulated in both timepoints (Figure

25C).
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Figure 25. A high number of proteins are regulated during compound 1o treatment in L. major amastigotes. Volcano plot
of compound 1o treated amastigotes shows 34 regulated proteins after 6 h treatment (A) and 442 regulated proteins after
24 h treatment (B). Venn diagram shows 31 proteins that are regulated in both time points. Figures were created in
Partek®Flow® and considered as significant when the false discovery rate (FDR) was lower 0.05 and the fold change bigger
1.5 or lower -1.5. List of regulated proteins can be found in Supp. Table 13 and Supp. Table 14.

Overall, there were explicitly more proteins changed in their abundance in the amastigote state
than in the promastigote after compound treatment. Even the compounds that did not induce
apoptosis in amastigotes, namely miltefosine and harmonine, led to the differential regulation of 50

and 234 proteins, respectively.

To identify proteins that play a major role during apoptosis, | investigated the conditions that
elicited the induction of apoptosis in more detail. For promastigotes, the early time points of the
different drug treatments (staurosporine 6 h, miltefosine 3 h and harmonine 6 h) were compared to

each other (Figure 26).
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UniProt ID Protein Gene Locus
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Figure 26. Four proteins were significantly upregulated in all early conditions of apoptosis induction in logarithmic phase
L. major promastigotes. Venn diagram shows that 4 proteins are uniquely regulated through miltefosine, 44 through
staurosporine and 18 through harmonine treatment. Staurosporine and harmonine have 27 proteins in common and all three
conditions led to the upregulation of the four proteins, which are shown in the table. Venn diagram was created in
Partek®Flow® and considered as significant when the false discovery rate (FDR) was lower 0.05 and the fold change bigger
1.5 or lower -1.5. Protein names and gene loci were retrieved through the online resource www.uniprot.org.

Upon these treatments, four proteins were differentially regulated in all conditions compared to
the untreated control: p1/s1 nuclease, polyubiquitin, 40S ribosomal protein S2 and elongation factor
1-alpha. The proteins were all upregulated and no common downregulated proteins were observed.
Since they were upregulated at early time points after treatment, they are likely to be important for
apoptosis induction and | therefore considered them to be pro-apoptotic.

When comparing the later time points of apoptosis (stationary growth phase, 24 h staurosporine
and miltefosine treatment), elongation factor 1-alpha was the only protein that was regulated in all

conditions (Figure 27).
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UniProt ID Protein Gene Locus
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Figure 27. Elongation factor 1-alpha was upregulated in all late conditions of apoptosis induction in L. major promastigotes.
Venn diagram shows that 4 proteins are uniquely regulated in stationary growth phase, 9 through staurosporine and 97
through miltefosine treatment. Stationary phase and staurosporine treatment have one protein in common, staurosporine
and miltefosine 2 and miltefosine and stationary phase also 2 proteins. Venn diagram was created in Partek®Flow® and
considered as significant when the false discovery rate (FDR) was lower 0.05 and the fold change bigger 1.5 or lower -1.5.
Protein name and gene locus was retrieved through the online resource www.uniprot.org.
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Taken together, we could quantify 4416 proteins in promastigotes and 2376 in amastigotes through
the use of mass spectrometry. Within these, | found in apoptosis-inducing conditions 15 up- and 189
downregulated proteins in promastigotes and 455 up- and 633 downregulated proteins in amastigotes.
In all apoptosis-inducing conditions of promastigotes, elongation factor 1-alpha was upregulated. This

highlights the importance of this protein during the regulation of Leishmania cell death.

3.3. Knock-outs of Mass Spectrometry Targets

In order to confirm the importance during apoptosis induction of the identified proteins through
mass spectrometry, | aimed to perform gene knock-outs (KOs) of the four initial targets | found
comparing early timepoints of death stimuli, being p1/s1 nuclease, polyubiquitin, 40S ribosomal
protein S2 and elongation factor 1-alpha.

The KOs were generated using a CRISPR/Cas9-based method that replaces the gene of interest
(GOI) by an antibiotic resistance gene (see Introduction). Therefore, a puromycin resistance gene was
inserted, replacing each single gene of the four targets and thereby potentially creating four single
knock-out strains. For the deletion of the genes encoding polyubiquitin or 40S ribosomal protein S2, |
did not vield living parasites, suggesting that this modification was lethal. For p1/s1 nuclease and
elongation factor 1-alpha, a partial KO could be obtained: one gene copy could be replaced by the
puromycin resistance cassette but there was still at least one copy of the gene left, since the second
allel was not knocked out or the gene resides as multi-copy gene within the genome. The generation
of full KOs, by subsequent replacement of the other copy through insertion of a blasticidin resistance
gene, was not successful as culturing of the parasites in puromycin- and blasticidin-containing selection
medium led to death of both knock-out candidates.

A more detailed investigation of the partial KOs showed that the gene-corresponding mRNA levels
were highly reduced for both partial KOs (Figure 28A). Upon the deletion of elongation factor 1-alpha,
the amount of mMRNA was reduced to approximately 50% compared to the Cas9/T7 control. The mRNA
level of p1/s1 nuclease was almost depleted in the respective gene knockout, but still above the
detection limit. Since | could see a very strong reduction of mRNA level, | decided to determine the
following apoptosis characteristics; reactive oxygen species (ROS), PS externalization and DNA
fragmentation (Figure 28B-F). Different stainings for distinct ROS species were applied: H,DCFDA
detects H,0,, HO", ROO-; DHR123 detects ONOO", H,0, and HOCl and DHE detects 0,13, Since | sought
to detect apoptosis characteristics, it was necessary to induce apoptosis, which | did through the

treatment with the different compounds.
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Figure 28. mRNA levels of the partial knock-outs (KO) of p1/s1 nuclease (p1/s1 +/-) and elongation factor 1-alpha (EFla
+/-) were reduced, which had no effect on apoptosis characteristics. MRNA levels of both KOs were determined by 2-84CT
method using kmp11 as housekeeping gene and normalization to Cas9/T7 control (A). Parasites were treated with 25 uM
staurosporine, 25 uM miltefosine 30 uM harmonine or 25 uM compound 1o for 4 h and ROS levels were measured using
H,DCFDA (B), DHE (C) and DHR123 (D) staining at flow cytometer BD LSR II. PS externalization was assessed after treatment
with compounds for 24 h by annexin A5-FITC binding and readout at flow cytometer BD LSR Il (E). DNA fragmentation was
determined after the mentioned treatments for 24 h and cell cycle assay at BD LSR Il (F). Data shows the result of one
experiment.

Even though the mRNA levels were reduced for both partial KOs, there was no observable effect on
different ROS species, PS externalization and DNA fragmentation (Figure 28B-F). Only the mean
fluorescence intensity (MFI) of DHR123 was slightly reduced in the untreated partial KO of elongation
factor 1-alpha compared to the control strain. However, after treatment with different compounds,

there was no effect detectable anymore (Figure 28D).

As none of the above-described genes was determined suitable to explore apoptosis mechanisms in
L. major, | decided to choose further potential targets based on the mass spectrometry dataset and
also based on published data in literature (see Table 2). | sought to generate KOs for all of the listed
genes, but a full KO could only be obtained for DPP, MCA and EndoG as confirmed by PCR of the

respective genetic locus (EndoG and MCA will be discussed in more detail in the next section). In
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addition, the full KO of SMP4 was provided by Antonio Jiménez Ruiz for further investigations. For all

other genes, | was only able to achieve partial KOs. A qRT-PCR showed that the mRNA level of the

partial KOs of tryparedoxin peroxidase (TRYP4) and ATP-binding cassette protein subfamily G, member

2 (ABCG2) was reduced by half compared to the control. For the partial KOs pyruvate kinase (PK) and

carboxypeptidase (CP), only small amounts of mRNA were still detectable, and for the partial KO of the

uncharacterized protein (KO7), as for all full KOs, the mRNA level was below the detection limit (Figure

29A).

Table 2. List of KO Targets and the reason why there were chosen for experiments.

Abbreviation UniProt ID Protein Gene Locus Background
TRYP4 Q4QF74 Tryparedoxin LmjF.15.1060 MS: only detected in untreated
peroxidase promastigotes
KO7 Q4QDQ9 Uncharacterized LmjF.18.1300 MS: upregulated in apoptosis
protein (Probably inducing conditions
transmembrane
transporter according
to uniprot.org)
PK E9AEH9 Pyruvate kinase LmjF.35.0020 MS: downregulated in both
miltefosine time points in
promastigotes
CcP Q4Q0D4 Putative LmjF.36.6260 MS: only detected in early
carboxypeptidase timepoints of apoptosis
induction in promastigotes
SMP4 Q5SDH3 Putative small LmjF.20.1280 Earlier MS screen from J.
myristoylated protein Steinacker: upregulated in
4 (former protein staurosporine treated
name: Calpain-like promastigotes!??
peptidase)
DPP Q4QJA6 Dipeptidyl peptidase 3 LmjF.05.0960 Earlier MS screen from J.
Steinacker: downregulated in
staurosporine treated
amastigotes?!
ABCG2 Q4QJ70 Putative ATP-binding LmjF.06.0090 Published to be involved in the
cassette protein externalization of
subfamily G, member 2 phosphatidylserine!??
EndoG Q4QHF4 Putative endonuclease LmjF.10.0610 Published to be involved in
G Leishmania apoptosis®®
MCA E9AEYO and Metacaspase LmjF.35.1580 Published to be involved in
B6DU86 Leishmania apoptosis'®
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Investigations of the different ROS species for the partial KOs of TRYP4, KO7, PK, CP and ABCG2 and
of the full KOs of DPP, SMP4 were performed. Here, | could observe a strong increase of H,DCFDA-
detectable ROS for the ABCG2 +/- parasites compared to control Cas9/T7 parasites. This increase was
strongest for untreated parasite. After treatment with the compounds staurosporine, miltefosine,
harmonine and compound 1o, it was still observable but not to the same extend (Figure 29B). For the
other KOs, there was no change seen in H,DCFDA-detectable ROS levels. DHE and DHR123 staining

showed no significant differences overall (Figure 29C, D).

The apoptosis characteristics PS externalization and DNA fragmentation were assessed through
annexin binding and cell cycle assay, respectively. These parameters showed comparably high values
for control parasites as for KOs in the untreated as well as in the apoptosis-induced conditions (Figure

29E, F).

Taken together, the KOs of polyubiquitin and 40S ribosomal protein S2 were lethal for the parasite.
However, | could achieve a partial KO of p1/sl1 nuclease, elongation factor 1 alpha as well as for the
further targets TRYP4, KO7, PK, CP and ABCG2, and furthermore a full KO of DPP. The KOs led to a
decrease of the respective gene-specific mMRNA expression. Further investigations of the apoptosis
characteristics ROS induction, PS externalization and DNA fragmentation were not altered except for

an increase in H,DCFDA-detectable ROS levels for ABCG2 partial KO.
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Figure 29. mRNA levels of the partial knock-outs (KO) of tryparedoxin peroxidase (TRYP4 +/-), pyruvat kinase (PK +/-),
carboxypeptidase (CP +/-) and ATP-binding cassette protein subfamily G, member 2 (ABCG2 +/-) were reduced, while the
mRNA levels of partial KO of uncharacterized protein (KO7 +/-) and full KO of small myristoylated protein 4 (SMP4) and
Dipeptidyl peptidase 3 (DPP) were below the detection limit (bdl). mRNA levels of all KOs were determined by 2-22CT method
using kmpl1l as housekeeping gene and normalization to Cas9/T7 control (A). Parasites were treated with 25 uM
staurosporine, 25 uM miltefosine, 30 uM harmonine or 25 uM compound 1o for 4 h and ROS levels were measured using
H>DCFDA (B), DHE (C) and DHR123 (D) staining at flow cytometer BD LSR Il. PS externalization was assessed after treatment
with 25 uM staurosporine, 25 uM miltefosine 30 uM harmonine or25 UM compound 10 for 24 h by annexin A5-FITC binding
and readout at flow cytometer BD LSR Il (E). DNA fragmentation was determined after the mentioned treatments for 24 h by
cell cycle assay and readout at flow cytometer BD LSR Il (F). Data shows the results of one experiment (A) or one experiment
for the partial KOs except ABCG2 +/-; full KOs and ABCG2 +/- were assessed in at least three independent experiments. Heat
maps show the median of MFIs that were normalized to Cas9/T7 control (B-D), % annexin+ (E) and % subG1+ (F).

As ABCG2 partial KO promastigotes from the logarithmic growth phase showed a very strong
upregulation of H,DCFDA-detectable ROS species, | also investigated the corresponding stationary

phase promastigotes and amastigotes for their ROS levels, in order to see if it is a stage specific effect

(Figure 30).
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Figure 30. ROS levels of partial ATP-binding cassette protein subfamily G, member 2 knock-out (ABCG2 +/-) were only
increased in logarithmic phase promastigotes. Untreated logarithmic and stationary phase promastigotes as well as
amastigotes of Cas9/T7 and ABCG2 partial KO were stained with H,DCFDA, DHE and DHR123 to detect ROS levels in the
parasites. Data are shown as mean +SD and are representative for at least three independent experiments. Significance was
assessed by Two-Way ANOVA with *p < 0.05.

For logarithmic phase promastigotes exhibiting the partial KO of ABCG2, there was a strong and
significant increase (26-fold) in the H,DCFDA-detectable ROS H,0,, HO' and ROO'. This could also be
seen for stationary phase promastigotes (3.2-fold); however, it was not so pronounced since the ROS
level in the stationary phase are clearly lower (compare the MFI 641.0 + 370.0 in the Cas9/T7
logarithmic phase promastigotes to 209.0 + 102.1 in the stationary phase promastigotes). There was
only a minor increase in ROS for amastigotes (1.7-fold). The DHE assay, which stains Oy, showed
slightly increased values for amastigotes in the partial ABCG2 KO (1.9-fold) but not for the
promastigotes in both growth phases. The DHR123 staining, which mainly detects ONOO" but also H,0;
and HOCI, showed slightly increased values for logarithmic phase promastigotes (1.5-fold) and
amastigotes (1.2-fold), but not for stationary phase promastigotes. Since ABCG2 is suggested to be
involved in PS externalization!??, | expected a decrease in annexin binding, which | could not see (see
Figure 29). However, what | observed was an increase in ROS levels, which was the biggest increase
for H,DCFDA in living promastigotes of the ABCG2 partial KO compared to the control. This depicts a
new role for ABCG2 in the defense against ROS in Leishmania.

Since apoptotic promastigotes are crucial for disease development*, | would expect less disease
development after the deletion of a protein which induces Leishmania apoptosis, and an increased
disease development after the deletion of a protein which impairs apoptosis in the parasite. In order
to clarify if a protein indeed has a role in disease development, | first investigated the infection process.

The model that we are using in the laboratory is the infection of primary human monocyte-derived
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macrophages with Leishmania. | stained stationary phase promastigotes with the dye CFSE and
infected human primary macrophages for 3 h at an MOI of 10. After 24 h, | checked for the percentage

of infected macrophages, which were CFSE+, via flow cytometry (Figure 31).

60
= M1
9 = M2
8 401
o
[=
2
S 20-
2
£
0

Cas9/T7 SMP4 KO DPP KO  ABCG2 +/-

Figure 31. Infection rate of human primary macrophages is not altered for the KO of small myristoylated protein 4 (SMP4),
dipeptidylpeptidase (DPP) and partial KO of ATP-binding cassette protein subfamily G, member 2 (ABCG2 +/-). Human
primary macrophages type 1 and 2 (M1/M2) were infected with CFSE-stained stationary phase promastigotes for 3 h at an

MOI of 10. 24 h later, infection rate was assessed by checking for CFSE+ macrophages via flow cytometry. For SMP4 KO
infection n=2-3, rest n >5.

Around 20-25 % of type 1 or 2 macrophages were measures to be infected with the control
parasites, and the infection rate did not significantly change when infection was performed using the

SMP4 KO, DPP KO or the partial ABCG2 KO parasites. This means the KOs had no influence on the

infectivity of the parasites.

3.4. Endonuclease G and Metacaspase

As already mentioned, | investigated as well the role of published apoptosis-involved proteins to
get new insights in the apoptosis machinery of Leishmania. Since previously published data from
multiple sources described a role of EndoG and MCA in apoptosis®1%, | aimed to investigate their
function in more detail. | created an EndoG KO, an MCA KO and also a KO for both genes, generating
MCA/EndoG double-KO parasites. Wheras, | measured a certain amount of mRNA in the non-deletion

control strain, the mRNA of the respective genes in the KO strains was below the detection limit (Figure
32).
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Figure 32. EndoG or MCA mRNA was not detectable in the respective KOs. RNA of the parasites was extracted and subjected
to qRT-PCR. Ct values were normalized to the housekeeping gene kmp11 and the relative mRNA expression was calculated
using the Cas9/T7 expression of EndoG or MCA. RNA of the KOs was below detection limit (bdl). Data is representative of
three independent experiments.

In order to characterize the KOs, | examined the growth behavior of all KO cell lines. When | analyzed
the growth of the EndoG KO, | observed a reduced number of living parasites in the early logarithmic,
as well as in the late stationary growth phase. In the later stationary growth phase, beginning six days
after passaging, the number of dead parasites was significantly reduced as well (Figure 33A). The KO
of MCA or MCA/EndoG did not affect the parasites’ viability and growth behavior compared to the
Cas9/T7 control. Morphologically, | could not observe a difference between the strains. All KO strains

showed the same apoptotic shrinkage, beginning at day four after passaging (Figure 33B-E).
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Figure 33. Double KO of EndoG and MCA does not affect viability of L. major promastigotes. L. major promastigotes were
seeded with a density of 1x105/ml living parasites into a blood agar plate and counted daily using a Neubauer chamber (A).
Diff-Quik staining of late logarithmic phase Cas9/T7 (B), EndoG KO (C), MCA KO (D) and MCA/EndoG KO (E) parasites shows
living (white arrows) and dead (black arrows) promastigotes. Data is representative of at least three independent experiments
and is shown as mean +SD for dead and mean —SD for living parasites. Significance was assessed by Two-Way ANOVA with

*p < 0.05.
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| aimed to investigate alterations in the apoptosis machinery of the EndoG and MCA KO parasites.
| used promastigotes and induced apoptosis through the addition of miltefosine. To further check for
other endonucleases and metacaspases that could be involved in the apoptosis process, | pre-
incubated the parasites for two hours with the endonuclease inhibitor ATA and the metacaspase
inhibitor antipain. After three hours of miltefosine treatment, | investigated the decrease of the
mitochochondrial potential as a first step of apoptosis induction. The basal mitochondrial potential
was slightly higher for the EndoG KO and slightly lower for the MCA KO and the MCA/EndoG KO
compared to the control. After ATA or antipain pre-incubation the effect of lower mitochondrial
potential became significant in the MCA KO. Interestingly, in the untreated control, the MCA KO
showed a mitochondrial potential, which was as low as the potential in the apoptosis-induced
condition (Figure 34A). This indicates a role of MCA together with other partners in the mitochondrial

homeostasis.

As a next step of apoptosis, | investigated the ROS induction in the KO parasites after four hours.
The basal level of ROS in the EndoG KO parasite was slightly enhanced compared to Cas9/T7 control,
which was significant when pre-incubated with ATA. For the MCA KO and the MCA/EndoG KO, the ROS
levels were not altered (Figure 34B). Meaning that EndoG might have a protective role against ROS in

combination with other endonucleases.

After five hours of Miltefosine treatment, | performed an annexin binding assay to investigate the
externalization of phosphatidylserine (PS). | observed a significant increase in PS externalization in the
untreated double KO parasites. This effect was also present when the parasites were pre-incubated

with ATA, but not for Antipain (Figure 34C).

As one of the later steps of apoptosis, | examined the DNA fragmentation via cell cycle assay after
six hours. The basal level of DNA fragmentation was enhanced in the double KO (18.27 + 2.48% in the
MCA/EndoG KO, compared to 7.24 + 3.92% in the control parasites), which was highly significant after
pre-incubation with antipain. Apoptosis induction through miltefosine showed significantly less DNA
fragmentation in the EndoG KO as well as in the MCA/EndoG KO, but not in the MCA KO. This effect
could also be observed after pre-incubation with ATA. When pre-incubated with antipain and treated
with miltefosine, the DNA fragmentation was decreased to about 20 — 30% for control, MCA KO and
MCA/EndoG KO parasites. In the EndoG KO parasites, the DNA fragmentation was comparable to
untreated parasites (Figure 34D). EndoG KO parasites that were treated for six hours with miltefosine
showed a reduced DNA fragmentation as well when TUNEL staining was performed compared to the
Cas9/T7 parasites (Figure 34E, F). In these experiments, it could be shown that EndoG shows a major

effect on DNA fragmentation, while MCA only had little effects.
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It became evident that MCA has no effect on ROS, PS externalization and DNA fragmentation.
However, combined with endonucleases or other metacaspases, it could have an effect on the
mitochondrial potential. On the other hand, EndoG has no effect on the mitochondrial potential and

PS externalization. Together with other endonucleases it could have an effect on ROS. The effect of

EndoG on DNA fragmentation was clearly visible.

A Mitochondrial Potential B ROS
60000 * - 8000
—— — A Cas9/T7
*ok B MCAKO
~ B MCA/EndoG KO
6000+ B EndoG KO
40000+
£ £ 4000
20000
2000
0- 0-
wlo ATA Antipain wlo +ATA +Antipain wlo ATA Antipain wlo ATA Antipain
Miltefosine Miltefosine
C PS Externalization D DNA Fragmentation
100
*kkk *kkk
— —/
60 *kok K o
80 *okk ok
*% * % * %
[ —
2 60 o *ok ns
t T 401 — —
E Q
£ H
é ] % *
40 — 1
20
20
0-
wlo +ATA +Antipain wlo +ATA +Antipain wlo +ATA +Antipain wlo +ATA +Antipain
Miltefosine Miltefosine

Cas9/17

EndoG KO

Figure 34. EndoG but not MCA KO leads to a significant decrease of DNA fragmentation after apoptosis induction through
miltefosine. Promastigotes were pre-incubated with 50 uM aurintricarboxylic acid (ATA) or 2 uM antipain for two hours and
then treated with 25 pM miltefosine for apoptosis induction. After 3 h of miltefosine treatment, cells were stained with
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rhodamine123 to observe the mitochondrial potential by flow cytometry (A). After 4 h apoptosis induction, parasites were
stained with OxyBURST™ and investigated via flow cytometry for reactive oxygen species (ROS) (B). Phosphatidylserine (PS)
externalization was determined through binding of fluorescent Annexin A5 after five hours miltefosine (C). After six hours
miltefosine the amount of fragmented DNA was investigated through PI staining in a cell cycle assay (D). Fragmented DNA
was further observed through terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). A staining with anti-
Leishmania serum (red), DAPI (blue) and TUNEL (green) was performed in Cas9/T7 (E) and EndoG KO (F) parasites that were
treated for six hours with miltefosine. A-D: Data is representative of at least three independent experiments and is shown as
mean +SD. Signficance was assessed by Two-Way ANOVA with *p <0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

After ATA treatment, there was a significant increase of ROS in the EndoG KO. Therefore, |
investigated the different ROS in all life stages of EndoG KO parasites in more detail. In the H,DCFDA
detectable species, there was neither an effect between the controls and the EndoG KO in the
logarithmic nor in the stationary growth phase nor in amastigotes. The DHE-detectable ROS (0;7)
(Figure 35B) was enhanced in amastigotes (2.4-fold), but not in promastigotes. For the DHR123-
detectable species, the levels were decreased in the logarithmic phase (3.4-fold), but not for stationary

phase or amastigotes.

Taken together, EndoG might have a more pronounced role in the protection against ROS in

amastigotes than in promastigotes. To be precise, protection against O,".
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Figure 35. ROS levels are slightly enhanced in EndoG KO amastigotes but not in promastigotes. Untreated logarithmic and
stationary phase promastigotes as well as amastigotes of Cas9/T7 and EndoG KO were stained with H,DCFDA (A), DHE (B) and
DHR123 (C) to detect ROS levels in the parasites. Data is representative of at least three independent experiments and is
shown as mean +SD.

The biggest influence of the EndoG KO could be seen on DNA fragmentation. Therefore, | analyzed

the significant effect of reduced DNA fragmentation after miltefosine treatment in the EndoG KO
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(Figure 34D) in more detail. For this, | performed a cell cycle assay every two hours for 24 hours. | could
see that there was less fragmented DNA after 4 to 12 hours. From 14 hours after miltefosine treatment
there was no significant difference between the control cells and the EndoG KO (Figure 36). Other
known apoptosis inducers were tested for DNA fragmentation as well. H,O; treatment increased the
DNA fragmentation in the Cas9/T7 parasites. In the EndoG KO this effect was significantly lower. MCA
KO and MCA/EndoG KO showed the same level as the control parasite after H,0, treatment. A pre-
incubation with ATA enhanced the effect of reduced DNA fragmentation in the EndoG KO. H;0;
treatment led to more subG1+ Cas9/T7 parasites when pre-treated with antipain. This increased DNA
fragmentation was significantly reduced in the EndoG KO parasites. For MCA and MCA/EndoG KO there
was no difference compared to Cas9/T7. Staurosporine-induced DNA fragmentation showed the same
effect of reduced DNA fragmentation in the EndoG KO compared to the control parasite. Here, the
MCA KO and the MCA/EndoG KO showed an enhanced level of DNA fragmentation. This was not
changed when pre-incubated with ATA or antipain. However, the reduced DNA fragmentation in the
EndoG KO was not significant anymore when pre-incubated with antipain. Therefore, the involvement
of EndoG in the DNA fragmentation is not only the case when apoptosis is induced through miltefosine,
but also for hydrogen peroxide and staurosporine. Antipain could decrease the staurosporine-induced
DNA fragmentation significantly. The further decrease through the KO of EndoG was not significant

anymore when pre-incubated with antipain.

In order to test if the reduced DNA fragmentation can also be linked to a higher fitness of the
parasites, | investigated the metabolic activity of EndoG KO parasites using MTT assay. Surprisingly,
after 14 h and 16 h of miltefosine treatment, a lower metabolic activity of the EndoG KO could be
observed (Figure 36C). Therefore, | could not link the reduced DNA fragmentation to higher fitness but

observed a lower fitness. This indicates further roles of EndoG in cell survival or homeostasis.
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Figure 36. Reduced DNA fragmentation is a time-dependent and miltefosine unspecific effect. Cas9/T7, EndoG KO and
EndoG addback parasites were treated for 24 h with 25 uM miltefosine and subjected each two hours to Pl staining in a cell
cycle assay (A). Parasites were pre-incubated with 50 uM aurintricarboxylic acid (ATA) or 2 uM antipain for two hours and
treated for six further hours with 25 pM staurosporine or 2 mM H,0, and analyzed via flow cytometry in a cell cycle assay
(B). Cas9/T7, EndoG KO and EndoG addback parasites were treated with 25 uM miltefosine and subjected after 12 h each two
hours to an MTT assay. The measured absorbance was normalized to the respective untreated control (C). Data is
representative of at least three independent experiments and is shown as mean + SD (A) +SD (B) = SEM (C). Signficiance was
assessed by Two-Way ANOVA with *p < 0.05; **p < 0.01; ***p < 0.001; ****p<0.0001.

Leishmania apoptosis plays an important role for the infectivity of the parasites. Therefore, |
investigated if the KO parasites also show an altered infectivity towards primary hMDM1/2. For this, |
created fluorescent parasites that can be detected via flow cytometry. To do so, | integrated an eGFP
to the ribosomal gene locus of the parasites and infected type 1 and 2 macrophages with the eGFP-
expressing KO parasites. Since some of the effects were only seen after apoptosis induction, | also
treated the infected macrophages with miltefosine. The cells were washed and examined for the
infection rate (eGFP+ macrophages) after 12 h (d1) and after 96 h (d4) via flow cytometry. | could
observe that the initial infection rate with Cas9/T7 parasites at day one was higher in type 2
macrophages (35.75 + 17.71%) than in type 1 (22.20 + 6.07%), and it was slightly decreased in both
macrophage types when treated with miltefosine (M1: 15.56 + 11.23%; M2: 22.20 + 10.35%). The
EndoG KO (M1: 20.73 + 9.55%; M2: 36.01 + 13.48%) was as infective as the Cas9/T7 control strain in
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both types of macrophages. The MCA KO (M1: 18.52 + 13.97%; M2: 26.87 + 17.53%) and the
MCA/EndoG double KO (M1: 9.93 + 7.12%; M2: 18.14 + 14.05%) showed lower infection rates, which
were significant for the double KO in type 2 macrophages (Figure 37A). After 96 hours, this effect could
also be seen in type 1 macrophages (Figure 37B). When pre-treated with miltefosine, there was no
significant reduction in infectivity for the KO parasites compared to the control parasites. Besides the
infection rate, | was also interested in the proliferation of the parasites. To this end, | measured the
difference in mean fluorescence intensity of GFP+ parasites inside the macrophages by flow cytometry
on day four and day one of infection and calculated the ratio. For the proliferation, | could not detect
a significant decrease in the EndoG KO or MCA KO parasites, while it was significantly decreased for
the double KOs compared to the Cas9/T7 (Figure 37C). | visualized the infection of M1 cells with
Cas9/T7 and MCA/EndoG KO parasites after 96 h via DiffQuik staining and observed less infected cells
with less parasites inside the macrophages (parasite burden) when infected with the double KO (Figure

37D, E).
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Figure 37. Double KO of MCA and EndoG leads to a reduced infection rate of hMDMs. Primary human monocyte-derived
macrophages (hMDM) type 1 and 2 were infected with eGFP expressing parasites at a multiplicity of infection (MOI) 10. After
3 h of infection the extracellular parasites were removed and the infected macrophages were treated with 25 uM miltefosine
for 12 h. Miltefosine was removed and macrophages were subjected to flow cytometry (A). Macrophages were cultured for
another three days and investigated via flow cytometry for eGFP+ macrophages (B). Geometric mean of the macrophages
from d1 and d4 were determined for both experiments and divided to determine the proliferation rate of the parasites (C).
DiffQuik staining was performed of M1 macrophages infected with Cas9/T7 eGFP (D) and EndoG KO eGFP (E) parasites 96 h
after infection. Black arrows indicate the intracellular parasites. Data is representative of at least three independent
experiments and is shown as mean +SD; **p < 0.01.
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Taken together, the infection rate of EndoG KO or MCA KO parasites was not significantly changed
in hMDM. However, the MCA/EndoG KO reduced the infection rate and the intracellular proliferation.

Highlighting the role of both proteins in the intracellular survival of Leishmania.

3.5. Pentose Phosphate Pathway as Drug Target

The pentose phosphate pathway has previously been shown to be a promising drug target for other
parasites like Plasmodium falciparum'® or Toxoplasma gondii*?*. Our cooperation partners in the
group of Katja Becker at the university GieRen have been working on the two targets glucose-6-
phosphate dehydrogenase (G6PD) and 6-phosphogluconat dehydrogenase (PGD) for many years. They
developed several inhibitors against the G6PD from Plasmodium, one of them is SBI-750. | tested the
potency of SBI-750 in killing of L. major in our laboratory. For this, | used dsRed-expressing parasites
to determine the loss of fluorescence through cell death in addition to performing an annexin staining

as assay for apoptosis induction (Figure 38).
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Figure 38. The G6PD inhibitor SBI-750 is more potent in L. major amastigotes than in promastigotes. Logarithmic phase
promastigotes (left) or axenic amastigotes (right), which are expressing dsRed, were incubated with different concentrations
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of SBI-750 for the indicated times (A). After incubation, the parasites were subjected to annexin assay and checked for dsRed
decrease and annexin binding via flow cytometry. Data shows mean + SD and was collected in three independent
experiments. dsRed+ values from 72 h of SBI-750 with amastigotes incubation was used to calculate an inhibitory
concentration (IC) of the inhibitor (B). Sigmoidal fit was used in GraphPad Prism to determine the ICso.

Promastigotes showed an increase from 17.69 + 2.24% for the DMSO treated control to 27.75 +
3.29% annexin+ parasites at a concentration of 100 uM SBI-750 after 72 h incubation. At the same
concentration and incubation time there was no effect on dsRed+ parasites. On the other hand,
amastigotes showed a more pronounced increase in the percentage of annexin+ parasites, from 12.5
1 7.01% for DMSO control to 29.00 + 13.34% for 100 uM SBI-750 and up to 51.05 + 12.37% for 150 uM
SBI-750 in case of 72 h incubation. A huge effect could also be seen for dsRed+ after 72 h of incubation
with SBI-750. The DMSO control showed dsRed+ of 80.53 + 17.54% down to 25.35 +9.31% for 150 uM
SBI-750. The data from amastigotes and 72 h incubation were used to determine the 1Cso value for
SBI-750 of 103.3 + 4.12 uM (Figure 38B). However, it was not possible to determine an ICso for the
effectivity on promastigotes, since there were no decreasing dsRed+ values. These results indicate that
G6PD plays a more important role for amastigotes than for promastigotes.

As my results showed the possibility to kill L. major amastigotes through a G6PD inhibitor, | started
target validation of G6PD and PGD in L. major as well as in L. donovani, aiming to show the necessity
of G6PD and/or PGD for parasite survival. To this end, | did several attempts to generate KOs of both
genes but failed in achieving KO parasites. The lethality of this approach was a first hint that the genes
might be essential. Next, | electroporated the parasites, introducing a G6PD expressing pIR plasmid
(pIRLmG6PD), to carry out a rescued G6PD KO. On a genomic level, this could be proven by PCR
products for G6PD CDS (1+2), G6PD UTR (1+3) and the existence of the nourseothricin resistance gene
(SAT) in the parasites, which was localized on the plasmid (Figure 39A). With the additional copy of
G6PD in L. major, it was possible to replace the both genomic alleles of G6PD by a blasticidin (3+B) and
a puromycin (3+P) resistance gene. | tracked the growth behavior of the facilitated LmG6PD KO for
eight passages always at day 7 in the blood agar plate and also cultured the parasites without
antibiotics to accelerate the loss of the pIRLmG6PD plasmid. After eight passages with or without
antibiotics, the growth of the parasites was stable and comparable to each other (Figure 39B).
Moreover, | forced the transformation of promastigotes to amastigotes and back to promastigotes and
then checked again for the loss of the pIRLmG6PD. The plasmid was still present in the parasites even
after amastigote transformation. Thus, the loss of the only, plasmid-located, gene copy encoding for
the G6PD seemed to be unfavorable for the parasites, pointing to its essential role for parasite survival.

For L. donovani, it was possible to create a partial G6PD KO. | tried to electroporate the parasites
with a G6PD-encoding plasmid to be able to perform a full KO. The qRT-PCR showed approximately
40% of G6PD mRNA expression in the partial KO compared to the LdCas9/T7 control. Upon transfection

with the pIRLAG6PD plasmid, the expression could be elevated to approximately 60% (Figure 39C).
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However, even with G6PD expression from the plasmid, | were not able to obtain a full KO of the

genomic G6PD genes in L. donovani.
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Figure 39. The KO of LmG6PD was only possible with an additional copy of G6PD in L. major. Agarose gel electrophoresis
shows the PCR products of the G6PD CDS (1+2), G6PD UTR (1+3), blasticidin resistance gene within the G6PD CDS (3+B),
puromycin resistance gene within the G6PD CDS (3+P) and nourseothricin resistance gene (SAT). PCRs were performed with
the gDNA of L. major wild type (Lm wt), L. major Cas9/T7 carriing the pIRLmG6PD plasmid (LmCas9_pIRLmG6PD) and with
the fascilitated G6PD KO (LmCas9_pIR_LmG6PD_G6PD KO). GeneRuler 1 kb DNA Ladder (Thermo Fisher) was used. (A) The
growth of the fascilitated LmG6PD KO was tracked each week at day seven of culture for eight weeks using a Neubauer
Chamber. Parasites were cultured with and without antibiotics (B). For L. donovani only a partial KO (LdAG6PD +/-) and a
partial fasciliated KO (LdAG6PD +/- pIRLdG6PD) could be achieved and the mRNA of the different clones were assessed by
gRT-PCR. Kmp11 was used as housekeeping gene (C).

| further validated the role of PGD as drug target in L. major and L. donovani. Here, the KO of the
gene was lethal as well. The transfection of a PGD expression plasmid in L. major was not successful,
but | was able to insert another copy of the PGD within the 18S locus (Figure 40A). Using these
parasites, | could generate a PGD genomic KO (Figure 40A). The PGD mRNA expression in these
parasites was approximately 17x higher than in the control (Figure 40B). The growth of this
overexpressing PGD parasite strain (PGD OE) was reduced compared to the Cas9/T7 control especially
in the first days (2-6) (for example day 3: 155.00x10° + 40.97x10° living Cas9/T7 parasites/ml compared
to 34.65 x10° + 5.25 x10° living PGD OE parasites/ml) (Figure 40C). This PGD overexpressing parasite
strain was further used to delete the original genomic alleles of PGD by replacing them with a
blasticidin resistance gene. The growth of these parasites was strongly reduced, they barely reached
the concentration of 100x10%/ml. By qRT-PCR, it could be shown that the PGD mRNA expression in the
rescued PGD KO parasites was about 10x higher than in the Cas9/T7 control parasites.

For L. donovani | was not able to generate the complete PGD KO. However, | could successfully
insert a PGD expressing plasmid (pIRLmPGD) into these parasites upon which the rescued KO could be

achieved. The growth of these parasites varied a lot with no clear trend with or without antibiotics.
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Figure 40. The KO of PGD was only achieved upon expression of an ectopic gene copy for L. major and L. donovani. Agarose
gel electrophoresis shows the PCR products of the PGD CDS (1+2), PGD UTR (1+3) and blasticidin resistance gene within the
PGD CDS (3+B). PCRs were performed using the gDNA of L. major wild type (Lm wt) and facilitated LmPGD KO (LmPGD OE/PGD
KO) (A). By gRT-PCR the mRNA expression of PGD in different parasites were determined. The housekeeping gene kmp11 was
used (B). Parasites were seeded at a density of 1x10%/ml to a blood agar plate and counted daily using a Neubauer Chamber.
Data is representative for at least 3 independent experiments and shown as mean + SD(C). Agarose gel electrophoresis shows
the PCR products of the PGD CDS (1+2), PGD UTR (1+3), puromycin resistance gene within the PGD CDS (3+P), neomycin
resistance gene within the PGD CDS (3+N) and nourseothricin resistance gene (SAT). PCRs were performed with the gDNA of
L. donovani Cas9/T7, L. donovani Cas9/T7 carriing the pIRLMPGD plasmid and with the fascilitated PGD KO
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(LdACas9_pIR_LmPGD_PGD KO) (D). The growth of the fascilitated LAAPGD KO was tracked each week at day seven of culture
for eight weeks using a Neubauer Chamber. Parasites were cultured with and without antibiotics (E). GeneRuler 1 kb DNA
Ladder (Thermo Fisher) was used for agarose gel electrophoresis.

Together, these results indicate that G6PD and PGD might be important for parasite survival of
L. major and L. donovani. However, to prove the vital necessity of the proteins, it is necessary to
observe the direct effect of the KOs on the parasites. One possibility to do that is the induction of a KO

through an inducible KO system. Hence, | established such a system in L. major and L. donovani.

3.6. Establishment of an Inducible Knock-out System

There are different systems already published that enable the induction of a gene deletion upon a
specific stimulus. One of those systems is the dimerizable Cre recombinase (DiCre) system!?>. Here, the
parasites carry two inactive subunits of Cre that are fused to rapamycin-binding entities, and the GOI
is flanked with LoxP sites. Through the addition of rapamycin, the Cre subunits dimerizes, which results
in the activation of the enzyme. The active DiCre leads to the excision of the LoxP-flanked GOI. A further

development of the system was the usage of CRISPR/Cas9 to integrate the loxP sites up- and

a

5 CRISPR
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downstream of the GOI*?®.

? Rapamycin

&

Figure 41. Usage of CRISPR/Cas9 in a DiCre inducible knock-out (KO) system. Through CRISPR/Cas9 the gene of interest
(GOI), in this case G6PD, is flanked by LoxP sites and a puromycin resistance gene is introduced for selection. Adding
rapamycin induce the KO and GOI becomes excised.

The published system requires cloning for each GOI and further PCR of the GOI carrying plasmid.
The product then contains a loxP site, the GOI, another loxP site and a resistance gene. Without the
GOl the construct is approximately 2 kb and can, especially in the case of multi-copy genes, increase
up to 10 kb, depending on the size of the GOI. For such a large fragment it gets difficult to obtain a

good PCR product amount!?’. Therefore, | started to optimize this system. For the 5’ loxP site, | cloned
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a new plasmid using the pTNeo plasmid from Tom Beneke®? as backbone. | added a loxP site and an
eGFP gene to the plasmid (pTNeoloxPeGFP) (Figure 42A). A plasmid (pGL2314) containing a loxP site,
a puromycin resistance gene and a mCherry fluorescent protein gene was kindly provided by Jaziel
Damasceno. This plasmid was further used for incorporation of the 3’ loxP site in our setting (Figure
42B). Through PCR, a homologous region (HR) of 20 bp was added to each sequence that was planned

to be integrated into the parasites.

A
PBS#1 (loxP] (DHFR] PBS#2
SR  Neor/Kane o o cPB 2.8 1R
B
Pss#; (DHFR| (6xHis) (PBS#2
] DHFR 1 PuroR ] mCherry B ||

Figure 42. DNA sequences that are introduced into the untranslated regions (UTR) of a gene of interest in preparation of
an inducible knock-out (KO). The plasmid pTNeoloxPeGFP containing of the UTRs COX VIII, RPL24, DHFR and CPB 2.8 IR for
enhanced gene expression, neomycin resistance (NeoR) for antibiotic selection, loxP site for KO induction and eGFP for
fluorescence detection are integrated in the 5’ region of a GOLI. (A). The pGL2314 containing loxP site for KO induction, the
UTRs of DHFR and CPB for enhanced gene expression, puromycin resistance (PuroR) for antibiotic selection and mCherry for
fluorescence detection are integrated in the 3’ region of a GOI. (B) The DNA sequence is amplified through PCR with the
primer binding sites (PBS) #1 for forward and #2 for reverse.

Electroporation of the parasites with sgRNA and together with the HR sequences led to the
CRISPR/Cas9-induced integration of the sequences 5’ and 3’ of the GOI. The addition of rapamycin was

used to initiate the excision of the GOl as well as the eGFP gene, while the mCherry gene is still present

(Figure 43).
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Figure 43. Genomic locus of G6PD during an inducible knock-out (KO). DNA sequences amplified from the plasmids
pTNeoloxPeGFP and pGL2314 were introduced up- and downstream of the gene of interest G6PD, resulting in 5" and 3’
integration of loxP site, resistance gene and fluorescent protein gene. (A) Genomic locus after rapamycin-induced deletion of
the sequences between the loxP sites. (B)
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| applied this system to perform the inducible KO of G6PD or PGD in L. donovani Cas9/T7/DiCre.
After insertion of the required genomic modifications, 100 nM rapamycin was added to the parasites

and the eGFP and mCherry fluorescence was tracked via flow cytometry for seven days (Figure 44).

LdAGBPDFex

.

s i

T
]

mCherry

"ﬁ'_:_%f

eGFP

d1
d1+R
d2
d2 +R
d3
d3+R
d4
d4 + R
d5
d5+R
d6é
d6 +R
d7
d7 +R

Figure 44. Through the addition of rapamycin, the eGFP signal decays while the mCherry signal remains. LAAG6PDF*x were
treated with 100 nM rapamycin and assessed by flow cytometry for eGFP and mCherry expression. Left shows the mCherry
signal intensity and right the eGFP signal intensity. Figure was created in FlowJo and shows the representative image of three
independent experiments.

The mCherry signal remained almost stable for seven days, as well as the eGFP signal of untreated
LdAG6PDP*, Through rapamycin, the eGFP signal decreased after six days to approximately 35%
(Figure 45C). The parasites were also counted by flow cytometry and a slightly reduced growth
behavior could be seen after the induction of G6PD KO. The G6PD gDNA of the induced G6PD KO was
decreased by about 90% compared to the untreated G6PD™°* parasite’s gDNA after seven days (Figure
45B).
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Figure 45. The KO induction of G6PD in L. donovani led to slightly lower growth. L. donovani GEPDFIox was treated with
100 nM rapamycin and tracked for seven days via flow cytometry for growth (A) and eGFP and mCherry expression (C).
Genomic DNA from untreated and rapamycin-treated Leishmania was extracted daily and investigated via qRT-PCR for G6PD.
As housekeeping gene kmp11 was used and data was normalized to untreated Leishmania (B). Data is representative for at
least 3 independent experiments and shown as mean * SD. Significance was assessed by Two-Way ANOVA with *p < 0.05.

The same experiment was also performed for the inducible PGD KO in L. donovani. Here, the
parasites only contained one allele that was floxed and one wildtype allele. This could probably be
compensated by the parasites on a genomic level by gene duplication (Figure 46B). Other than for the
G6PD KO, no decrease in eGFP+ cells could be observed. However, the parasites showed reduced

growth behavior and a decrease in mCherry+ parasites (Figure 46).
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Figure 46. The KO induction of PGD in L. donovani led to slightly lower growth behavior. L. donovani PGD*/*Flox was treated
with 100 nM rapamycin and tracked for seven days via flow cytometry for growth (A), gDNA (B) and eGFP and mCherry
expression (C). Genomic DNA from untreated and rapamycin treated Leishmania was extracted daily and investigated via
gRT-PCR for PGD. As housekeeping gene kmp11 was used. Data is representative for at least 3 independent experiments and
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shown as mean + SD. Significance was assessed by Two-Way ANOVA with **p < 0.01.

In summary, the KO of G6PD in L. donovani only showed a slight increase in dead parasites in late
growth phases. However, the inducible partial KO of PGD had a greater influence on the growth

behavior compared to G6PD. In essence, the results show that PGD could be a promising drug target

in Leishmania although it has to be confirmed in a full inducible KO.
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3.7. The Role of Leishmania PS on the Human Immune System

Leishmania parasites that expose annexin-binding lipids are crucial for disease development in mice
due to the anti-inflammatory properties of apoptotic promastigotes. Since PS is known for its immune-
silencing mechanism it was suggested that it is the main mediator of the anti-inflammatory response®.
However, the existence of PS on Leishmania is still a matter of debate®. To clarify this, | sent fixed
samples of L. major promastigotes from logarithmic (d3) and late stationary (d10) growth phase to our
collaborators from the group of Bernhard Spengler at the Universitdt Giellen, to perform a mass

spectrometry analysis on the parasite’s lipid composition.
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Figure 47. Dead L. major promastigotes harbor distinct species of phosphatidylserine (PS). Mass spectrometry analysis of
logarithmic (viable) and late stationary (dead) growth phase parasites was performed by the group of Bernhard Spengler
(GieRen). Chemically distinct PS species (with the specification of length and level of unsaturation) are shown with their
relative abundance in the parasites as mean +SD of three measurements.

Mass spectrometry analysis found phosphatidylserine in viable as well as in dead promastigotes
(Figure 47). Moreover, the analysis also showed that chemically distinct PS species can only be found
in dead parasites. These species were mainly those with very long fatty acid chains and with a high
number of double bonds.

I have the hypothesis that the distinct PS species on dead parasites play a major role in the immune-
silencing mechanism that is found for apoptotic L. major*. To address this question, | chose a natural
way to deliver lipids to host cells. For that purpose, | used the model of exosomes. | isolated exosomes
from d3 and d10 promastigotes, harboring the distinct species of PS. By nanoparticle tracking analysis

| could quantify and qualify the isolated exosomes (Figure 48).
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Figure 48. Logarithmic growth phase promastigotes secrete a larger number of exosomes with a size of 150 nm compared
to promastigotes in the stationary phase. Exosomes from logarithmic (log) and stationary (stat) growth phase were isolated
from L. major promastigotes through differential centrifugation. The harvested exosomes were further investigated by
nanoparticle tracking analysis, where the concentration and sizes of the particles was measured.

After a basic characterization of the size and concentration of the exosomes, | tested the effect of
them on human primary macrophages. | primed the macrophages with IFNy or LPS+IFNy for 18 h,
added different concentrations of exosomes from the logarithmic or stationary growth phase for 24 h

and then checked for TNFa and IL-10 secretion (Figure 49).
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Figure 49. Exosomes from logarithmic and stationary growth phase are able to induce distinct cytokines. Type 1 human
primary macrophages were primed with IFNy or LPS+IFNy for 18 h and further treated with exosomes from logarithmic (log
Exos) and stationary (stat Exos) growth phase promastigotes. After 24 h, supernatants were collected and subjected to TNFa
(A) or IL-10 (B) ELISA. Experiment was performed with 2-3 donors; each donor represents one spot (susceptible donor in
black). Bars show the mean * SD.

One of the three donors that was tested for TNFa secretion showed an increasing amount of TNFa
when incubated with increasing concentrations of logarithmic phase exosomes. Only primed
macrophages were able to secrete TNFa. None of the donors showed a reaction to stationary phase
exosomes. For IL-10 secretion, a similar pattern but vice versa could be seen. Here, only stationary
phase exosomes were able to induce increasing amounts of IL-10 secretion for increasing amounts of
exosomes in one of two donors. Logarithmic phase exosomes led not to a response and unprimed

macrophages neither.
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These experiments might be first hints that logarithmic phase exosomes can stimulate pro-
inflammatory cytokine secretion, while stationary phase exosomes stimulate the anti-inflammatory

cytokines in certain susceptible donors.
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4. Discussion

It was my hypothesis that Leishmania induce and proceed apoptosis through a specialized
mechanism, and | was seeking to elucidate this mechanism by the identification and characterization
of proteins involved in its regulation. To perform KOs of potential candidates that are involved in
apoptosis, | employed a CRISPR/Cas9 system and established it in our laboratory (Figure 50-1). | was
also able to induce drug-mediated parasite apoptosis in order to identify potential promastigote- and
amastigote-specific target proteins by label-free quantitative mass spectrometry and performed the
gene specific analysis by Partek®Flow® (Figure 50-2). Overall, we identified 4416 proteins in
promastigotes and 2376 proteins in amastigotes. | could determine proteome specific effects of the
compounds miltefosine, harmonine and compound 1o on the different parasite life stage. Altogether,
| found 15 up- and 189 downregulated proteins in promastigotes, and 455 up- and 633 downregulated
proteins in amastigotes in the respective apoptosis-inducing conditions. | employed the CRISPR/Cas9
system to achieve gene KOs of first candidates that | identified to be potentially involved in apoptosis,
either through the mass spectrometry screening or by literature research. For the majority of the
respective genes only a partial KO could be achieved, meaning that one allele of a gene was still intact.
A functional characterization of these gene KOs regarding their potential to undergo apoptosis, as well
as the infectivity, followed (Figure 50-3). | could find specific alterations in apoptosis characteristics for
some KOs (e.g., reduced DNA fragmentation in the EndoG KO), however for most of the KOs there was
no clear phenotype observable. Therefore, | was not able to confirm yet potential drug or vaccine
targets in this step. | investigated the potential of the two proteins G6PD and PGD as possible drug
targets. Since | could not achieve a full KO of the respective genes, | employed rescued KOs of the
candidates, which was not successful for G6PD from L. donovani. To overcome difficulties with
performing KOs, | successfully established an inducible KO system that is coupled to the expression of
fluorescent proteins (Figure 50-4). Further, | was able to show the existence of specific
phosphatidylserine species on apoptotic Leishmania, which could help to understand the immune-
silencing mechanism of apoptotic parasites (Figure 50-5). Although | could not identify a certain
pathway that regulates the progression of apoptosis in Leishmania, | identified various potential
protein candidates that might be involved in this mechanism that can be confirmed in further studies.

The obtained results will be discussed in more detail in the following part.
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Figure 50. Major achievements that were done during this thesis. In a first step, a CRISPR/Cas9 system was established in
Leishmania. Secondly, through the use of distinct compounds apoptosis was induced in the parasite and differently regulated
proteins were identified by label-free quantitative mass spectrometry. Hereby, it could be shown that staurosporine is
inducing apoptosis in promastigotes and amastigotes, while miltefosine and harmonine are only active in promastigotes and
compound 1o is more active in amastigotes. In a next step, several KO strains of proteins from step 2 or from literature were
created and functionally characterized. For partial KOs there was still mMRNA expression detectable in the most cases, while
for full KOs the mRNA expression was below the detection limit (bdl). Apoptosis characteristics ROS, phosphatidylserine (PS)
externalization and DNA fragmentation were investigated as well as the infectivity of the KO strains in human monocyte
derived macrophages and marked with an arrow if there was a significant difference compared to the control. In a next step,
the target validation of G6PD and PGD from L. major and L. donovani was performed using genetic approaches. Thereby an
inducible KO system was established in order to achieve full KOs for unobtainable candidates. During the last part of the
thesis, we investigated the role of PS on apoptotic parasites in more detail. Here, we could show the occurrence of distinct
long, rigid PS species on apoptotic Leishmania.
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4.1. Induction of Apoptosis in Leishmania

Although showing all the typical characteristics of apoptosis, none of the human apoptosis-
regulating proteins are found in Leishmania. To investigate apoptosis mechanisms in more detail, |
made use of the two already established drugs staurosporine and miltefosine or the new compounds
harmonine and compound lo. | examined if these compounds are suitable to induce apoptosis in
promastigotes or amastigotes for the further investigation of apoptosis in Leishmania.

Staurosporine is an unspecific ATP-competitive kinase inhibitor, which shows ICses in the nanomolar
range for a lot of human protein kinases: PKA, PKC, cdc2 or EGFR%, For Leishmania, it was shown that
staurosporine derivates inhibit the cyclin-dependent kinase CRK3 from L. mexicana®*®. This inhibition
consequently leads to death of the parasite, since CRK3 was shown to be an essential genel?,
However, staurosporine might also inhibit various other protein kinases and the cell death-inducible
property is more a mixture of the unspecific potential. | determined the inhibitory concentration (IC)
for the inhibition of the metabolic activity and the effective concentration (EC) for the induction of
annexin binding for all compounds. Compared to human Hela cells, which show a staurosporin ECso of
73 nM after 18 h''°, the concentration for Leishmania of 9.05 uM is clearly higher. The easier inhibition
of human cells can be explained with higher number of protein kinases, of which there are almost 500

120 What also needs to be

in humans, while L. major only possess 179 predicted protein kinases
considered, is that the ECso value is highly dependent on assay conditions like cell number and can
therefore differ very much to literature??!, Because of the very low ECso for human cells, staurosporine
is for sure no appropriate drug against Leishmania, however to study the apoptosis mechanism in the
parasites it is very suitable. Apoptosis induction in the parasites was not only limited to promastigotes,
but could also be seen in amastigotes (Figure 11A). Staurosporine treatment led to annexin binding
and subG1+ cells in promastigotes and amastigotes, showing that early (PS externalization) and late
(DNA fragmentation) apoptosis characteristics could be induced in both stages.

For miltefosine, the values from my experiments (ECso of 3.968 UM after 24h), are comparable to
the ECsos that are published in literature. These range for cell density experiments from 1.31 uM in

128 0n the other hand, the ICsos in human cells are in the range

L. donovanito 23.88 uM in L. braziliensis
of 66.7 uM, which enables the use of miltefosine as drug against leishmaniasis!®®. Interestingly, my
experiments also showed that miltefosine does not induce apoptosis in axenic amastigotes from
L. major (Figure 11B). This is conflicting to all data found in published articles so far'3%3!, However, the
inhibiting effect of miltefosine in L. major amastigotes is always shown in intracellular or freshly
isolated amastigotes from mice and therefore not directly comparable to our axenic amastigote model.
Since miltefosine shows very good efficacy against L. major in vivo'*2, this might be a restriction of the

L. major axenic amastigote model. One reason for the resistance of our axenic amastigotes could be

found in alterations of the miltefosine transporter or the pyridoxal kinase. Both were mutated in
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L. major strains with a miltefosine tolerance®3. Therefore, the sequencing of these genes in our axenic
amastigotes should be done to find out if these alterations are the cause that miltefosine is not
inducing apoptosis in the amastigotes in my experiments.

The compound harmonine is extracted out of the harlequin ladybird beetle Harmonia axyridis and
shows growth inhibition against Mycobacterium tuberculosis, Plasmodium falciparum and Schistosoma
mansoni**®'3*  The mode of action is not fully solved but the inhibition of acetylcholinesterase was
observed and therefore proposed as potential target of harmonine®34. The published ICso value for
promastigotes (14.2 uM) matches quite well to my determined ICso (10.98 uM). However, in my
experiments harmonine was not able to induce apoptosis in amastigotes (Figure 11C), contrary to
literature where they found an ICso of 2.4 uM in intracellular amastigotes®*°. | was able to link this to
the finding that harmonine is not active at the low pH of 5.5 of our amastigote medium (Figure 12).
The fact that harmonine was shown to be able to kill intracellular amastigotes questions the biological
relevance of our in vitro finding. | would expect that a compound, which is not active in a low pH, is
also not able to kill intracellular amastigotes in vivo, since they reside in the phagolysosomal
compartment with a low pH. It was shown for several antibiotics that they are not antimicrobial active
in phagolysosomes due to the low pH¥>. Nevertheless, harmonine was shown to be active in
intracellular amastigotes®®®, so it might be possible that the compound is inactivated slowly in the
acidic medium.

Compound 1o was found in a big screen of arylmethylamino steroids against P. falciparum and then
showed also effects against P. berghei and S. mansoni*'’. In my experiments, the compound showed
an inhibition of the metabolic activity of L. major promastigotes with an 1Cso of 9.052 uM. However,
the compound could not diminish the metabolic activity of the parasites as the other drugs. For
annexin binding in L. major promastigotes, | could not determine an ECso, since even the very high
concentrations of the compound were not able to induce annexin binding (Figure 9). On the other
hand, for amastigotes | could observe an increased annexin binding and DNA fragmentation. This
observation is notably, because this is the first compound, which shows a higher activity in L. major
amastigotes than in promastigotes. Some minor modifications in the molecule of compound 10 could
lead to a very effective drug against leishmaniasis. For example, it would be possible that one of the
other tested arylmethylamino steroids from the screen in Plasmodium has a higher efficacy in
Leishmania promastigotes and amastigotes.

| can conclude that staurosporine is an apoptosis inducer in both stages of L. major. Miltefosine and
harmonine are suitable for the apoptosis induction in L. major promastigotes, but not in amastigotes.
The compound 1o is more potent for apoptosis induction in L. major amastigotes than in

promastigotes.
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4.2. Search for New Proteins Involved in Leishmania Apoptosis

| was aiming to find new proteins involved in Leishmania apoptosis by the use of label-free
guantitative mass spectrometry. This screen gave us first insights about the working mechanisms of
the compounds. We found 4416 proteins in promastigotes and 2376 proteins in amastigotes. The
proteome of L. major is comprised of 8038 predicted proteins'?°, that means we could identify 55% of
the whole proteome. In 2010, a former mass spectrometry analysis of the L. major proteome in our
group could only identify 707 proteins'?!, meaning that the sensitivity of the MS approach increased
massively.

As described above, compound 1o did not induce apoptosis in promastigotes. Therefore, | expected
only a small number of proteins to be differently regulated and | would not expect to find apoptosis-
involved proteins during the regulated proteins. Indeed, | found only 12 proteins to be regulated, which
is less than for example miltefosine after the same incubation time. One of downregulated proteins
was tryparedoxin peroxidase, which plays a pivotal role during combating ROS%, This might indicate
a new role of compound 1o in the response to ROS.

| included as well parasites from the stationary growth phase. Different studies suggest that
parasites that enter the stationary phase rather undergo autophagy than apoptosis!*’1*8, However,
even if the pathways are different, autophagic pressure over a prolonged time period will also result
in death for the stationary phase promastigotes. Therefore, both pathways result in the end to the
same characteristics like PS externalization, shrinkage and DNA fragmentation®*¥’, | found uniquely
regulated proteins in this condition. These proteins were: TPK_B1_binding domain-containing protein,
Histone H2B, Putative RNA binding protein and nascent polypeptide associated complex subunit-like
protein, copy 2 (see Supp. Table 8). Since all these proteins are downregulated during stationary
growth phase, | can assume that the proteins are important for cell survival or homeostasis. The
majority of the proteins are involved in transcription or translation. As already mentioned, for
transcription processes in Leishmania, there are no promotor elements found, and therefore the
expression of proteins, which subsequently ensure the transcription of distinct proteins might be an
important mechanism. In Trypanosoma brucei it could be shown that histone H2B localizes to active
genes and thus is important for unique functions in the cell**,

The harmonine 6 h treated samples showed a complete overlap with those from staurosporine 6 h
treatment in the PCA plot. This could also be seen when taking the upregulated proteins into account:
except for one ribosomal protein, the upregulated proteins in both conditions matched completely.
One of the proteins was only upregulated in harmonine and staurosporine (6 h) treatment:
uncharacterized protein Q4Q1X2. By gene ontology, the protein was suggested to be part of the
axoneme. A BLAST showed similarity with the coiled-coil domain-containing protein 189 (Ccdc189)

from mouse and human, which is important for the motility of sperm*, Therefore, this protein might
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be also important for an increased motility of L. major and it is a response to the drug-induced stress
in the early time point for the parasite. Although there were 25 proteins more downregulated for
staurosporine-treated samples than for harmonine-treated samples, 26 proteins were downregulated
in both conditions. Two of the downregulated proteins that could fulfill a similar role as initiator
caspases are: calpain protease-like protein (Q4Q3Y6) and carboxypeptidase (Q4QDZ7) and shall be
investigated in more detail in future studies.

After 3 h, the treatment of promastigotes with miltefosine led to two clusters as seen in the PCA

plot: four of the seven replicates built a cluster close to the untreated samples and the cluster of the
remaining three replicates could be found closer to the miltefosine 24 h treatment. Because of the
short incubation time of 3 h, rapid and massive changes in the proteome composition occur and it
might be possible that not all samples were in the exact same stage of apoptosis progression. Samples
after the 24 h treatment showed a cluster that was most different when comparing to the untreated
cluster in the PCA plot. This can also be seen in the volcano plot. Here, 102 proteins were significantly
differently regulated. Many of them are connected with nuclease function (E9AC13, Q4Q1W1,
Q4Q883, Q4QAA2, Q4QG27), which | would expect in this late timepoint of apoptosis.
Since mass spectrometry is a well-described method of target identification, | was expecting to get
some new insights into the targets of harmonine and compound 1lo. It could be shown that the
potential targets of specific drugs are differently regulated after the treatment. In most cases the
inhibited targets are upregulated in cells, but rarely also downregulated!*'. However, | could not
determine a clear target.

For further apoptosis investigations, | focused on the proteins, which were commonly regulated in
all promastigote apoptosis-inducing conditions of the early time points (miltefosine 3 h, harmonine
6 h, staurosporine 6 h). These were the upregulated proteins p1/s1 nuclease (Q4Q7F3), polyubiquitin
(Q4Q165), 40S ribosomal protein S2 (Q4QDL5) and elongation factor 1-alpha (Q4QEI8).

In 2004, the p1/sl nuclease from L. major has been published to be a nuclease that exhibits
similarity to other class 1 nucleases and that might be important for the salvage pathway of the
parasites. Leishmania are not able to synthesize purines de novo and therefore they require a way to
recycle ribonucleotides. The p1/sl nuclease was suggested because of similarity to other class one
nucleases and thus, was further cloned and characterized. It was suggested that the nuclease is stage-
specific, because it could not be detected in promastigotes, but only in amastigotes*?. Analogous
findings could be obtained for P4 nuclease from L. infantum, which shows high similarity (64% identity)
to the p1/s1 nuclease from L. major'*®. Another published nuclease that exhibits the same length and
similar DNA sequence is LdNuc® from L. donovani. This nuclease was shown to be secreted from the
parasite and is also proposed to be involved in the salvage pathway'**. However, the proof that these

nucleases are involved in the salvage pathway are still missing. In our MS screen, we could not detect
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p1l/s1 nuclease in the untreated promastigotes, however it was present in high amounts in treated
promastigotes as well as in all amastigote preparations. Because of its expression in amastigotes, p1/sl
nuclease was previously suggested to be essential for parasite survival and to be an attractive drug
target!®2. As it is a very interesting candidate for further analysis, | sought to generate a KO of the
corresponding gene. However, as it presents as a multi-copy gene, the KO is very difficult. | was able
to knock out one copy of the gene, which resulted in highly reduced expression of the p1/s1 nuclease
mMRNA (Figure 28A). The KO had no effect on apoptosis characteristics like ROS, annexin binding and
DNA fragmentation (Figure 28B-F). Only the DHR123-detectable ROS species were slightly reduced,
which has to be confirmed in further experiments. Nevertheless, the mRNA expression should be
checked after treatment with compounds, since the basal protein expression in promastigotes was not
detectable via mass spectrometry. These results indicate that pl/sl nuclease is not involved in
Leishmania apoptosis, but nonetheless could be an essential protein. Further investigations of drug
target validation should also include the alterations in the salvage pathway.

It was shown that ubiquitin is crucial for Leishmania life cycle progression and infection
process'*1%, Further, because of the missing transcriptional regulation, ubiquitin becomes crucial in
the post-translational control for degradation of certain proteins but also for recruiting proteins to
sites of DNA damage®®. This makes it clear why in my experiments ubiquitin is upregulated in all
conditions of drug treatment, where a response in the way of a changing protein expression is needed.
My attempts to knock out the gene encoding polyubiquitin were lethal for the parasites. Knockdowns
in human cells led to the inhibition of cell proliferation and the induction of apoptosis'¥’. Therefore,
ubiquitin is an essential protein, however because of high sequence similarities between Leishmania
and humans, it is not an appropriate drug target. Nevertheless, it might still be involved in apoptosis
mechanisms and is worth further investigations.

Another protein, which was upregulated in all conditions of apoptosis induction, is 40S ribosomal
protein S2 (RPS2). It belongs to the universal ribosomal protein uS5 family and is part of the small
ribosomal subunit. The homolog in E. coli, ribosomal protein S5, is important for the assembly and the
function of the 30S ribosomal subunit. Further, it was shown that mutations in the gene lead to
increased translational error frequencies*®'4%, RPS2 has a human homolog with 42% sequence
identity. This protein has a conserved Arg/Gly-rich region, which can be methylated by PRMT3**° or
citrullinated by PAD4, which is suggested as an regulation mechanism?*>1. For other proteins it has been
shown that they are citrullinated after DNA damage®®2. Further, PRMT3 stabilizes RPS2 and prevents
the protein from ubiquitin-mediated degradation®*®. In L. major, | was not able to achieve a KO of RPS2.
Since it was shown that the protein is very important for translation, especially for error-free
translation, it might be the case that RPS2 is an essential protein. A similar regulation mechanism as in

human cells could also be possible for Leishmania, since the parasite harbors also a homolog of PADA4.
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Therefore, an upregulation during cell stress like DNA damage could lead to a citrullination and
activation of RPS2, which in turn favors the translation of certain types of proteins. It was shown in
Schistosoma that specific ribosomal proteins correspond to the translation of specific classes of
proteins'®® and it is also suspected that this could be a general mechanism®. This could link the
upregulation of RPS2 to the apoptosis pathway in Leishmania.

In our mass spectrometry screen, elongation factor 1 alpha (EF1A) was significantly upregulated in
all early and late conditions of apoptosis induction (Figure 27). The observed upregulation becomes
clear when looking at the diverse and essential functions in the parasite. EF1A is important for the
aminoacyl-tRNA binding to the ribosome during biosynthesis in a GTP-dependent manner!*>. Apart
from its role in translation, EF1A is also a well-known virulence factor. In infected cells, EF1A can be
exported from the phagosome to the host cell’s cytoplasm and is there able to bind and activate Src
homology 2 domain containing tyrosine phosphatase-1 (SHP-1). It blocks the induction of nitricoxide
synthase expression and therefore the Leishmania protein can deactivate the macrophage host cell. In
the human host cell, there is a EF1A homolog with 75.1% sequence identity. However, it is not able to
bind SHP-1®, In contrary to Leishmania EF1A, mammalian EF1A harbors a hairpin loop, which is 12
amino acids long and offers structural differences that could serve the basis for drug target
development®’. Further, it could be shown that there is a direct correlation of the EF1A expression
level and the apoptosis rate in mice fibroblasts'®®. It was suggested that EF1A is also associated with
the cell shrinkage during apoptosis since it was shown that it is a microtubule-associated protein®. It
is not only important for apoptosis, but also for ubiquitination: there is an essential involvement of
EF1A in the degradation of N-terminal acetylated proteins through the 26S proteasom®®. A further
function is the role as activator by binding to the IFNG promoter together with TXK and PARP1 for the

160 |ejshmania EF1A can also be delivered in exosomes to

transcription of IFNy in Thl cells
macrophages'®®. In a similar way, it was also tested as vaccine: recombinant EF1A was formulated in
liposomes and determined in the effectiveness as vaccine in mice. It showed that there was a massive
increase in T cells that protected the mice against visceral leishmaniasis'®?. In my experiments, it was
not possible to achieve a full KO of EF1A. It was already earlier suggested that EF1A is essential for
parasite survival®®”1%3, | could create a partial KO, in which the mRNA level decreased by 50% (Figure
28). Despite the involvement in the regulation of apoptosis | could not detect any influence of the
partial KO on the apoptosis characteristics ROS, PS externalization and DNA fragmentation. It should
be confirmed that the mRNA level is still decreased after apoptosis induction through the different
drugs. EF1A is a housekeeping gene since it makes between 3 —10% of the soluble proteins in the most

164

cells***. Therefore, even a 50% decreased level might be enough to initiate the apoptosis

characteristics. To prove the role of EF1A in Leishmania apoptosis, an overexpression and but also an
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inducible KO of the gene should be performed, to see the inevitable effects of a KO in the parasite,
without the problems of lethality through the KO.

| propose distinct roles of the upregulated proteins EFla, RPS2 and ubiquitin in the apoptosis
pathway of Leishmania (Figure 51). Hereby, EF1a might have several roles, ranging from a direct effect
on transcription and translation of pro-apoptotic proteins to the ubiquitin-dependent degradation of
anti-apoptotic proteins. RPS2 probably has mainly an effect on translation of pro-apoptotic proteins

and ubiquitin in the degradation of anti-apoptotic but also cell survival proteins.

Transcription of pro-apoptotic proteins é RPS2

b1 Ubiquitin

TTeTT T

' )
Translation of pro-apoptotic proteins “

Degradation of
cell survival / anti-apoptotic proteins

Figure 51. Proposed involvement of elongation factor 1 alpha (EF1a), ribosomal protein S2 (RPS2) and ubiquitin in
Leishmania apoptosis. Possible mechanisms in the involvement of EF1a, RPS2 and ubiquitin can be found in the transcription
and translation of pro-apoptotic proteins and in the degradation of cell survival or anti-apoptotic proteins.

Since | was not able to achieve KOs of the genes from newly identified proteins to investigate
apoptosis mechanisms in Leishmania in more detail, | was seeking to characterize further proteins that
we identified in the MS screen. These were: tryparedoxin peroxidase, an uncharacterized protein,
pyruvate kinase and carboxypeptidase. Further, | chose two hits that were detected in an earlier MS
screen during the MD thesis by Jochen Steinacker!?': SMP4 and DPP. | decided to further include three
more hits, which were published to be involved in apoptosis: ABCG2, EndoG, MCA.

Leishmania parasites must be able to deal with a broad range of reactive oxygen species to survive
the ROS burst in the host macrophage. Although, enzymes like catalase and gluthathione peroxidase
are missing in the parasite, they harbor very special antioxidant compounds like trypanothione!®®. The
peroxidoxins were shown to be essential for the oxidative defense and survival of Trypanosoma
brucei*®®. Tryparedoxin peroxidase acts together with trypanothione/trypanothione reductase in the
reduction of H,0,. A full KO of tryparedoxin peroxidase was not possible in my experiments;
however, | could achieve a partial KO with approximately 40% of the TRYP4 mRNA expression

compared to the Cas9/T7 control. Although | would expect highly enhanced ROS levels through the KO
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of TRYP4, | could not see any effect in this regard. Especially the H,0, level, which can be detected
through staining with H,DCFDA, should be highly increased through the KO. A higher H,0; level would
also lead to the increase of other ROS and in turn to lipid peroxidation, cytochrome c release and the
externalization of phosphatidylserine®”1%8 Theoretically, in case of a reduced ability to deal with ROS,
| would also expect a lower ability to deal with the ROS burst during infection in the host macrophage.
However, | could not observe any change in apoptosis characteristics. Since the protein was only
detected in untreated promastigotes in our MS screen, it might have an effect on the ROS homeostasis,
and during drug treatment, other tryparedoxin peroxidases take over the function of antioxidant
defense. This can also be seen in the genomic organization of the TRYP4 gene, which is arranged as
tandem array. It is possible that some of the genes are important for the basal reduction of ROS and
the others are important for the response to various stimuli and the upregulation of certain ones can
replace the others. Since a full KO of all tryparedoxin peroxidases is not possible®®, further
investigations are difficult but could focus more on the distinct functions of the different tryparedoxin
peroxidases.

A protein, which was upregulated during apoptosis is an uncharacterized protein: Q4QDQ9.
According to the uniprot database, this protein is a transmembrane protein that could be important
for malate, succinate, sulfate transport!®. Because of similarity to the Trypanosoma brucei homolog,
it could be a mitochondrial carrier protein'’® and therefore crucial for the import of nutrition to the
mitochondrion. A full KO of the gene was not possible in my experiments, however the partial KO led
to a diminished gene-specific mRNA expression in the untreated promastigotes. Regarding the
apoptosis characteristics ROS production, PS externalization and DNA fragmentation, there was no
alterations observable upon the KO. In future, it should also be tested, if the expression is still
diminished under apoptosis-induced conditions or if an upregulation occurs. Since the protein might
also transport thiosulfate, it is possible that it delivers antioxidants to combat oxidative stress'’?.
However, evidence for this is missing, since the KO experiments did not lead to any phenotype.

Pyruvate kinase was downregulated after miltefosine treatment in promastigotes. The protein
catalyzes the last step of the glycolysis pathway. In human cells, it was shown that under oxidative
stress, one isoform of the pyruvate kinase translocates to the mitochondrion and phosphorylates the
anti-apoptotic protein Bcl2. This phosphorylation prevents Bcl2 from degradation. Therefore, the
pyruvate kinase directly inhibits apoptosis in human cells’2. The downregulation of pyruvate kinase in
our MS screen would be in line with this observation in human cells. The published results describe
pyruvate kinase as anti-apoptotic protein which is in accordance with its downregulation during
apoptosis. The involvement of pyruvate kinase in apoptosis was shown in human cells and not in
Leishmania, which is lacking a Bcl2 homolog!”. Another, more likely possibility is that the whole

metabolism, including glycolysis, is downregulated. In my experiments, | could see a diminished mRNA
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expression in the partial KO of pyruvate kinase, but no effect on apoptosis characteristics. This suggests
that the downregulation of metabolism is the more pronounced effect than the regulation of
apoptosis. However, here some metabolic assays could be performed to see if another protein is able
to take over the function of the pyruvate kinase.

The putative carboxypeptidase Q4Q0D4 was more abundant in the early timepoints of apoptosis
induction in promastigotes than in the untreated control. It is a metallocarboxypeptidase. This type of
protein was shown to be involved in apoptosis'’®. | was able to create a partial KO of the gene, which
almost completely impeded the mRNA expression. | could not observe any change of apoptosis
characteristics in the partial KO. It is quite likely that the protein is important for other processes than
apoptosis and this might be the reason why | did not observe a phenotype. It is also possible that the
parasite is able to upregulate the protein expression from the remaining allele during apoptosis in such
an amount that the partial KO is compensated.

In an earlier MS screen performed by Jochen Steinacker, in which promastigotes and amastigotes
had been treated with staurosporine, he found Q5SDH3 to be upregulated in staurosporine-treated

promastigotes??!

. When the screen was done in 2010, the protein was assigned as calpain-like
peptidase. However, most of the protein name assignments are done based on similarity to other
known proteins and therefore wrongly assigned proteins names are also found in the database. More
recently, Q5SDH3, was assigned as putative small myristoylated protein 4 (SMP4). Myristoylations are
co- or post-translational modifications, which allow a weak protein-protein or protein-lipid interaction.
The modifications play an important role in signal transduction cascades'’®. The enzyme, which
conveys the myristoylation is called N-myristoyltransferase (NMT) and is discussed as a drug target for
several years!’®, The SMP1 from L. major is localized at the flagellum and a deletion leads to
uncoordinated movements'’’. For SMP4, it could be shown that the protein localizes to the cell body
membrane but the function still remains elusive!’®. In our recent MS screen, SMP4 was not significantly
regulated in staurosporine-treated promastigotes, but it was downregulated in harmonine-treated
promastigotes. A Leishmania strain with a full KO of the gene was kindly provided by the group of
Antonio Jiménez Ruiz. | investigated the apoptosis characteristics in this KO but could not observe any
phenotype. This is why | assume that SMP4 does not have a function in apoptosis.

A further hit from the screen by Jochen Steinacker was dipeptidyl peptidase 3, which was
downregulated in staurosporine-treated amastigotes!?!. Because of its function as peptidase, it was
suggested that DPP could play a similar role as caspases during cell death. DPP belongs to the family
of M49 peptidases with homologs in bacteria, plants and animals”®8, |t is postulated that DPP plays
arole in protein turnover. When proteins are ubiquitinated for proteasomal degradation, the resulting
peptides are released into the cytosol, where peptidases degrade them further into amino acids. These

182

amino acids are then used for protein synthesis or energy generation*®’. Together with other
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peptidases, DPP degrades these peptides. Because of inhibitors of DPP, which reduced the viability of
L. braziliensis, it was suggested as drug target'®. In our recent MS screen, DPP was not significantly up-
or downregulated in any treated amastigote condition, however it was downregulated in 24 h
miltefosine-treated promastigotes and in the stationary growth phase compared to untreated
logarithmic phase promastigotes. The downregulation of the protein at the late timepoints after
apoptosis induction would be in line with the published function, since the protein turnover for
following protein synthesis is not an essential pathway anymore in the dying parasites. | was able to
generate a full KO of DPP, which did not show any deficiencies in growth, thereby devaluing the role
of DPP as drug target. The apoptosis characteristics were not changed after the KO of DPP.
Consequently, the protein function is likely to be restored by other proteins.

| also aimed to investigate the role of published apoptosis-involved proteins to further characterize
them as possible drug target or vaccine approach. The ATP-binding cassette protein subfamily G,
member 2 (ABCG2) is a protein, which is published to be involved in the externalization of
phosphatidylserine?2. In the publication, the authors showed the impact of an inactive protein mutant,
which led to reduced annexin binding. The lower annexin binding was accompanied by a decreased
infection rate in vitro and the inability for disease development in mice when infected with the mutant
Leishmania. Three years later, the same group published the role of ABCG2 in drug resistance. Here,
overexpression experiments of the protein led to increased efflux of antimony®. | attempted a KO of
the ABCG2 gene, however were only able to achieve a partial KO with approximately 50% of the
original gene expression. It was surprising that the published inactive version led to normally growing
parasites but a full KO could not be achieved in my experiments. Because of the published involvement
of the protein in PS externalization, | checked for annexin binding and infectivity but could not see a
lower PS externalization or lower infection rate of macrophages with the partial KO, compared to the
control. This was surprising, since | would at least expect a small change when the ABCG2 expression
is decreased by 50%. Due to their ability to respond to environmental or genetic changes very quickly
by adjusting the number of gene copies, it might be possible that Leishmania can compensate for a
partial ABCG2 knockout by rapidly duplicating the gene locus within few rounds of replication.
However, | cannot be certain about this, because | did not check if the gDNA amount was enhanced
after apoptosis induction. | also determined the other apoptosis characteristics and there was a
significant effect on the abundance of certain reactive oxygen species in the parasites. The most
pronounced effect was the increase of H,DCFDA-detectable ROS in logarithmic phase promastigotes,
which are H,0,, HO' and ROO'. This means, the partial ABCG2 KO parasites are not able anymore to
cope with oxidative stress. An unspecific efflux of antimony but also ROS could be a possible
mechanism for the ABCG2 protein. Contradictory, the other apoptosis characteristics were not

changed for the partial KO, which is unexpected since these characteristics are all connected. My data
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indicates that ABCG2 has a similar role as the ABC-type efflux pump MacAB from Salmonella, which
protects the bacterium from hydrogen peroxide by an active efflux’®®. This has to be confirmed in
further approaches with for example an inducible KO, since here the direct effect of a KO could be

observed without the problems of lethality.

4.3. Endonuclease G and Metacaspase

Since EndoG and MCA are the proteins, which are discussed the most regarding Leishmania cell
death!¥,  investigated the role of these proteins in more detail. While a gene KO of MCA has previously
been published®, there was no KO available for EndoG, so far. Hence, | generated both KO strains in
our lab. To also evaluate the interplay between both proteins or a reinforcing effect, | created a double
KO of MCA and EndoG.

The KO of EndoG led to a slower growth compared to the Cas9/T7 parasites, which highlights the
role of EndoG in cell survival. The pro-survival role of EndoG was previously reported by Rico et al*’.
This observationis in line with the reduced viability of L. infantum promastigotes and amastigotes upon
inhibition of EndoG®”1%, The EndoG KO showed a slightly higher mitochondrial membrane potential,
which was not significant. In the published partial EndoG KO in L. infantum this effect was more
pronounced®’. A higher mitochondrial membrane potential can be associated with higher energy
capacity and a higher synthesis of ATP®, However, in my experiment the opposite was true. | observed
a lower metabolic activity in the EndoG KO. On the other side, the decreased metabolic activity is in
line with the reduced growth behavior. Apart from the mitochondrial membrane potential, the ROS
levels were also slightly increased, which was significant when pre-treated with ATA. Meaning that
EndoG and other endonucleases potentially play a role in the defense against ROS. In human cells, it
could recently be shown that ROS levels are enhanced in EndoG-deficient cells, especially observed for
DHE staining, which is mainly detecting ROS within the mitochondrion®. | could also show that
mitochondrial ROS is enhanced in the EndoG KO parasites, but only in axenic amastigotes, not in
promastigotes. For human EndoG it could previously be shown that the ROS levels within the
mitochondrion lead to damage of the mtDNA and EndoG is involved in the clearance of mtDNA to
initiate new replication of mtDNA® 8, This is supported by the fact that an EndoG deficiency impairs the
mtDNA replication'®. Therefore, EndoG might also have a pro-life role in the mitochondrion of
L. major. ROS leads to lipid peroxidation, cytochrome c release and the externalization of
phosphatidylserine®®. For the EndoG KO, there was no difference regarding PS externalization, but the
lipid peroxidation probably also leads to the release of EndoG®. Upon its release from the
mitochondrion, EndoG locates to the nucleus, where it cleaves DNA%. After apoptosis induction

through miltefosine, the DNA fragmentation is significantly reduced for the EndoG KO compared to
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the control. This was not dependent on inhibition of endonucleases. Since the DNA fragmentation is
not decreased through the chemical endonuclease inhibitor ATA in the EndoG KO, it is unlikely that
there are further endonucleases involved in DNA fragmentation at this point. However, since pre-
incubation with the metacaspase inhibitor antipain could decrease DNA fragmentation in the EndoG
KO to untreated values, and also the control parasites were reduced in DNA fragmentation, there are
further antipain-inhibited proteins involved in the fragmentation of DNA. One of those proteins could
be oligopeptidase B, which could be crystallized in complex with antipain®. Also carboxypeptidase is
a possible target, which is inhibited by antipain®. Since EndoG is not inhibited by antipain, the
difference between the Cas9/T7 and EndoG KO highlights the involvement of other proteins in DNA
fragmentation.

This massive reduction of DNA fragmentation after 6 h could also be seen for other apoptosis
inducers like staurosporine or hydrogen peroxide. This means EndoG is activated downstream of
apoptosis inducers miltefosine, staurosporine and hydrogen peroxide. The effect of reduced DNA
fragmentation was observable in case of miltefosine between 4 and 12 hours after treatment. Later,
DNA fragmentation was still lower than in the control parasites, but not significant. Meaning other
proteases/nucleases can compensate for EndoG at the later time points.

The infection rate of h(MDMs was not changed for EndoG KO parasites, while proliferation of the
parasites was slightly decreased in both type-1 and type-2 macrophages. This can be explained by the
lower growth rate of the parasites. Previously, it could be shown that the overexpression of EndoG in
L. donovani amastigotes leads to a reduced survival in hMDMs and that parasites are killed within
48 h%. Therefore, the tight regulation of EndoG seems to be an important aspect for the survival of

Leishmania within their mammalian host cell.

The KO of MCA did not change the growth of L. major, which could also be seen by Casanova et al*°,
where wildtype showed the same growth rate as the MCA KO. The double KO of MCA and EndoG did
not show the reduced growth observed for the EndoG KO, which could mean that MCA plays an
indispensable role in the reduced growth behavior of the EndoG KO, probably through a cross-talk
mechanism. MCA KO showed a lower mitochondrial membrane potential than control, which was
significant after inhibition of endonucleases and metacaspases through ATA or antipain, respectively.
MCA KO showed untreated such a low mitochondrial membrane potential as the control after
apoptosis induction. This could indicate an important role in mitochondrial function, which is enhanced
by ATA-inhibited and antipain-inhibited proteins, which could be in turn activators of MCA. The ROS
levels were not changed for the MCA KO or for the MCA/EndoG KO. However, PS externalization and
DNA fragmentation in the untreated parasites was significantly enhanced for the double KO, probably
because of the dysregulation of the apoptosis machinery, since both KOs alone had no effect on PS

externalization and DNA fragmentation in the untreated controls. When the parasites were pre-
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treated with antipain, the DNA fragmentation was enhanced in the MCA and MCA/EndoG KO. This
might indicate for a protective role of MCA on DNA fragmentation. After apoptosis induction, this
effect could not be seen anymore. Therefore, a kind of housekeeping/homeostasis, as could be seen
for EndoG, would be possible for MCA.

The rate of infected macrophages by MCA KO parasites was not changed compared to the control
strain, however the MCA/EndoG KO led to a significant reduced infection rate of type 2 macrophages.
M2 are anti-inflammatory macrophages, which are not able to deal with the infection in a proper way

91 After four days,

and show therefore higher infection rates as the inflammatory type 1 macrophages
when the transformation of promastigotes to amastigotes took place!®?, the infection rate doubled for
M1. Here, the parasites might have left the macrophages and infected further ones'®3. The infection
rate was significantly lower for the MCA/EndoG KO. However, the MCA/EndoG KO had an initially
lower infection rate, which also doubled within the four days. Looking at the parasite burden using the
geometric mean of eGFP, the MCA/EndoG KO parasites were not able to replicate as fast as the

Cas9/T7 parasites, within both types of macrophages. Therefore, the small effects from both single

KOs potentiated to a significant effect in the double KO.

My experiments showed that the function of both proteins MCA and EndoG are replaceable by
other proteins and play only minor roles during Leishmania cell death. The DNA-fragmenting role of
EndoG can be taken over by other proteins and for MCA | could not detect any significant involvement
in apoptosis. However, there still seems to be a pro-life role of EndoG as well as for metacaspase when
thinking of the growth behavior, infection of macrophages and parasite proliferation within the

macrophages.

Through my experiments, | could show the roles of EndoG in DNA degradation and intracellular
survival. For MCA | could also determine a role in the intracellular survival and | suspect a similar role
for p1/s1 nuclease and EFla. Although | could not proof the role of pl/sl nuclease and EFla
experimentally in KO experiments, the upregulation in the MS screening and the reported functions in
literature let us conclude that | can assign the proteins a function in intracellular survival. For ABCG2, |
could show in our experiments a role in ROS defense. Because of differential regulation during cell
death and the published findings, | suggest TRYP4 and Q4QDQ9 also to be involved in ROS defense. A

further role of RPS2, EFla and ubiquitin is proposed in apoptosis induction (Figure 52).

Taken together, | was able to identify several new proteins that are involved in apoptosis of

Leishmania. Further, | could assign functions of new or already established proteins.
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Intracellular Survival

EndoG p1/s1 nuclease
MCA EFla

Macrophage
Apoptosis Induction
RPS2
EFla
Ubiquitin

ROS Defense

ABCG2 TRYP4
Q4QDbQ9

DNA Degradation
EndoG

Leishmania major

Figure 52. Proteins that are involved in the Leishmania major apoptosis pathway, which are proposed by us (blue) or
experimentally proven by us (white). | could show the importance of EndoG in the DNA degradation and intracellular survival.
MCA is important for the intracellular survival as well and ABCG2 in ROS defense. | suggest an essential role of RPS2, EFla
and ubiquitin in apoptosis induction and of TRYP4 and Q4QDQ9 in ROS defense. The role of p1/s1 nuclease and EFla in
intracellular survival is proposed.

4.4. Pentose Phosphate Pathway as Drug Target

The pentose phosphate pathway (PPP) is a key metabolic process, which uses glucose-6-phosphate
in parallel to the glycolysis. It is divided in two distinct phases, the oxidative branch, which produces
NADPH and the non-oxidative branch, which produces 5-carbon sugars. Thus, the main functions of
the pathway are generation of reducing agents (for e.g., combating ROS) and generation of sugars that
are important for further nucleotide or amino acid synthesis!?*. The first enzyme in the pathway is the
G6PD, being responsible for the reaction, in which the first NADPH molecule is catalyzed. RNA
interference (RNAI) approaches showed that G6PD is an essential enzyme in Trypanosoma brucei,
determined by severe growth deficiencies after G6PD knockdown!®*. The essentiality of the gene was
also determined in P. falciparum®®. In L. magjor mutant strains with antimony resistance, harboring
several genomic aberrations, a KO of G6PD could be generated, which led to growth deficiencies and
a decreased protection against ROS'®>. All these observations highlight the role of G6PD as a possible
drug target. The group of Katja Becker (University GieRen) already assessed the potency of several
G6PD inhibitors in the use against Plasmodium. The inhibitor with the lowest 1Cs value was SBI-750
with 6.7 nM when tested on enzyme activity. Furthermore, the inhibitor was assessed to be selective,
since it did not show inhibition of human G6PD. | tested the inhibitor in L. major promastigotes and
amastigotes and could determine an ICso value of 103.3 uM for cell death measured by fluorescence

loss of the dsRed-expressing parasites in the amastigote stage. The concentration of a suitable drug
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should be in the nanomolar range, since higher concentrations might induce off-target effects!’. This
means SBI-750 is not a suitable drug for the treatment of Leishmania, however it can be used to study
the potential of G6PD as drug target in the parasite. Since | could not see any effects on annexin binding
or fluorescence loss even for high concentrations of SBI-750 in promastigotes but in amastigotes, | can
conclude that G6PD seems to be more important in the amastigote stage than in the promastigote
stage. This could be the case because amastigotes have to deal with a large amount of oxidative stress
within the macrophage host cell, which could be alleviated by the generation of reducing agents
through G6PD activity®,

| was aiming to create G6PD KOs in L. major and L. donovani strains with a stable integration of
Cas9/T7. All attempts of transfecting the KO constructs into the parasites and further selection of
parasites via antibiotics led to death in L. major. This could either be due to experimental problems,
which did not lead to a KO, or due to the fact that the gene is essential for parasite survival. One
experimental issue could be an inefficient sgRNA binding and consequently an inefficient cutting of the
DNA through the Cas9. Another possibility is that the HRs do not fit to a required extent to the UTRs
of the GOI. We are working with L. major FEBNI, which is not sequenced, and therefore the
oligonucleotide design is performed with the reference genome of L. major Friedlin. Hence, it is
possible that there are minor differences in the gene sequences that result in an impaired binding of
the designed oligonucleotide to the target gene. However, it could be shown that the genome of
different Leishmania strains is very similar. For example, there are only 15 out of all 8,405 protein-
coding genes more between L. major and L. donovani. Thus, between different species the difference
is only in pseudogene formation and gene copy number variations but not in the overall genomic
sequence!®, Since we work in the same species but different strain, | expect only very small genomic
alterations. What refutes the point of inefficient oligonucleotide binding is that | was able to perform
a KO in the G6PD overexpressing L. major. Even after eight passages with and without selection
pressure and the further transformation to amastigotes, the parasites did not lose the G6PD expressing
plasmid. | would expect that the parasites get rid of a plasmid, which expresses a gene that is not
essential for parasite survival. Since RNA interference cannot be performed in Leishmania, this
procedure was the gold standard to discover essential genes in Leishmania before the establishment
of inducible KOs?®. This experiment shows the importance of G6PD for the survival of L. major and the
potential usage as a drug target.

In L. donovani, | was able to obtain the partial KO of G6PD. Although the G6PD mRNA expression
was reduced to less than 40%, this did not influence the survival of the parasites. However, | could not
achieve a full KO of G6PD in L. donovani. Therefore, | applied the same approach as for L. major: |
introduced a plasmid for G6PD overexpression in the partial GGPD KO of L. donovani and attempted

the full G6PD genomic KO. All my attempts for a rescued full G6PD KO failed, probably because the
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partial KO harboring the overexpression plasmid only showed a GGPD mRNA expression of about 60%
compared to wildtype L. donovani. It is not clear why the plasmid led only to this small increase in
expression. Although the plasmid is designed with promotor-like regions from L. major its use in
L. donovani was shown as well?®’. Nonetheless, | was neither able to create a full G6PD KO nor a
rescued G6PD KO in L. donovani. This could be bypassed through the usage of an inducible KO system,
since the lethality of the genetic modification can be excluded and the direct effects of the KO can be
observed.

PGD is the second enzyme in the PPP, which produces a NADPH molecule. Therefore, PGD is also
highly discussed as a drug target!?#292, Using RNAI, which led to growth deficiencies, it could be shown
that it is an essential protein in T. brucei*®. | applied the same drug target validation strategy for PGD
as | did for G6PD in L. major and L. donovani. Initial KO of the PGD was lethal in both strains. Therefore,
| decided for a rescued PGD KO with the integration of a plasmid for PGD overexpression (OE). This
was not successful in a first attempt in L. major, however the stable integration of an additional copy
of PGD in the ribosomal locus worked immediately. The PGD OE parasites showed a very strong
upregulation of PGD mRNA. This enabled the full KO of the genomic PGD locus, which showed a lower
MRNA expression than the PGD OE parasites but still much higher expression than the control
parasites. Therefore, conclusions about reduced amounts of PGD cannot be made. Anyway, | could see
a change in the phenotype for the PGD OE and the rescued PGD KO. The PGD OE led to a highly reduced
growth behavior in the logarithmic phase. This was even more pronounced in the rescued PGD KO,
especially in the late stationary growth phase. This shows that an endogenous control of the PGD is
very important for proper growth of Leishmania. In human carcinoma cells, a PGD overexpression leads
to a higher survival®®. Moreover, the overexpression of PGD is a known mechanism of cancer cells to
gain metabolic advantages, why it is also a target for cancer therapy?®.

L. donovani did not lose the PGD OE plasmid within the rescued PGD KO after eight passages. A
following transformation of promastigotes to axenic amastigotes would be the next step to achieve
the eventual loss of the plasmid in case it is not essential for parasite survival, since during the
transformation step the highest genomic adaptions occur (unpublished results from our group).
However, | was not able to perform the transformation, since it is very difficult to achieve in vitro. Thus,
the amastigote generation in vivo in a mouse would be the appropriate alternative, which could be
performed next. Taken together, | cannot be sure, if PGD is an essential gene in L. donovani. It is
necessary to perform further experiments to finish the target validation. A suitable alternative method
for this would be an inducible KO of the gene, since here the direct effects of the KO could be observed,

without the issues of the KO performance.
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4.5. Establishment of an Inducible Knock-out System

The main obstacle to face during this thesis was that | did not obtain a full KO for the majority of
my target genes. Since | can never be sure if a KO did not work because of problems during experiment
performance or because the parasite dies upon deletion of a gene, there is the urgent need for a better
way to deal with essential genes. As already mentioned, a solution for most of my target genes would
be an inducible KO. With this system, the KO can be induced through the addition of a drug (in my case
rapamycin), which leads to the removal of the GOI. The advantage of the method lies in the fact that
the parasites do not die through the genetic modification, but if they die after rapamycin addition, one
can be sure that it is because of the loss of the gene. | was able to establish such a system in our
laboratory, which uses two fluorescent proteins for the tracking of efficient removal of the GOl (eGFP)
and also for the viability of the parasite (mCherry).

| used the inducible KO system for the drug target validation of G6PD in L. donovani. After the
addition of rapamycin, | could see anincrease in the G6PD gDNA on the first day. This is a well described
mechanism of Leishmania to deal with environmental changes. The parasites deal with stress through
variations of the gene copy number?®. However, the increase of the gene copy number is only possible
as long there are still copies of the G6PD left, which is only on the first day. Later, the gDNA is constantly
decreasing down to approximately 10% at day 7. Therefore, the method is working very efficiently. The
observed eGFP fluorescence decreased in the same fashion but showed levels at approximately 30%
from day 7 on. The amount of eGFP decreases slower than the gDNA abundance, since there is a delay
due to the half-life of the protein. | could only see minor differences after the induction of the G6PD
KO in L. donovani. The only significant difference was the number of dead parasites at day 7, which
was increased after KO induction. For an essential gene, | would expect highly decreased growth. Based
on these experiments, | can conclude that G6PD is dispensable for the survival of L. donovani
promastigotes. Nonetheless, as seen for the inhibitor experiments, the role of G6PD KO in amastigotes
should be investigated in more detail, since | would expect a bigger effect there.

For inducible PGD KO experiments in L. donovani, | was not able to integrate the loxP site on both
alleles but since | could not achieve this through the non-inducible KO method, | investigated this
inducible partial PGD KO in more detail. In this inducible KO | could see the effect of gene copy number
variation much more pronounced. At day one after induction, the PGD gDNA was up to 4x the number
compared to control. Only at day 4 and 5 the gene copy number decreased to lower than one, but
increased later. This shows again the genomic plasticity of Leishmania. Through the duplications of the
chromosomes, the parasite was able to keep an almost constant expression of eGFP and therefore also
PGD. Therefore, the growth differences were not significant, though constantly decreased for the
induced partial PGD KO. Altogether, | can say that a full inducible PGD KO would be very promising and

should be focused on in the future, since this could be a good drug target. The question arises, why
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PGD shows higher growth defects in a partial KO then G6PD in a full KO. A reason could be that, apart
from the NADPH production, a deficiency in PGD leads also to the accumulation of 6-
phosphogluconate. This accumulation is toxic for the cell, since it inhibits the phosphoglucose

124

isomerase and consequently glycolysis***. A further readout to track the induction of the KO could also

be the metabolic consumption and ROS levels in the parasite.

4.6. The Role of Leishmania PS on the Human Immune System

Although it was shown that annexin-binding lipids on the parasites’ surface play a crucial role in the
disease development of leishmaniasis®,, it is still a matter of debate which annexin-binding lipids are
responsible for this effect®. It was suggested that PS is the sought-after lipid, since it plays a role in
many other immune-silencing mechanisms?”’. However, in the publication of Weingartner et al.?3, the
researchers used several biophysical methods to detect PS in L. donovani promastigotes but failed to
do so. They detected other lipids like phosphatidylglycerol, phosphatidylethanolamine or
phosphatidylinositol, which are all able to bind annexin*®. One critical point in their publication is that
they used logarithmic phase promastigotes, which do not externalize PS and it is not clear if this life-
stage of Leishmania synthesizes PS, although PS is an inherent part of the plasma membrane of most
eukaryotes. PS synthesis could be shown in T. brucei, which use the phosphatidylserine synthase to
produce PS through serine?®, A putative phosphatidylserine synthase is also found in the Leishmania
genome however, experimental evidence is missing if the protein is functional. In our MS screen, we
could not detect the synthase in any of the conditions, and a KO attempt did not lead to living parasites
(data not shown). Though, there are other ways proposed how Leishmania might acquire PS, for
example from the FCS in the culture medium®. Therefore, we were aiming to solve the question if
Leishmania harbors PS, together with our cooperation partners. We were able to identify distinct
species of PS on living and dead parasites. Moreover, certain species of PS can only be found on dead
parasites, strikingly the PS with very long fatty acid chains and a high number of double bonds. Rats
that were fed with PS_22:6 showed reduced oxidative stress pathways through lower TNFa and IL-13
production in the brain®®, It is my hypothesis that these distinct PS species on dead parasites play a
major role in the immune-silencing mechanism when infecting host cells. Because of their low stability
in aqueous solutions??, it is not trivial to deliver lipids to cells in a way that they can recognize them, |
used the physiological model of exosomes to deliver the lipids. | was successful in purifying exosomes
derived from logarithmic and stationary phase promastigotes. As expected, logarithmic phase
promastigotes produced more exosomes than stationary phase promastigotes, which is conclusive,
since the production of exosomes is an active process?!l. By definition, exosomes vary in their size

between 50 and 150 nm?!?, With a measured mode size of 124 nm for logarithmic and 136 nm for
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stationary phase exosomes, | am in the range for exosomes. It could be shown that Leishmania secrete
exosomes during all life stages, even within the sand fly’'s midgut. These exosomes were shown to
facilitate a Leishmania infection of the mammalian host cells through the induction of several cytokines
like IL-4, IL-17a or IL-10%%, Leishmania exosomes are packed with the proteins EFla, different heat
shock proteins, GP63 and histones?!3. However, the lipidome of Leishmania exosomes remain elusive.

When | incubated hMDMs with logarithmic or stationary phase exosomes, | could not see an effect
on cytokine secretion for non-activated macrophages. However, when the macrophages were primed
with IFNy/LPS, | could see an effect for distinct donors. This stimulus is quite physiological, since CD4*
T cells secrete IFNy in order to establish a proper Th1l type immune response against Leishmania®**.
Regarding the second stimulus, it was shown that through the bite of an infected sand fly, bacteria of
the genera Tsukamurella, Lysinibacillus, Paenibacillus, Solibacillus, Myroides and Bacillus were found
to be transmitted alongside with L. donovani. The bacteria lead to IL-1B secretion at the site of the
sand fly bite, which leads to inflammasome activation and further neutrophil infiltration. When the
sand fly was pre-treated with antibiotics, there was no parasite dissemination in vivo?'>. Therefore, a
bacteria-derived stimulus (LPS) together with a stimulus derived from other lymphocytes (IFNy) is a
physiological system?®,

| could see an increase for logarithmic exosomes in TNF production and an increase in IL-10
production for stationary phase exosomes. It could be shown that the infection of hMDMs with
logarithmic phase promastigote facilitate the secretion of the pro-inflammatory cytokines TNF, IL-6
and IL-1PB, while stationary phase promastigotes lead to the anti-inflammatory cytokine secretion of
IL-10%*, Therefore, the observed cytokine secretion fits to my hypothesis but only in some donors. The
macrophages, we use for experiments are derived from human blood donors, and were shown to
exhibit a substantial donor-to-donor variance when infected with several pathogens?2!8, These
differences are based on the gender, the genetic variability but also the local environment in the donor
and can be assayed through for example different cytokine profiles, but also differences in intracellular
proliferation of pathogens?Y.

Another important point to mention is that the exosomes do not only consist of lipids but also of
proteins and nucleic acids?'®. Thus, it is also possible that the cytokine secretion observed in distinct
donors is due to the other substances in the vesicles and | cannot assign the observed effects to the
lipids. To proof the lipid-induced effects, it would be necessary to synthesize the PS species, especially
PS(22:5_22:5) and constitute them as liposomes.

Further, a greater number of donors should be tested and also, a more suitable polarization of the
macrophages should be considered. | could observe TNF and IL-10 secretion for the M1 macrophages,
which were activated with LPS+IFNy (activated M1) or IFNy alone (M1-). The type 1 macrophages play

a major role in the microbicidal activity'®l. However, since type 1 macrophages are pro-inflammatory
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cells and are very effective in TNF secretion, the type 2 macrophages are more prone for anti-
inflammatory cytokine secretion like IL-10. Therefore, the M2 macrophages could be activated with IL-
10 or TGF-B to achieve a M2c phenotype, which is able to secrete large amounts of 1L-10%%°. This
phenotype is also relevant for Leishmania infection, since it could be shown that through the sand fly
saliva an M2 phenotype is favored??l. Therefore, a more physiological type of macrophage would
possibly lead to a more pronounced cytokine response against the exosomes.

Taken together, we could prove the existence of PS in Leishmania and moreover of distinct PS
species, which only occur on dead parasites. Further, | saw that exosomes, derived from living or dead
parasites, are able to induce the secretion of pro- or anti-inflammatory cytokines, respectively. Thus,
it might be possible that distinct PS species can trigger the secretion of anti-inflammatory (immune-

silencing) cytokines, which need to be proven in further experiments.

4.7. Conclusion and Outlook

Overall, this thesis gave some new insights in the specialized mechanism of apoptosis in Leishmania.
| identified several new proteins that might be involved in the cell death process and characterized
selected ones of them. The work that was conducted during this thesis also highlights the difficult
genetic background of Leishmania parasites. Tandem repeats or gene duplications of genes that are
important for parasite survival is a common mechanism in the parasite. But also, several proteins with
similar functions make it harder to discriminate a function of a specific protein, since a KO can always
be compensated through other proteins for this kind of proteins. One way to examine essential
proteins is the use of an inducible KO system. | could see how good this system works in the parasite
and it should therefore also be used for all the investigated partial KOs, which did not lead to a clear
phenotype.

Regarding the investigated KOs of EndoG and MCA, it should be considered to get them out of the
focus of apoptosis investigations in Leishmania. Both proteins belong to the most investigated ones in
cell death mechanisms of the parasites. However, they show only small effects and both can be
compensated quite good. Further investigations should consider new proteins, for example those from
the conducted mass spectrometry screen. | focused mainly on those from the promastigotes but also
the regulated proteins in the amastigote stage are very important, since this is the form, which occurs
inside the infected host cells.

A search for genes that might be involved in PS synthesis or externalization in Leishmania revealed
that the human ATP11 has a homologin L. major with 30.59% identity called phospholipid-transporting
ATPase 1-like protein (Q4QG01/LMIJF.13.1530). A KO of this protein should also be considered, because

it could be possible that these KO parasites do not show anti-inflammatory properties. Without the
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anti-inflammatory properties a proper T cell response would be possible* and therefore ATP11 might
be a good vaccine target. Furthermore, an inducible KO of PS synthase would be very interesting. The
chances are quite high that it would lead to death immediately after KO induction but maybe a first
decrease in PS content (annexin binding) could be detected. Even so, the other side would be worth
investigating: how the macrophage mediates the anti-inflammatory properties. As mentioned in the
introduction, there is a broad range of receptors present on phagocytes, which can recognize PS8
Leishmania infections in TIM47" or MerTK”* mice could solve this open question, which receptor is
responsible for mediating the anti-inflammatory response.

Altogether, this work can be the next starting point to fully understand the apoptosis mechanisms
in Leishmania. The huge dataset of differentially regulated proteins during cell death can bring a lot of
information about that and reveal further drug targets to combat leishmaniasis. The here described

system of inducible KOs can be used to investigate this further.
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6. Supplement

Supp. Table 1. Primers that were used for the generation and confirmation of CRISPR/Cas9 KOs.
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Nr. Target Gene ID Primer Name Sequenz 5°-->3°
Cl1 LmjF.05.0960 fw ACCGTAACCCCCCTAACCCCAACCCCTCCGgtataatgcagacctgcetge
Cl12 LmjF.05.0960 rev TTTCCACTACTGTCCTGTCCCCGGTTGCCCccaatttgagagacctgtge
13 LmijF.05.0960 sg fw gaaattaatacgactcactataggAGCACAAGCACGGGATCTGTgttttaga
gctagaaatagc
c1a _— LmijF.05.0960 sg rev gaaattaatacgactcactatagg;l;/:GiAﬁ:fTCCTCCCGCATCgttttagag
e l:)titrti)aseya LmijF.05.0960 LmjF.05.0960_Pri : :
cis | PP miF.05. L rimer TGTCGCACAACACGCTTTAC
cle LmJF'OSg%ZO—P”mer CCATGATGATGTCGCGGTAGT
1.7 LmJF'OS'gg(;O—P”mer GTTTCCACTACTGTCCTGTC
c2.1 LmjF.06.0090 fw CTTCCACTGGCTTCTCGTTCGCCGGCGCCGgtataatgcagacctgetge
€22 LmijF.06.0090 rev CCGCAAAACAGAAAGCTCGAAC-::CTTCGCCAccaatttgagagacctgtg
€2 3 | putative ATP- LmijF.06.0090 sg fw gaaattaatacgactcactataggAAGGCAGAGTGTCACGGGGAgttttag
binding agctagaaatagc
24 cassette _ LmijF.06.0090 sg rev gaaattaatacgactcactataggTCGGGTGAAAATGGTGACTGgttttaga
. LmjF.06.0090 gctagaaatagc
protein LmjF.06.0090_Primer
C2_6 subfamily JF.25-. ) - ATGCAGCCCCACCATCCAGT
G,member 2 LmiF.06.0090_Pri
2.8 miF: e rimer TACAGAGGACACCTACACCGACTACT
211 LmJF'OGé’OOﬁTOI—P”mer ATCACAGCTGCCCAGATGCG
C3_1 LmjF.10.0610 fw AAGAGTCCCTCGCAGTGTCGCTCCCTGTCCgtataatgcagacctgcetge
3.2 LmijF.10.0610 rev GCACACAAGTGATGGCGTTGTGCGTGCTCCAccaatttgagagacctgtg
3.3 LmijF.10.0610 sg fw gaaattaatacgactcactataggGTTGCGCGAAACGATTCAT Cgttttaga
gctagaaatagc
3.4 LmijF.10.0610 sg rev gaaattaatacgactcactataggTTGCCCTCGTTGCTGTTCACgttttagag
ctagaaatagc
LmjF.10.0610_Primer
C3_5 -
L EndoG LmjF.10.0610 1 CGCAGCCTCTGTTGGTCTCTTC
3.6 LmJF'lo'OGZm—P”mer TCGCTCTGCCTGGTCGATCA
3.7 LmJF'lo'Oglo—P”mer TGTGTGTCGAGGTGCTTTCCGT
c3.8 LmJF'lo'iG:v?l—Addbac CC CTCGAG ATGATCGCCCGG
3.9 LmJF'lo'EGrle?/—Addbac GGAATTCcatatgTCAGCGTCGCTCT
C4_1 LmjF.14.1200 fw CCCATCTTCTCCCTCTTTTCTGCCTATCCTgtataatgcagacctgctge
Cc4.2 LmjF.14.1200 rev TGAGCTGCCCACCCACCCACCCCCCCCCCTccaatttgagagacctgtge
ca 3 LmijF.14.1200 sg fw gaaattaatacgactcactataggTGCGTGATGCGTGCTATGTAgttttaga
gctagaaatagc
caa hl;zte;;c;\éij | LmijF.14.1200 g rev gaaattaatacgactcactataigégAggaﬁSGcCGACGGACAAACgttttag
i s:rine " | LmiF14.1200 LmjF.14.1200_Pri B
cas myF. 4. L280_Frimer ATGCGTCGAGGTCCGGATGA
synthase 1
ca_6 LmJF'”'lZZOO—P”mer CGTACAGCTCTCGCAAGCACGA
ca_7 LmJF'14'12300—P”mer ATGAGAGAAGGAAGGTGGAGCAGAC
C5_1 LmjF.15.1060 LmjF.15.1060 fwd CCCATCTTTGTTTTCTCTCTCCCCGCGCCCgtataatgcagacctgetge
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ACGGTAAAGAGGCAGGTGTGTGGCCGTCCAccaatttgagagacctgt

C5_2 LmjF.15.1060 rev gc
cs.3 LmijF.15.1060 sg fwd gaaattaatacgactcactataggGCTGGCTGGTGGCTGCGAGGgttttag
agctagaaatagc
cs.a . LmijF.15.1060 sg rev gaaattaatacgactcactataggTGTCTGAGCTCACTTACAGCgttttagag
Tryparedoxin ctagaaatagc
id jF.15. i
55 | Peroxiaase LmjF.15 1(;60_Pr|mer CATGTCCTGCGGTAACGCCA
cs5_6 LmjF.15 'IZGO—P”mer ACGGTGATCTGACGCAGCATG
cs5_7 LmjF.15 .1(;60_Pr|mer CCGACGTACATCCTCCTCCAGC
6.1 LmijF.17.0082 fwd GCTTGCCTGCCCGCCGCGCGCACGATAACCAgtataatgcagacctgctg
C6.2 LmijF.17.0082 rev GCGTGGGGGAGGGATACAAG:Jg(:“:AAAAGAAAccaatttgagagacctg
C6.3 LmijF.17.0082 sg fwd gaaattaatacgactcactataggCGTGATGTTAGATAGCGAGCgttttaga
gctagaaatagc
6.4 Elongation LmijF.17.0082 sg rev gaaattaatacgactcactatagach(tEaGGa'el"thaAcGGGAGGGGGCGCgtttta
factor 1- LmjF.17.0082 L. 17.0082 Primer gagctag £
C6_5 alpha IF-27 1 - ATGGGCAAGGATAAGGTGCACATGA
6.6 LmJF'”'OgSZ—P”mer TTACTTCTTCGAAGCCTTCGCGGC
6.7 LmJF'”'OZSZ—P”mer GGGGGAAAAGAGGAGAGGCC
c6_8 LmJF'”gOSZz—P”mer TTTGGGGGAAAAGAGGAGAGGTCC
C7_1 LmjF.18.1300 fwd GTGAGCGTTTCTCCCTCATCCCGCTCTCCTgtataatgcagacctgcetge
C7_2 LmjF.18.1300 rev AACACAGCGCGTACTCCTGCATCGCTCCCTccaatttgagagacctgtge
73 LmijF.18.1300 sg fwd gaaattaatacgactcactataggTGGAGCGAGGCGTAAAGAGAgttttag
agctagaaatagc
74 _ LmijF.18.1300 sg rev gaaattaatacgactcactataggGGCTGCGTGGGTGTAGGGAGgttttag
Uncharacteri . agctagaaatagc
zed protein LmjF.18.1300 LmjF.18.1300_Pri
7.5 P mir. 2. L rimer ATGTCTCCACAGACCGCTTCAGC
7.6 LmJF'ls'l?;OO—P”mer CCTCCACTGGCATCGTCACAATG
7.7 LmJF'l&liOO—P”mer ATACACCACCCGTCCGACACCT
81 LmijF.19.0060 fwd CGCACACAAACCGGGAACTCCACTATGTCCAgtataatgcagacctgctg
8.2 LmijF.19.0060 rev AATGACTGTCACCCTTGAGGTA,;-\AAGACCchaatttgagagacctgtg
83 LmjF.19.0060 sg fwd gaaattaatacgactcactataggTCTAGGAGAAGACAGCTCGTgttttaga
405 gctagaaatagc
s 4 ribosomal LmijF.19.0060 LmijF.19.0060 sg rev gaaattaatacgactcactataggTAAGGCTTGGATAGCAGAGAgttttaga
. gctagaaatagc
protein 52 LmjF.19.0060_Primer
Cc8 5 LA 1 - CAGATACTCAGCCTGCTCAGGAGG
8.6 LmJF'lg'OZGO—P”mer CGGCAAACTCGAGGATCTTCTTG
8.7 LmJF'lg'OgGO—P”mer AGCGTACTCGACCAATATGCGACT
C9 1 LmjF.30.1510 fwd ACGCACACTCGCTCCCTACATACGTTCCCCgtataatgcagacctgcetge
92 LmijF.30.1510 rev CAGGTGCAGGCACACACTCCGC::ATCGGTGCccaatttgagagacctgtg
co 8 p1/s1 . LmijF.30.1510 rev NEU CTGTCGAATTCATCAGCAAGCCCGTGCGGTccaatttgagagacctgtg
nuclease LmjF.30.1510 c
o3 LmijF.30.1510 sg fwd gaaattaatacgactcactataggAGTGCAGCACTGTTGAGGCGgttttaga
gctagaaatagc
99 LmjF.30.1510 sg fwd | gaaattaatacgactcactataggGTGCGCGGCAGAGGATAGAAATGGE
- NEU ttttagagctagaaatagc

-133-




SUPPLEMENT

LmjF.30.1510 sg rev

gaaattaatacgactcactataggGTAGGCACATGACCTGTCCATCGGgtt

C9_10
- NEU ttagagctagaaatagc
9.5 LmJF'3O'15110—P”mer TCCGTCTGCCTCTCACAGTGCT
9.6 LmJF'?’O'lSZlO—P”mer CTCCTCGTGAATCGCCACCA
9.7 LmJF'g’O'lilO—P”mer TCAGCCCTTCGTCGCTTTCC
911 LmJF'a’O'lilO—P”mer GCTTCGTTTGTCTCTGTACCATTTTCCT
c10.1 LmiF.35.0020 fwd ATCGGTCCCAGCACGCAGAGTEIGGAGGCthataatgcagacctgct
c10.2 LmijF.35.0020 rev TGGACATGAGAAAC'I'I'CAAAGTCCATCGCCGccaatttgagagacctgtg
€10.3 LmijF.35.0020 sg fwd gaaattaatacgactcactataggCTGAAGGGGCTGATTCAGAGgttttaga
gctagaaatagc
c10.4 Pyruvate LmiF.35.0020 LmiF.35.0020 sg rev gaaattaatacgactcactataggGTACACAACTCTTGCGGCAAgttttaga
kinase gctagaaatagc
C10_5 LmjF.35 'OiZO—P”mer GTCTGTTGCGCGCATGAACTTC
106 LmjF.35 .0(;20_Pr|mer GAACACACTCTCCACGCCTTGTG
c10_7 LmjF.35 .0(;20_Pr|mer GGCACATACGAGGAAAGATCACAGA
Cl1.1 LmjF.36.3530 fwd TGCCTTTCATTCTTGCGTCCTTGCATTCCGgtataatgcagacctgctge
112 LmijF.36.3530 rev CATCGTAGTGCAGAAAAAG CAA;AAACACCCccaatttgagagacctgtg
c11.3 LmijF.36.3530 sg fwd gaaattaatacgactcactataggAAGAAGACGGAGGGTAAACGgttttag
agctagaaatagc
c11.4 Putative _ LmijF.36.3530 sg rev gaaattaatacgactcactataggGGCTGAAGCGCTGTAGCCAAgttttaga
Lo LmjF.36.3530 gctagaaatagc
polyubiquitin LmF.36.3530 Pri
c11s myF. 6. : rimer CGTGAAGACGCTGACCGGCAAG
C11 6 LmJF'36'3§3O Primer GTGCAGCGTGGACTCCTTCTGG
c11.7 LmJF'36'3§30 Primer CAACACTAACCCGCTTCCGAGACAAT
c12.1 LmiF.36.6260 fwd TGCGCTCCTGTTGAAGGAGGCGCCTGCTGGTgtataatgcagacctgctg
C12.2 LmjF.36.6260 rev ACGGACCTGATCCTCAACAATTTCCGAGTGccaatttgagagacctgtge
C12.3 LmiF.36.6260 sg fwd gaaattaatacgactcactataggTAAGGACGAACTCGCCGAGGgttttaga
gctagaaatagc
C12.4 Putative . _ LmijF.36.6260 sg rev gaaattaatacgactcactataggCAAACGAGCAAATGGAAAACgttttaga
carboxypepti LmjF.36.6260 gctagaaatagc
d jF.36. i
c12.5 ase LmjF.36 6216O—Pr'mer ATGGTGCGTCTGCACAAACTTGC
c12.6 LmJF'?’G'GZZSO—P”mer TCCTGTAGGCAACCGAGGTCGT
c12.7 LmJF'36'62360—P”mer GCGCGGTTGTGCTTCGTTTT
C13_1 LmjF.32.1820 fwd ATTCCGTTCTCACGGTTCTTCTACATCCCTgtataatgcagacctgctge
C13_2 LmjF.32.1820 rev ACTCGCTCGGCCTCTCTCTCGTGAACTCCAccaatttgagagacctgtgc
C13.3 LmijF.32.1820 sg fwd gaaattaatacgactcactataggCGCACGAACAGAAAGTAAGCgttttaga
gctagaaatagc
134 Suoeroxide LmijF.32.1820 sg rev gaaattaatacgactcactataggﬁ;’T;‘l;ﬂGcCGATACACAG'I'I'gttttagag
135 dismutase tmiF.32.1820 s T80 pni —
— MyF.32. 1820 _Frimer CGCTGTTCAGCCGCTGCCGTA
1 1 neu
- LmJF'?’z'Zliig—P”mer TAGAGGCGAAATTCCAGTCCACCATGTT
C113—7 LmJF'3ZéliES—P”mer GCTCCTTCTACTATACCGTTCGCTACTT
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LmjF.20.1280_Primer

C14_5 1 ATGGGGAACAAGCAGTCACACGC
C146| SMP4 LmjF.20.1280 LmJF'ZO'IZZSO—P”mer CTACCGCGTGCTACTGCCGAG
c14_7 LmJF'ZO'léSO—P”mer TGGGTGCACTTCTCCACATGAGATCT
C15_1 LmjF.34.0080 fwd AATCTCGTTCCGTGTTGCCTCCGGCTGCCAgtataatgcagacctgetge
C15_2 LmjF.34.0080 rev TGCCTCTCTCGCTGTCGTCGACAGGGCCCTccaatttgagagacctgtge
c15.3 LmijF.34.0080 sg fwd gaaattaatacgactcactataggGGATAACGCCGATCAATATAgttttaga
gctagaaatagc
c15.4 LmijF.34.0080 sg rev gaaattaatacgactcactatagif£22115(éAGTCTGTTTCACgttttagag
G6PD LmjF.34.0080 | E33atag
c15.5 mF. . : rimer AGCAGTCTCATGCTGATCAGGATGC
c15.6 LmJF'34'O(2’80 Primer TTCGAGGGAAGCCATTGGTAGCCTT
c15_7 LmJF'34'0280 Primer CCTTTCCCTTGCCAACACCCCAC
Cl6_1 LmjF.35.3340 fwd TTCACTGGCGCTTAGTTCCATCATACACCCgtataatgcagacctgctge
C16.2 LmijF.35.3340 rev GGGTGAAGGGAAGCGG'I'I'GAGg(éGGCTACCchaatttgagagacctgt
C16.3 LmiF.35.3340 sg fwd gaaattaatacgactcactataggGTGTGTGTGAAAAGGGTGTCgttttaga
gctagaaatagc
. gaaattaatacgactcactataggGCTCTCACCTAGCCGCTCTCgttttagag
Cl6_4 .35.
= PGD LmjF.35.33a0 | -MF.35.3340sgrev ctagaaatagc
€165 LmjF.35.3340_Primer GCGCGAATCTCGCCCTGAACATC
1 1 NEU
cle_6 LmjF.35.3340_Primer CATTCGAACGACTCACGACCGTCC
1 2 NEU
cret LmJFSSffI:?J—P”mer CTTGTCAGTGGAGGTGTTTCTGTGTG
C17_1 LmjF.35.1580_fwd CTCCCTCCGCTTCCTCGTTCAGTGCCTCCGgtataatgcagacctgetge
€172 LmijF.35.1580_rev AAAGAGGTGGTGTGGGCGCGTg(iACACACCchaatttgagagacctgt
€17 3 LmijF.35.1580,_sg fwd gaaattaatacgactcactataggCGTATTGTCCTTCGTTGTGCgttttagag
ctagaaatagc
. gaaattaatacgactcactataggAGATACATCAGAACGTGTGTgttttaga
Cl17_4 .35.
~ | Metacaspase LmjF.35.1580 LmjF.35.1580_sg rev gctagaaatagc
c17.5 LmjF.35 '15,180—Pr'mer ATGGCAGACCTTTTTGATATTTGGGGG
c17.6 LmJF'35'15280—P”mer GAACGTGTACTGGGCTGGAGG
€177 LmjF.35 .15;80_Pr|mer ACATCGTCTCCTCCACCCCTC
C19_1 LdBPK_340080.1_fwd | CCTTGTTGCCTCCGGCTACCATATATTGATgtataatgcagacctgctgc
€19 2 LdBPK_340080.1_rev ATAGGCACGCATCCAGTGTATA::ACACCCTGccaatttgagagacctgtg
c19 3 LdBPK_340080.1_sg | gaaattaatacgactcactataggTGGTGTTATACAAATCAAGTgttttagag
- fwd ctagaaatagc
c19 4 LdBPK_340080.1_sg | gaaattaatacgactcactataggACTCTCTCGCTGTCGTCGACgttttagag
B G6PD LdBPK_340080.1 rev ctagaaatagc
c19.5 LdBPK—f’n4e()rofo'1—Pr' GTCCGAAGAGCAGTCTCATGCTG
c19.6 LdBPK—;“eOrOfO'l—P” ACGGAAGCCAGTGGTAGCCT
197 LdBPK—i‘A'eOrO:O'l—P” CAGAGCGCGACCACGTGATT
C20_1 LdBPK_353390.1_fwd | GCGCTTAGTCCCATCATACACCCCACACCCgtataatgcagacctgctgc
CTCAACTGGCAGAGGGGGAGAAGGGAACCGccaatttgagagacctg
C20_2 .
= PGD LdBPK_353390.1 | “dBPK_353390.1 rev tgc
€20 5 LdBPK_353390.1_rev_ | CTCAACTGGCAGAGGGGGAGAAGGGAACCGcttgtcggtctcgaacge
_ phleo gt
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LdBPK_353390.1_sg

gaaattaatacgactcactataggTCTGTGTGTGTGTGTGAAAAgttttaga

fwd gctagaaatagc
LdBPK_353390.1_sg | gaaattaatacgactcactataggGTTGAGCGGCTAGCTGAGAGgttttaga
rev gctagaaatagc

Aaaagcaccgactcggtgccactttttcaagttgataacggactagecttattttaact
tgctatttctagctctaaaac

LdG6PD_Neo_rev

GCATGAGACTGCTCTTCGGACATGGTGCCTGCACAGGTCTCTCAA
ATTGG

LdG6PD LdBPK_340080.1 LdG6PD_Puro_fwd CAGACATTGCAGTCTGTTTCACAGTACCCTgcccgattacgcatgatcta
LdG6PD_Puro_rev ATAGGCACGCATCCAGTGTATAACACCCTGaagaaagctgggttccatg
g
LdPGD_rev_Neo GTCGTTCGACATAGAGAATAAGGGATTCGTGCACAGGTCTCTCA
AATTGG
LdPGD LdBPK_353390.1 LdPGD_fwd_Puro CTGCAGTAGACAGCCGCTCTCACCTAGCCGgcccgattacgcatgatct

a

LdPGD_rev_Puro

CTCAACTGGCAGAGGGGGAGAAGGGAACCGaagaaagctgggttcca
tgg

1
=
w
)]

1

Uncharacterized protein

LMJF_36_1040

Putative ribosomal protein L2 LMJF_08_0280

Elongation factor 1-alpha
40S ribosomal protein S2

Putative polyubiquitin

p1/s1 nuclease

LMIF_17_0082
LMJF_19_0060
LMIF_36_3530
LMJF_30_1510
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Q4QEI8 Elongation factor 1-alpha LMJF_17_0082

Q4QDL5 40S ribosomal protein S2 LMJF_19_0060

Q4QEI8 Elongation factor 1-alpha LMJF_17_0082
Q4Q7F3 p1/s1 nuclease LMJF_30_1510
Q4Q165 Putative polyubiquitin LMJF_36_3530
Q4QDL5 40S ribosomal protein S2 LMJF_19_0060
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Supp. Table 5. Proteins that were upregulated (green) or downregulated (red) in promastigotes that were treated with
miltefosine for 24 hours.

Q4QEI8 Elongation factor 1-alpha LMJF_17_0082
Q4Q7F3 p1/s1 nuclease LMJF_30_1510
Q4QDL5 40S ribosomal protein S2 LMJF_19_0060
Q4Q165 Putative polyubiquitin LMJF_36_3530
QI9NED9 Uncharacterized protein LMJF_04_0630
Q4QIs6 Uncharacterized protein LMJF_07_0180
Q4QF48 Uncharacterized protein LMJF_15_1340
Q4Q3H6 Uncharacterized protein LMJF_34_0320
Q4QHD9 Uncharacterized protein LMJF_10_0750

rRNA 2'-0O-methyltransferase fibrillarin, EC 2.1.1.- (Histone-
LMJF_27_0100

P35549 glutamine methyltransferase)

Q4Q4D3 Putative 60S ribosomal protein L6 LMJF_33_0720

Q4QIE1 Putative ribosomal protein L2 LMJF_08_0280
Elongation of fatty acids protein, EC 2.3.1.199 (Very-long-chain ELO2

Q4QFR7 3-oxoacyl-CoA synthase) LMJF_14 0670

Q4Q1X2 Uncharacterized protein LMJF_36_1040

1
w
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1
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Supp. Table 6. Proteins that were upregulated (green) or downregulated (red) in promastigotes that were treated with
harmonine 6 hours.

Q4Q1X2 Uncharacterized protein LMJF_36_1040
Q4QEI8 Elongation factor 1-alpha LMJF_17_0082
Q4QDL5 40S ribosomal protein S2 LMJF_19_0060
Q4Q165 Putative polyubiquitin LMJF_36_3530
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Q4Q7F3 p1/s1 nuclease LMJF_30_1510
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Supp. Table 7. Proteins that were upregulated (green) or downregulated (red) in promastigotes that were treated with
compound 1o for 24 hours.

Q4Q7F3 p1/sl nuclease LMJF_30_1510
Q4Q165 Putative polyubiquitin LMJF_36_3530
Q4QEI8 Elongation factor 1-alpha LMJF_17_0082

Supp. Table 8. Proteins that were upregulated (green) or downregulated (red) in promastigotes from the stationary growth
phase.

Q4Q165 Putative polyubiquitin LMJF_36_3530
Q4Q7F3 p1/s1 nuclease LMJF_30_1510
Q4QEI8 Elongation factor 1-alpha LMJF_17_0082
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H2B; LMJF_19_0030;

Q4QDL6 Histone H2B LMIJF_19_0040;
LMJF_19_0050
E9ADZ9 Putative RNA binding protein LMJF_29 1400
Q9XYH4 Oligopeptidase B (EC 3.4.21.83) Opb
097212 Nascent polypeptide associated complex subunit-like protein, copy 2 LMJF_04_0760

Supp. Table 9. Proteins that were upregulated (green) or downregulated (red) in amastigotes treated with staurosporine
for 6 h.

Entry Protein names Gene names
A9LIZ6 Thiol-specific antioxidant antigen TSA
P12076 Heat shock 70-related protein 1, mitochondrial HSP70.1
Q4Q520 Phosphatidylinositol-4-phosphate 5-kinase-like protein LMJF_31 2710
Q4QCG2 Uncharacterized protein LMJF_21 0530
Q4QBW9 zf-Tim10_DDP domain-containing protein LMJF_22_0270
Guanine nucleotide-binding protein subunit beta-like
Q25306
protein (Antigen LACK)
E9ACL9 Putative cytochrome c oxidase copper chaperone LMJF_03_0740
Q4QEV9 Putative histone H3 LMJF_16_0600
Q4Q793 Uncharacterized protein LMJF_30_2010
Q25312 DNA-directed RNA polymerase subunit, EC 2.7.7.6 RPOIILS
Q4Q9Y5 RRM domain-containing protein LMJF_25_1080
Q9oGU34 Elongation factor 2 EF2-1
Q4QcCL6 Putative ring-box protein 1 LMJF_21 0023
Q4Q2E8 Non-specific serine/threonine protein kinase, EC 2.7.11.1 TOR3 LMJF_34 3940
Q25317 100 kDa heat shock protein (Hsp100)
Q4QcCc2 Xanthine phosphoribosyltransferase, EC 2.4.2.22, EC 2.4.2.8 XRPT LMJF_21 0850
Q4Q267 Uncharacterized protein LMJF_36_0110
Q4Q6R7 Putative CPSF-domain protein LMJF_30_3710
Q4QCM6 Putative N-acyl-L-amino acid amidohydrolase, EC 3.5.1.14 LMJF_20_1550
Q4Q3U2 Uncharacterized protein LMJF_33_2450
Q4Q0C1 Rab-GAP TBC domain-containing protein LMJF_36_6370
Q4Q6Y4 Putative kinesin, EC 3.6.4.4 LMJF_30_3060
LMJF_21_0915,
Q4QCA4 Histone H2A LMJF_21_0920,
LMJF_21_0930
Q4Q3J2 Malate dehydrogenase, EC 1.1.1.37 mMDH LMJF_34_0160
Q9XYH4 Prolyl endopeptidase, EC 3.4.21.- opb
Q4QF49 ALP5 (Putative actin-like protein) ALP5 LMJF_15_1330
Q4QlP4 DHC_N2 domain-containing protein LMJF_07_0480
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Q4Q9Y8
Q4Q2Y2
Q25323
E9ACK6
E9AD29
Q4Q3D3
Q4Q8L7
Q4QBI7
Q4Q615

Q4Q2M1

Q4QER3
Q4Q6Q1
Q4Q7J2
ESADF2
Q4Q0E9
Q4QG19
Q4Q0F5
Q4QDWO
Q4Q5B5
AOA0B4ULI4
Q4Q626
Q4Q8K9
Q4Q2D0
Q4QD15
Q4Qls2
Q4QAT7
Q4QH99
E9AG12
Q6uUQ31
E9AE23
P90627
E9AF26
Q4Q5Q2
Q4Q1z8

Q4Q7J6

Q4QER2

Q4QJB0

Ferroxidase, EC 1.16.3.1
Uncharacterized protein
Glycoprotein 96-92
Kinase-like protein
Putative radial spoke protein 3
Protein phosphatase, EC 3.1.3.16
RAD50 DNA repair-like protein
Putative ser/thr protein phosphatase
Putative lipase, EC 3.1.1.3

RNA editing associated helicase

2,putativewith=GeneDB:Tb927.4.1500
Stealth_CR3 domain-containing protein
Uncharacterized protein
Putative RNA-binding protein
Putative dynein heavy chain
Putative centrin
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Phosphopyruvate hydratase, EC 4.2.1.11
Symplekin_C domain-containing protein
Putative dynein heavy chain
Uncharacterized protein
Protein-serine/threonine kinase, EC 2.7.11.-
Uncharacterized protein
Hypothetical predicted transmembrane protein
TPH domain-containing protein
Uncharacterized protein
Inorganic diphosphatase, EC 3.6.1.1
Uncharacterized protein
Cathepsin B-like protease
Putative ankyrin repeat protein
Uncharacterized protein

Calpain catalytic domain-containing protein

Succinate dehydrogenase assembly factor 2, mitochondrial, SDH

assembly factor 2, SDHAF2
Uncharacterized protein

Putative paraflagellar rod protein

LMJF_25_1050
LMJF_34_2180
GP 96-92
LMJF_03_0610
LMJF_27_0520
LMJF_34_0730
LMJF_28_0530
LMJF_22_1600

LMJF_31_2460

REH2 LMJF_34_3230

LMJF_16_1050
LMJF_31_0130
LMJF_30_1110
LMJF_27_1750
LMJF_36_6110
LMJF_13_1350
LMJF_36_6050
LMJF_18_0820

LMJF_32_1650

LMJF_31_2350
LMJF_28_0610
LMJF_34_4110
LMJF_20_0280
LMJF_07_0220
LMJF_24_0440
LMJF_10_1150

LMJF_35_5390

LMJF_29_1610

LMJF_35_2040
LMJF_32_0330

LMJF_36_0780

LMJF_30_1070

LMJF_16_1060

LMJF_05_0920
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ESADV5
Q4Q0D2
097194

Q4QoB7

Q4Qco1

P39095

QaqQli2
Q4QF09
Q4QB24
Q4QFM2
E9AEQS8
Q4Q5U0
Q4Q801
Q4Q1v1

ESAES4

Q4QG35

Q4QCw2
E9ADG8
ESADH2
Q4QE92
Q4Q8E1
E9ADS88
E9ACM1
Q4Q0C8
Q4Q1pP9
Q4QEN3

B8YDG1

Q4Q325

Q4QB21
Q4QE98
E9AD28
K7P5C3
Q4QC61

Q4Q510
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Putative kinesin, EC 3.6.4.4
Glucose transporter, Imgt3
Uncharacterized protein

HU-CCDC81_euk_2 domain-containing protein

60S ribosomal protein L37a (Putative 60S ribosomal protein L37a)

60S ribosomal protein L30

Uncharacterized protein
APH domain-containing protein
Uncharacterized protein
Putative kinesin K39
FAD:protein FMN transferase, EC 2.7.1.180 (Flavin transferase)

Uncharacterized protein
Uncharacterized protein

Putative dynein heavy chain
Uncharacterized protein

Adenylosuccinate synthetase, AMPSase, AdSS, EC 6.3.4.4 (IMP--

aspartate ligase)

Cytochrome c oxidase assembly factor-like protein, EC 1.9.3.1
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

Serine/threonine-protein kinase TOR, EC 2.7.11.1
Uncharacterized protein
Uncharacterized protein

Leishmanolysin, EC 3.4.24.36

Putative amastin-like surface protein

Putative dynein heavy chain
Putative ATP-dependent RNA helicase
Putative calpain-like cysteine peptidase
Cathepsin L-like protease
V-type proton ATPase subunit H

SpoU_methylase domain-containing protein

LMJF_29_0970
LMJF_36_6280
LMJF_04_1150
LMJF_36_6410
LMJF_21_1820,

LMJF_36_1925
RPL30
LMJF_05_0210
LMJF_16_0110
LMJF_23_1280
LMJF_14_1120
LMJF_35_0830
LMJF_31_3150
LMJF_28_2610
LMJF_36_0950
LMJF_35_0990
LmjF13.1190,
LmjF_13_1190
LMJF_20_0840
LMJF_27_1895
LMJF_27_1930
LMJF_17_0990
LMJF_28_1250
LMJF_27_1100
LMJF_03_0760

TOR1 LMJF_36_6320

LMJF_36_1750

LMJF_16_1340

LMJF_34_1700,
LMJF_34_1760,
LMIJF_34_1780,
LMJF_34_1800,
LMJF_34_1820

LMJF_23 1310
LMJF_17_0920
LMJF_27_0510
Cpb
LMJF_21_1340

LMJF_32_2650
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E9ADP6
Q4QHN3
Q4QGT2
Q4Q674
E9AEH9
E9ADHO
Q4QJ94
Q4Q8v4
E9AEZ5
Q4QCF1
Q4QIR6
Q4Q131
Q4QEA3
Q4QGz8
E9AFF5
E9AD65
Q4Q2V7
Q4QC72
Q4QGR1
Q4QB73
Q4Q4D7
Q4QD18
Q4QA84
Q4Q800
Q4QD14
Q4Q976
Q4Q019
Q4Q273
Q4Q644
Q4Q4E7
Q4Q)i7
Q4Qlas
Q4Q937
Q4QIT7
Q4QDAO

Q6XFB3

Q4Q182

Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Glyceraldehyde-3-phosphate dehydrogenase, EC 1.2.1.12
Pyruvate kinase, EC 2.7.1.40
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Ubiquitinyl hydrolase 1, EC 3.4.19.12
Putative phosphoglucomutase, EC 5.4.2.2
Putative ubiquitin-protein ligase-like, EC 6.3.2.19
Diadenosine tetraphosphate synthetase, EC 6.1.1.14
META domain containing protein
Uncharacterized protein
LRRcap domain-containing protein
Oxoglutarate dehydrogenase (succinyl-transferring), EC 1.2.4.2
DNAj-like protein
Guanine nucleotide-binding protein subunit beta-like protein
Myotubularin phosphatase domain-containing protein
Uncharacterized protein
Putative sterol C-24 reductase, EC 1.3.1.71
Midasin
Electron transfer flavoprotein subunit beta, Beta-ETF
Coatomer subunit gamma
ZZ-type domain-containing protein
Putative dynein heavy chain
Isoleucyl-tRNA synthetase, EC 6.1.1.5
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Major vault protein
Uncharacterized protein
Putative thimet oligopeptidase, EC 3.4.24.15

Uncharacterized protein
Uncharacterized protein

Serine palmitoyltransferase 1 (Serine palmitoyltransferase-like

protein, EC 2.3.1.50)

Bromo domain-containing protein

LMJF_29_0450
LMJF_09_1420
LMJF_12_0110
LMJF_30_2980
LMJF_35_0020
LMJF_27_1910
LMJF_05_1080
LMJF_26_2370
LMJF_35_1740
LMJF_21_0640
LMJF_07_0280

LMJF_36_3840

META2 LMJF_17_0870

LMJF_11_0810
LMJF_35_3310
LMJF_27_0880
LMJF_34_2430
LMJF_21_1240
LMJF_12_0320
LMJF_23_0900
LMJF_33_0680
LMJF_20_0260
LMJF_25_0120
LMJF_28_2620
LMJF_20_0290

LMJF_25_0980

ILERS LMJF_36_5620

LMJF_34_2080
LMJF_31_2170
LMJF_33_0590
LMJF_05_0060
LMJF_07_0380
LMJF_26_1570
LMJF_07_0070

LMJF_19_1150

SPT1 LMJF_34_3740

LMJF_36_3360
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Q4QEM2

Q4QAI4
Q4Q3Vo0
Q4Q3m7
Q4QcCcC1
Q4QAZ3
Q4Q3P5
Q4QDF1
Q4QHU8

Q4Q0I5

Q4QJA4

Q4Q6E2
Q654V7
Q4QCi1
Q4Q2U9

ESAFQ7

Q4Q5U3

Q4Q276

Q4qQil7

Q4QJA6

ESAFWS
ESAFL1
ESAE04

Q4Q7s9

Q4Q2E0

Q4Q1C5

Q4QDB6
QONJT7

Q4QIWe6

Q4Q6F8
ESACK9

ESAEW4

Q4Q821

Q4QAC4
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Paraflagellar rod protein 2C

Guanine nucleotide-binding protein subunit beta-like protein

Uncharacterized protein
Uncharacterized protein

Protein kinase domain-containing protein

TPH domain-containing protein
Uncharacterized protein
Putative kinesin, EC 3.6.4.4

Uncharacterized protein

RAB3GAP2_N domain-containing protein

NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial,

EC7.1.1.2
RanBP2-type domain-containing protein
Dihydrolipoyl dehydrogenase, EC 1.8.1.4
Metallo-peptidase, Clan ME, Family M16
Uncharacterized protein
Uncharacterized protein

Methylcrotonoyl-coa carboxylase biotinylated subunitprotein-like

protein, EC 6.4.1.4
Uncharacterized protein
RNA binding protein-like protein
Dipeptidyl peptidase 3, EC 3.4.14.4 (Dipeptidyl aminopeptidase Il1)
(Dipeptidyl peptidase Il)
Uncharacterized protein
Putative nucleoside diphosphate kinase, EC 2.7.4.6
Putative phosphatidylinositol 4-kinase alpha, EC 2.7.1.67
Uncharacterized protein
Uncharacterized protein
Non-specific serine/threonine protein kinase, EC 2.7.11.1
4-coumarate:coa ligase-like protein, EC 6.2.1.12
Heat shock protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Threonyl-tRNA synthetase, EC 6.1.1.3

Vacuolar proton pump subunit B, V-ATPase subunit B (Vacuolar

proton pump subunit B)

Transketolase, EC 2.2.1.1

LMJF_16_1425,
LMIF_16_1427,
LMJF_16_1430

LMIJF_24_1470
LMJF_33_2370
LMJF_33_3090
LMJF_21_0853
LMJF_23_1450
LMJF_33_2900
LMJF_19_0700
LMJF_09_0760

LMJF_36_5760

LMJF_05_0980

LMJF_31_1210
Lpd
LMJF_21_0340
LMJF_34_2480

LMJF_35_4300

LMJF_31_3130

LMJF_36_0030

LMJF_07_1000

LMJF_05_0960

LMJF_35_4940
LMJF_35_3870
LMJF_29_1450
LMJF_30_0300
LMJF_34_4010
LMJF_36_2940

LMJF_19_0995

LMJF_06_1100
LMJF_31_1050
LMJF_03_0640

LMIF_35_1410

LMJF_28_2430

LMIF_24 2060
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Supp. Table 10. Proteins that were upregulated (green) or downregulated (red) in amastigotes treated with staurosporine
for 24 h.

Q4Q520 Phosphatidylinositol-4-phosphate 5-kinase-like protein LMJF_31_2710

Q4Q2Y5 Protein kinase domain-containing protein LMJF_34_2150




SUPPLEMENT

Q4QCG2
Q4QD15
Q4QEV9
Q4QCL6
Q4Qli4
ESADF2
Q4Q197
Q4Qls2
Q4Q0B9
Q4QE9%4
ESADO1
Q4Q615

Q4QER3

Q4QHT2

Q4QF88

Q25312

Q4Q2m1

Q4QHV2

Q4Q2E8
Q4Q3wWo0
Q4QFM3
Q4QO0H3
Q4QGC8
Q4Q3u2
Q4Q793
Q4Q0D2
Q4Q6R7
Q4Q695
Q4Q847
Q4QC45
ESACM1
Q4QEQ4
E9ACD7
ESACK6
Q4Q3P4

Q4Q3H2
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Uncharacterized protein
Protein-serine/threonine kinase, EC 2.7.11.-
Putative histone H3
Putative ring-box protein 1
Uncharacterized protein
Putative dynein heavy chain
Uncharacterized protein
Uncharacterized protein
Methylenetetrahydrofolate reductase (NAD(P)H), EC 1.5.1.20
Uncharacterized protein
Kinetoplast-associated protein-like protein
Putative lipase, EC 3.1.1.3

Stealth_CR3 domain-containing protein

Calmodulin

Sulfhydryl oxidase, EC 1.8.3.2
DNA-directed RNA polymerase subunit, EC 2.7.7.6

RNA editing associated helicase 2, putative

with=GeneDB:Tb927.4.1500

Putative cleavage and polyadenylation specificity factor 30

kDa subunit
Non-specific serine/threonine protein kinase, EC 2.7.11.1
Uncharacterized protein
Putative kinesin K39
Uncharacterized protein
Putative N-acetyltransferase subunit ARD1
Uncharacterized protein
Uncharacterized protein
Glucose transporter, Imgt3
Putative CPSF-domain protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Tyrosyl or methionyl-tRNA synthetase-like protein, EC 6.1.1.-
Gamma-glutamyl phosphate reductase-like protein
Kinase-like protein
Uncharacterized protein

DNA-directed RNA polymerase subunit, EC 2.7.7.6

LMJF_21_0530
LMJF_20_0280
LMJF_16_0600
LMJF_21_0023
LMJF_07_0930
LMJF_27_1750
LMJF_36_3220
LMJF_07_0220
LMJF_36_6390
LMJF_17_0960
LMJF_27_0240
LMJF_31_2460

LMJF_16_1050

LMJF_09_0910, LMJF_09_0920,

LMJF_09_0930
LMJF_15_0960

RPOIILS

REH2 LMJF_34_3230

LMJF_09_0720

TOR3 LMJF_34_3940

LMJF_33_2270
LMJF_14_1110
LMJF_36_5870
LMJF_13_0260
LMJF_33_2450
LMJF_30_2010
LMJF_36_6280
LMJF_30_3710
LMJF_31_1670
LMJF_28_2180
LMJF_21_1500
LMJF_03_0760
LMJF_16_1130
LMJF_02_0630
LMJF_03_0610
LMJF_33_2910

LMJF_34_0360



SUPPLEMENT

ESAEDO
ESADS88
ESAD29
Q4Q2Y2
Q4Q3E6
Q4QH24
Q4QC39
Q4Q1z8
Q4Q7J2
ESACL9
Q4Q933
Q4QGNO
Q4QJBO

Q4Q4E0

Q4QCss8

Q4QJ83
Q4QDF2
Q4QC71
Q4QCW2
Q4Q314
ESACG3
Q4QlID5
ESACK4
ESAE36

Q4QDN6

E9AFQ2

Q4QAQ6
Q4QFK1
Q4QF09
Q4Q8N1
Q4Q747
Q4QGR1
Q4Q8Y0
Q4QHH8
Q4QAV5

B8YDG1

Uncharacterized protein
Uncharacterized protein
Putative radial spoke protein 3
Uncharacterized protein
Putative enoyl-[acyl-carrier-protein] reductase
Putative transcription modulator/accessory protein
Uncharacterized protein
Calpain catalytic domain-containing protein
Putative RNA-binding protein
Putative cytochrome c oxidase copper chaperone
Proline dehydrogenase, EC 1.5.5.2
Alanine aminotransferase, EC 2.6.1.2
Putative paraflagellar rod protein
Uncharacterized protein

Putative calpain-like cysteine peptidase, EC 3.4.22.-, EC
3.4.22.33

Uncharacterized protein
Putative kinesin, EC 3.6.4.4
Putative adenylate kinase, EC 2.7.4.3
Cytochrome c oxidase assembly factor-like protein, EC 1.9.3.1
CARD domain-containing protein
Putative ATP-binding cassette protein subfamily F member 1
Uncharacterized protein
Putative DNA repair helicase
Putative paraflagellar rod protein 1D
Putative kinesin, EC 3.6.4.4
Ubiquinone biosynthesis O-methyltransferase,
mitochondrial (3-demethylubiquinol 3-O-methyltransferase, EC

2.1.1.64) (Polyprenyldihydroxybenzoate methyltransferase, EC
2.1.1.114)

Putative malic enzyme, EC 1.1.1.38
Uncharacterized protein
APH domain-containing protein
Uncharacterized protein
Putative heat shock 70-related protein 1,mitochondrial
Myotubularin phosphatase domain-containing protein
Uncharacterized protein
Putative folate/biopterin transporter
Uncharacterized protein

Leishmanolysin, EC 3.4.24.36

LMJF_29_2680
LMJF_27_1100
LMJF_27_0520
LMJF_34_2180
LMJF_34_0610
LMJF_11_0560
LMJF_21_1560
LMJF_36_0780
LMJF_30_1110
LMJF_03_0740

LMJF_26_1610

LMJF_05_0920

LMJF_33_0650

LMJF_20_1185

LMJF_05_1190
LMJF_19_0690
LMJF_21_1250
LMJF_20_0840

LMJF_34_0240

LMJF_08_0340
LMJF_03_0590
LMJF_29_1750

LMJF_18_1530

LMJF_35_4250

LMJF_24_0770
LMJF_14_1330
LMJF_16_0110
LMJF_28_0390
LMJF_30_2460
LMJF_12_0320
LMJF_26_2120
LMJF_10_0390

LMJF_24_0260

ALAT LMJF_12_0630

ABCF1 LMIJF_03_0160
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SUPPLEMENT

Q4Q801
E9ADGS8
E9AFQ7
Q4QCM5
Q4Q1v1
Q4Qiw4a
Q95793
Q4QHX9
Q4QBK6
Q4QE77
Q4Q6D5
Q4QFL2
Q4QC37
E9AFGY9
Q4Qcc2
Q4QIW5

Q4QGZ8

Q4QIT8

Q4QEK4
Q4QDR6
E9ADH2
Q4QAA6
Q4QBPS8
Q4QHP3
Q4Q8C7
E9ADX5
Q25317
Q4QIP4
Q4Q0W?2
Q4Q459
Q4Q2V7
Q4Q071
Q4QHR3
Q4QGAO0
P12076
Q406Q1
Q4QBF3
E9AEX6
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Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Putative N-acyl-L-amino acid amidohydrolase, EC 3.5.1.14
Putative dynein heavy chain
Uncharacterized protein
Calcium-transporting ATPase, EC 7.2.2.10
Uncharacterized protein
Ca2+-binding EF-hand protein
WW domain-containing protein
Putative ATP-binding cassette protein subfamily C, member 5
Uncharacterized protein
Uncharacterized protein
Putative DNA-repair protein
Xanthine phosphoribosyltransferase, EC 2.4.2.22, EC 2.4.2.8
Uncharacterized protein
Uncharacterized protein

Putative cytochrome c1, heme protein,mitochondrial, EC

1.10.2.2
Prohibitin
Uncharacterized protein
Uncharacterized protein
Corrinoid adenosyltransferase, EC 2.5.1.17

Uncharacterized protein

Putative paraflagellar rod component
Uncharacterized protein

EF-hand domain-containing protein

100 kDa heat shock protein (Hsp100)

DHC_N2 domain-containing protein
Uncharacterized protein
Putative ABC transporter

DNAj-like protein

Uncharacterized protein

Mitochondrial RNA binding protein 2
Uncharacterized protein

Heat shock 70-related protein 1, mitochondrial
Uncharacterized protein
Putative ATP-binding cassette protein subfamily C,member 2

Putative reiske iron-sulfur protein, EC 1.10.2.2

LMJF_28_2610
LMJF_27_1895
LMJF_35_4300
LMJF_20_1560
LMJF_36_0950
LMJF_06_1120
LMJF_04_0010
LMJF_09_0450
LMJF_22_1410

LMJF_17_1140

ABCC5 LMJF_31_1280

LMJF_14_1220
LMJF_21_1555

LMJF_35_3450

XRPT LMJF_21_0850

LMJF_06_1110

LMJF_11_0810

LMJF_07_0060

LMJF_16_1610
LMJF_18_1260
LMJF_27_1930
LMJF_24_2240
LMJF_22_0990
LMJF_09_1320
LMJF_28_1390

LMJF_29_1170

LMJF_07_0480
LMJF_36_4520
LMJF_33_1300
LMJF_34_2430
LMJF_36_4230
LMJF_09_1120
LMJF_13_0540
HSP70.1

LMJF_31_0130

ABCC2 LMIF_23_0220

LMJF_35_1540



SUPPLEMENT

Q7KF27
Q4QFT3
ES9ACA6
Q4QHC2

ESAFUO

Q4QEM2

Q4QlX1
Q4QCI1
Q4Q3R8
Q4Q6E9
Q4Q510
Q4QEWS
E9AFH5
Q4QCF1
097194
Q4Q673
Q4Q166
Q4QSNO
Q4QDG9
Q4QDHO
Q4Q4E7
Q4QFM2
Q4Q3D8
ESADV5

Q4Q5Q0

Q4Qco1

Q4Qbwo
Q4Q7B3
Q4QFz4
Q4QCE3
Q4QFF6
Q4Q922
Q4Q699
Q4QGJ3

E9AFL1

Q4QJ11

Cytosolic leucyl aminopeptidase, EC 3.4.11.1
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

J domain-containing protein

Paraflagellar rod protein 2C

Protein disulfide isomerase, EC 5.3.4.1
Metallo-peptidase, Clan ME, Family M16
Uncharacterized protein
Putative monoglyceride lipase, EC 3.1.1.23
SpoU_methylase domain-containing protein
Uncharacterized protein
Structural maintenance of chromosomes protein
Putative phosphoglucomutase, EC 5.4.2.2
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Putative kinesin K39
Uncharacterized protein
Putative kinesin, EC 3.6.4.4

Uncharacterized protein

60S ribosomal protein L37a (Putative 60S ribosomal protein

L37a)
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

Putative sterol carrier protein

Putative cytochrome c oxidase subunit V, EC 1.9.3.1

Putative 3-ketoacyl-CoA thiolase-like protein, EC 2.3.1.16

Uncharacterized protein
Putative nucleoside diphosphate kinase, EC 2.7.4.6

Uncharacterized protein

LMJF_14_0520
LMJF_02_0310
LMJF_10_0920

LMJF_35_4630

LMIF_16_1430

LMJF_21_0340
LMJF_33_2680
LMJF_31_1140
LMJF_32_2650
LMJF_16_0520
LMJF_35_3510
LMJF_21_0640
LMJF_04_1150
LMJF_30_2990
LMJF_36_3520
LMJF_25_2090
LMJF_19_0520
LMJF_19_0510
LMJF_33_0590
LMJF_14_1120
LMJF_34_0690
LMJF_29_0970

LMJF_32_0350

LMJF_18_0820
LMJF_30_1810
LMJF_13_1600
LMJF_21_0720
LMJF_15_0240
LMJF_26_1710
LMJF_31_1630
LMJF_12_0820
LMJF_35_3870

LMJF_06_0670

lap LAP, LMJF_23_0950

LMJF_16_1425, LMJF_16_1427,

PDI-1 LMJF_06_1050

LMJF_21_1820, LMJF_36_1925
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SUPPLEMENT

Q4Q219

ESAD28
Q4QGX0
Q4Q6z4
ESACCY

Q4Q9Y0

Q4QDKO

Q4QAV4
Q4QiT4
Q4Q8F5
Q4Q845
Q4Q1Q2
Q4QAT7

Q4Q5U3

Q4QJis

ESADY8
Q4Q8K9
QA4FXY8

Q4QB10

Q4Q7J6

Q4Q963
Q4Q0T5
Q4QH77
Q4Q6S8
Q4Q131
Q4Q0ws
Q4QIR6
ESAFU6
Q4Q8M1
Q40828
Q4Q8v4
ESABZ5

ESABZ4

Q9XZY9
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Elongation factor G, mitochondrial, EF-Gmt (Elongation factor

G 1, mitochondrial, mEF-G 1) (Elongation factor G1)
Putative calpain-like cysteine peptidase
Putative lanosterol 14-alpha-demethylase, EC 1.14.13.70
Glyceraldehyde-3-phosphate dehydrogenase, EC 1.2.1.12
Uncharacterized protein

Putative cytochrome c oxidase VII, EC 1.9.3.1

ADP/ATP translocase (ADP, ATP carrier protein)

SER_THR_PHOSPHATASE domain-containing protein
Pitrilysin-like metalloprotease
Guanine nucleotide-binding protein subunit beta-like protein
Uncharacterized protein
Uncharacterized protein
Hypothetical predicted transmembrane protein

Methylcrotonoyl-coa carboxylase biotinylated subunitprotein-

like protein, EC 6.4.1.4

Dihydrolipoamide acetyltransferase component of pyruvate

dehydrogenase complex, EC 2.3.1.-
Uncharacterized protein
Putative dynein heavy chain
Elongation factor Ts, mitochondrial, EF-Ts, EF-TsMt
Fer2_3 domain-containing protein

Succinate dehydrogenase assembly factor 2, mitochondrial,

SDH assembly factor 2, SDHAF2
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

Putative ATP synthase, epsilon chain, EC 3.6.3.14
Diadenosine tetraphosphate synthetase, EC 6.1.1.14
Uncharacterized protein
Putative ubiquitin-protein ligase-like, EC 6.3.2.19
Uncharacterized protein
Putative propionyl-coa carboxylase beta chain, EC 6.4.1.3
Serine hydroxymethyltransferase, EC 2.1.2.1
Uncharacterized protein
Uncharacterized protein

Propanoyl-CoA:carbon dioxide ligase subunit alpha, EC

6.4.1.3 (Propionyl-CoA carboxylase alpha chain, mitochondrial)

ADH_N domain-containing protein

MEFG LMJF_36_0570

LMJF_27_0510
LMJF_11_1100
LMJF_30_2980
LMJF_02_0550

LMJF_25_1130

ANC2 ANC1, LMJF_19_0200,

LMJF_19_0210
LMJF_24_0270
LMJF_07_0100
LMJF_28_1110
LMJF_28_2200
LMJF_36_1720

LMIF_24_0440

LMJF_31_3130

LMJF_05_0180

LMJF_29_1300
LMJF_28_0610
LmjF.29.0720

LMJF_23_1410

LMJF_30_1070

LMJF_26_1310
LMJF_36_4780
LMJF_11_0030
LMJF_30_3600
LMJF_36_3840
LMJF_36_4460
LMJF_07_0280
LMJF_35_4690

LMJF_28_0490

SHMT-L LMJF_28_2370

LMJF_26_2370

LMJF_01_0060

LMJF_01_0050

LMJF_04_0290



SUPPLEMENT

ESAD84
Q4QEA3
Q4Q8N2
Q4QO0F5
Q4Q3D3
Q4QJF0
ESADFO
Q4QF49
Q4Q217
ESAE23
Q4QER8
E9ADU9

P90552

Q4Q5Vv3
Q4Q2N4
EQAEW1
Q4QEH6

Q4QGN3

E9AEB3

Q4QDB6
Q4QCco
Q4Q137
Q4QD20
Q4Q2P9
ESACCO
ESACP2
Q4QDA9
Q4QDQ9
Q4Q2W6
Q4QE33

Q9U1E6

Q4QJ32
Q9u0T9
Q4Qlz6
ESAE37

Q4Q585

Cysteine desulfurase, EC 2.8.1.7
META domain containing protein
Sacchrp_dh_NADP domain-containing protein
Uncharacterized protein
Protein phosphatase, EC 3.1.3.16
Nuclear receptor binding factor-like protein
Uncharacterized protein
ALP5 (Putative actin-like protein)
Uncharacterized protein
Uncharacterized protein
Stealth_CR3 domain-containing protein

Letm1 RBD domain-containing protein

HASPA1 (Hydrophilic acylated surface protein a) (Hydrophilic

surface protein 2)

Uncharacterized protein
Uncharacterized protein
Metallo-peptidase, Clan ME, Family M16, EC 1.10.2.2
ER membrane protein complex subunit 2
Uncharacterized protein

ATP-dependent 6-phosphofructokinase, ATP-PFK,
Phosphofructokinase, EC 2.7.1.11 (Phosphohexokinase)

4-coumarate: coa ligase-like protein, EC 6.2.1.12
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

Asparagine--tRNA ligase, EC 6.1.1.22
Putative alpha glucosidase Il subunit, EC 3.2.1.20

Putative outer dynein arm docking complex (Uncharacterized

protein L1648.02)

ATP-NAD kinase-like protein, EC 2.7.1.23
Putative calpain-like cysteine peptidase, EC 3.4.22.-
Uncharacterized protein
Putative paraflagellar rod protein 1D

Uncharacterized protein

LMJF_27_1060
META2 LMJF_17_0870
LMJF_28_0380
LMJF_36_6050
LMJF_34_0730
LMJF_05_0520
LMJF_27_1730
ALP5 LMJF_15_1330
LMJF_34_3570
LMJF_29_1610
LMJF_16_1010

LMJF_29_0920

haspa2 HASPA1, HASPA2,
LMJF_23_1040, LMJF_23_1082,

LMJF_23_1088
LMJF_31_3040
LMJF_34_3100
LMJF_35_1380
LMJF_17_0120

LMJF_12_0600

pfk LMJF_29_2510

LMJF_19_0995
LMJF_21_0825
LMJF_36_3780
LMJF_20_0240
LMJF_34_2950
LMJF_02_0460
LMJF_03_0970
LMJF_19_1060
LMJF_18_1300
LMJF_34_2340

LMJF_18_0090

L1648.02 DC2, LMJF_32_2900

LMJF_06_0460
LMJF_04_0450

LMJF_06_0810

LMJF_29_1760, LMJF_29_1770

LMJF_32_1650

-161-
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ESAFUS8

Q4QJA4

Q4Q7N4
E9ACKS
Q4Q4v4
Q4Q7L0
Q4Q353
Q4Q0L5
Q4Q057
Q4QD86
E9AFR9
E9AFWS
Q4Q1i3
E9AES4
Q4Q5H6
E9AEX9

AOA2R4SDU4

ESAE73
ESAFR1
Q4Q363
Q4QIR3
ESADL7
Q4QJ94
Q4QDX3
Q4QAW6
Q4Q830
ESAE30
Q4QGR8
ESADU3
Q4Q0G1
Q4QBT2
Q4Q7s9

Q4QH21

Q4QDFO
Q4Q0w9

Q4QH88
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Uncharacterized protein

NADH dehydrogenase [ubiquinone] flavoprotein 1,
mitochondrial, EC 7.1.1.2

GrpE protein homolog
Uncharacterized protein
Uncharacterized protein

DUF4139 domain-containing protein

Uncharacterized protein

DAO domain-containing protein
Uncharacterized protein

PHB domain-containing protein

Putative mitochondrial phosphate transporter
Uncharacterized protein
Methyltransferase, EC 2.1.1.-
Uncharacterized protein
Guanine nucleotide-binding protein subunit beta-like protein

Uncharacterized protein

Phosphogluconate dehydrogenase (NADP(+)-dependent,
decarboxylating), EC 1.1.1.44

Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

Probable citrate synthase, mitochondrial, EC 2.3.3.16

Glycosomal membrane like protein
Uncharacterized protein
Uncharacterized protein
Cysteinyl-tRNA synthetase, EC 6.1.1.16

Uncharacterized protein
Uncharacterized protein

Mitochondrial guide RNA binding complex subunit 1
Uncharacterized protein

Putative 3-methylcrotonoyl-CoA carboxylase beta subunit, EC

6.4.1.4
Malate dehydrogenase, EC 1.1.1.37
Putative mitochondrial intermediate peptidase, EC 3.4.24.59

Uncharacterized protein

LMJF_35_4710

LMJF_05_0980

LMJF_30_0730
LMJF_03_0630
LMJF_32_3180
LMJF_30_0930
LMJF_34_1490
LMJF_36_5460
LMJF_36_6960
LMJF_19_1290
LMJF_35_4420
LMJF_35_4940
LMJF_36_2380
LMJF_35_0990
LMJF_32_1060

LMJF_35_1570

6PGD

LMJF_29_2110
LMJF_35_4340
LMJF_34_1390
LMJF_07_0310
LMJF_29_0150
LMJF_05_1080

LmjF18.0680, LmjF_18_0680
LMJF_24_0150
LMJF_28_2350
LMJF_29_1690
LMJF_12_0250
LMJF_29_0870
LMJF_36_5990

GRBC1 LMJF_22_0650

LMJF_30_0300

LMJF_11_0590

gMDH LMJF_19_0710
LMJF_36_4450

LMJF_10_1240



SUPPLEMENT

E9ADS8
Q4QD14
Q4Q919
Q4QFH9
Q4Q8B0
Q4Q666
Q25325
Q4QE86
Q4QGM6
Q4Ql59
Q4QJ98
E9AG12

Q4QG87

Q4QAC7

ESAD61
Qouow1
Q4QJ88
Q4QFH6
Q4Q2E0
Q4Q3v3

Q4QE41

Q4Q134

Q4QDEO
Q4QoJ6
Q4Q804
Q4Q3U8
Q4Q601
Q4Q214
Q4Q5U0
Q4Q2C8
Q4QFQ1
ESAD64

Q25306

Q4QAI4
Q4Q8P6

Q4Q7F3

Putative lipophosphoglycan biosynthetic protein
ZZ-type domain-containing protein
Methylmalonyl-coa epimerase-like protein, EC 5.1.99.1
NADH-cytochrome b5 reductase, EC 1.6.2.2
Uncharacterized protein
Tryparedoxin-like protein
Heat shock protein 70-related protein
Hydrolase-like protein
Cytochrome c oxidase subunit IV, EC 1.9.3.1
Uncharacterized protein
Stomatin-like protein
Uncharacterized protein
Putative lectin

Putative 3-oxoacyl-(Acyl-carrier protein) reductase, EC

1.1.1.100
Uncharacterized protein
Acetyl-coenzyme A synthetase, EC 6.2.1.1
V-type proton ATPase subunit
Uncharacterized protein
Uncharacterized protein
Succinyl-CoA:3-ketoacid-coenzyme A transferase, EC 2.8.3.5
Uncharacterized protein

Aminomethyltransferase, EC 2.1.2.10 (Glycine cleavage

system T protein)

Vps53_N domain-containing protein
Uncharacterized protein
Putative splicing factor 3B subunit 1
Putative heat shock protein
Calreticulin
Uncharacterized protein
Uncharacterized protein
ER membrane protein complex subunit 1
Excreted/secreted protein 9.1
Uncharacterized protein

Guanine nucleotide-binding protein subunit beta-like

protein (Antigen LACK)
Guanine nucleotide-binding protein subunit beta-like protein
Glycerol-3-phosphate dehydrogenase, EC 1.1.5.3

p1/s1 nuclease

LMJF_20_0290
LMJF_26_0020
LMJF_15_0050
LMJF_28_1550
LMJF_31_1960
hsp70.4
LMJF_17_1050
LMJE_12_0670
LMJF_08_1100
LMJF_05_1040
LMJF_35_5390

LMJF_13_0670

LMJF_24_2030

LMJF_27_0840

LMJF_05_1140
LMJF_15_0080
LMJF_34_4010
LMJF_33_2340

LMJF_18_0010

LMJF_19_0810
LMJF_36_5650
LMJF_28_2570
LMJF_33_2390
LMJF_31_2600
LMJF_36_0620
LMJF_31_3150
LMJF_34_4130
LMJF_14_0820

LMIF_27_0870

LMJF_24_1470
LMJF_28_0240

LMJF_30_1510

LPG3 LMJF_29_0760

L7836.01 LMJF_23_0710

GCVT-2 LMJF_36_3810
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Q4Q375
Q4QB73

Q4QDBO

ESAD65

Q4Q6C6

Q4Q4V5

Q4QAG8

E9ADX3

E9ACB9

Q4QG67

Q4QA69
Q4VvT70

Q4QlwWe

Q4Qlo3

Q4QGV7
Q4Q116
Q4QED3
Q4Q9z6
Q4Q5D1
P90627
Q4QAB4
Q4Q242
ESAFC2
Q4QC72
Q4Q6X5
Q4QF40
E9AC84
Q4Q9F9
Q4Q5N1
Q4QGWS5
Q4QDA3
Q4QlJe
ESADW2
Q4QB32
Q4aQim7

Q4QBH5
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Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

Oxoglutarate dehydrogenase (succinyl-transferring), EC

1.2.4.2
SPRY domain-containing protein
Putative NADH dehydrogenase subunit NI8M, EC 1.6.5.3

Succinate dehydrogenase [ubiquinone] flavoprotein subunit,

mitochondrial, EC 1.3.5.1
Tryparedoxin
Putative voltage-dependent anion-selective channel

Metallo-peptidase, Clan ME, Family M16, EC 3.4.24.6, EC
3.4.24.64

Uncharacterized protein
Phosphotransferase, EC 2.7.1.-
Uncharacterized protein

Putative ATP-dependent hsl protease ATP-binding subunit
hslU

Putative ATP-binding cassette protein subfamily A, member4
Hslvu complex proteolytic subunit-like, EC 3.4.25.-
Uncharacterized protein
Putative dynein heavy chain
Putative ATP-dependent zinc metallopeptidase, EC 3.4.24.-
Cathepsin B-like protease
GP-PDE domain-containing protein
ER membrane protein complex subunit 3
Putative chaperone protein DNA]

Guanine nucleotide-binding protein subunit beta-like protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Methenyltetrahydrofolate cyclohydrolase, EC 3.5.4.9
Profilin
Putative eukaryotic release factor 3
Putative proteasome regulatory non-ATP-ase subunit
Putative developmentally regulated GTP-binding protein 1
Uncharacterized protein
T-complex protein 1 subunit gamma
Uncharacterized protein

CCR4-NOT transcription complex subunit 11

LMJF_33_1920
LMJF_23_0900

LMJF_19_1050

LMJF_27_0880

LMJF_31_1370

LMJF_32_3170

LMJF_24_1630

TXN2 LMJF_29_1150

LMJF_02_0450

LMJF_13_0870

LMJF_25_0270
HK LMJF_21_0240

LMJF_06_1100

HSLU LMJF_09_0230

ABCA4 LMJF_11_1250

LMJF_36_3990
LMJF_17_0610
LMJF_25_0980

LMJF_32_1500

LMJF_24_2160
LMJF_36_0360
LMJF_35_2980
LMJF_21_1240
LMJF_30_3150
LMJF_15_1400
LMJF_02_0090
LMJF_26_0320
LMJF_32_0520
LMJF_11_1170
LMJF_19_1120
LMJF_36_2250
LMJF_29_1040
LMJF_23_1220
LMJF_07_0640

LMJF_23_0020
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Supp. Table 11. Proteins that were upregulated (green) or downregulated (red) in amastigotes treated with miltefosine for
24 h.

ESAEN3

Q4QHT2

Q4QBK6
Q4Q0B9
Q4QI86
Q4Qls2
Q4QH73
Q4qQJi2
E9ACM7
P12076
Q4QER3
ESADF2
Q4Q847
ESAEDO
Q4Q6D5
ESAD29

Q4Q387
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Conserved SNF-7-like protein

Calmodulin

Ca2+-binding EF-hand protein
Methylenetetrahydrofolate reductase (NAD(P)H), EC 1.5.1.20
Amastin-like protein
Uncharacterized protein
GRIP domain-containing protein
Uncharacterized protein
Uncharacterized protein
Heat shock 70-related protein 1, mitochondrial
Stealth_CR3 domain-containing protein
Putative dynein heavy chain
Uncharacterized protein
Uncharacterized protein
Putative ATP-binding cassette protein subfamily C,member 5
Putative radial spoke protein 3

Uncharacterized protein

LMJF_35_0580

LMJF_09_0910,
LMJF_09_0920,
LMJF_09_0930

LMIF_22_1410
LMIF_36_6390
LMJF_08_0830
LMJF_07_0220
LMJF_11_0070
LMJF_05_0210
LMJF_03_0820
HSP70.1
LMJF_16_1050
LMJF_27_1750
LMJF_28_2180

LMIF_29_2680

ABCC5 LMJF_31_1280

LMJF_27_0520

LMJF_34_1170
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Q4Q747
Q4QCM5
Q4QH86
Q9GU34
Q4Q3l14
E9AEP2
Q4QDN6
Q4QDbB7
Q4QCe65

Q4QEI9

Q4Q3K1
Q4QJG4

Q4Q219

Q4Q4V5
Q4QbYyo

E9AEN3

Putative heat shock 70-related protein 1, mitochondrial
Putative N-acyl-L-amino acid amidohydrolase, EC 3.5.1.14
Uncharacterized protein
Elongation factor 2
CARD domain-containing protein
DRIM domain-containing protein
Putative kinesin, EC 3.6.4.4
4-coumarate: coa ligase-like protein, EC 6.2.1.12

RF_PROK_| domain-containing protein

Elongation factor 1-alpha

Glucose-6-phosphate 1-dehydrogenase, EC 1.1.1.49
Putative microtubule-associated protein

Elongation factor G, mitochondrial, EF-Gmt (Elongation factor G 1,

mitochondrial, mEF-G 1) (Elongation factor G1)
Putative NADH dehydrogenase subunit NI8M, EC 1.6.5.3
Putative ATP-dependent zinc metallopeptidase

Conserved SNF-7-like protein

LMJF_30_2460
LMJF_20_1560
LMJF_10_1260
EF2-1
LMJF_34_0240
LMJF_35_0670
LMJF_18_1530
LMJF_19_0985
LMJF_21_1300

LMJF_17_0080,
LMJF_17_0081,
LMJF_17_0083,
LMJF_17_0084,
LMJF_17_0085

G6PD LMIJF_34_0080

LMJF_05_0380

MEFG LMJF_36_0570

LMJF_32_3170

LMJF_18 0610

LMJF_35_0580
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Q4Q6Y1 Uncharacterized protein LMJF_30_3090
Q4Q9x4 40S ribosomal protein S25 LMJF_25_1190
K7P582 Cathepsin L-like protease Cpb

Supp. Table 12. Proteins that were upregulated (green) or downregulated (red) in amastigotes treated with harmonine for

24 h.

Entry Protein names Gene names
Q4Q1R6 Uncharacterized protein LMJF_36_1595
Q4QJ11 Uncharacterized protein LMJF_06_0670
E9AEN3 Conserved SNF-7-like protein LMJF_35_0580
Q4QF84 Putative 60S ribosomal protein L6 (Ribosomal protein L6) LMJF_15_1000
Q4QCL6 Putative ring-box protein 1 LMJF_21_0023
E9ACD7 Gamma-glutamyl phosphate reductase-like protein LMJF_02_0630

AOA2POXMV4 Monoglyceride lipase, EC 3.1.1.23
Q9XzY4 GRAM domain-containing protein LMJF_04_0240
QI9XZW6 Cysteine proteinase A cpa
E9AD88 Uncharacterized protein LMJF_27_1100
Q4Q722 Uncharacterized protein LMJF_28 2700
Q4QBQ2 Protein kinase domain-containing protein LMJF_22 0950
Q4QD15 Protein-serine/threonine kinase, EC 2.7.11.- LMJF_20_0280
Q4QGB4 Sister chromatid cohesion protein LMJF_13_0400
E9AEL3 Enoyl-CoA hydratase/isomerase family protein,conserved LMJF_35_0360
Q71LW5 Ribosomal protein S2
LMJF_34_1700, LMJF_34_1760,
Q4Q325 Putative amastin-like surface protein LMJF_34_1780, LMJF_34_1800,
LMJF_34_1820
Q4QGJ3 Uncharacterized protein LMJF_12 0820
Q4QF88 Sulfhydryl oxidase, EC 1.8.3.2 LMJF_15_0960
Q4QCN5 Putative ribosome biogenesis protein LMJF_20_1670
Q4Q3F7 Amastin-like protein LMJF_34_0500
B8YDG1 Leishmanolysin, EC 3.4.24.36
LmRab7 GTP-binding protein (Putative rab7 GTP binding
Q9N2P5 LmRab7 RAB7, LMJF_18_0890
protein)
Q4QDF2 Putative kinesin, EC 3.6.4.4 LMJF_19_0690
Q4Q9Y6 Uncharacterized protein LMJF_25_ 1070
Q4Q5G9 Uncharacterized protein LMJF_32_1130
Putative ATP-binding cassette protein subfamily F member
E9ACG3 1 ABCF1 LMJF_03_0160
Q4QlG6 Putative Qc-SNARE protein LMJF_08_0030
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RNA editing associated helicase
Q4Q2M1 REH2 LMJF_34_3230
2,putativewith=GeneDB:Tb927.4.1500

Q4Q9Y5 RRM domain-containing protein LMJF_25_ 1080
Q4Q7S9 Uncharacterized protein LMJF_30_0300
Q4QJC9 Uncharacterized protein LMJF_05_0730
LMJF_17_0080, LMJF_17_0081,
Q4QEI9 Elongation factor 1-alpha LMJF_17_0083, LMJF_17_0084,
LMJF_17_0085
Q4QER3 Stealth_CR3 domain-containing protein LMJF_16_1050
E9AC60 Uncharacterized protein LMJF_01_0690
Q9BHD9 Uncharacterized protein P883.31 P883.31
Q4Q500 SEC7 domain-containing protein LMJF_32_2750
Q4QFM3 Putative kinesin K39 LMJF_14 1110
Q7KF27 Cytosolic leucyl aminopeptidase, EC 3.4.11.1 lap LAP, LMJF_23 0950
ESAD97 Putative histone H1 LMJF_27_1190, LMJF_27_1240
Q95790 Uncharacterized protein LMJF_04_0050
Q4Q5T4 Uncharacterized protein LMJF_32_0020
Q4QCl4 Uncharacterized protein LMJF_21 0310
Q9GU34 Elongation factor 2 EF2-1
ESAFWS8 Uncharacterized protein LMJF_35_4940
E9AFW1 Uncharacterized protein LMJF_35_4860
Q4Q304 Transcription elongation factor-like protein LMJF_33_2810
Methylenetetrahydrofolate reductase (NAD(P)H), EC
Q4Q0B9 LMJF_36_6390
1.5.1.20

Succinate dehydrogenase assembly factor 2, mitochondrial,
Q4Q716 LMJF_30_1070
SDH assembly factor 2, SDHAF2

E9ADF2 Putative dynein heavy chain LMJF_27_1750
E9ADN1 Uncharacterized protein LMJF_29 0290
Q4QAZ9 Putative Qb-SNARE protein LMJF_23_1740
ESAEB9 Putative serine/threonine-protein kinase, EC 2.7.11.1 LMJF_29_2570
Q4Q057 Uncharacterized protein LMJF_36_6960
Q4FXY8 Elongation factor Ts, mitochondrial, EF-Ts, EF-TsMt LmjF.29.0720
Q4Q754 Uncharacterized protein LMJF_30_2390
Q4Q3K1 Glucose-6-phosphate 1-dehydrogenase, EC 1.1.1.49 G6PD LMJF_34 0080
Q4Q8C7 Uncharacterized protein LMJF_28 1390
Q4Q624 Glyceraldehyde-3-phosphate dehydrogenase, EC 1.2.1.12 LMJF_30_2980
Q4QGNO Alanine aminotransferase, EC 2.6.1.2 ALAT LMJF_12_0630
E9ADH6 Uncharacterized protein LMJF_27_1960
Q4Q5pP7 Uncharacterized protein LMJF_32_0380
ESAEHO Uncharacterized protein LMJF_33_0765
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ESAFU6 Uncharacterized protein LMJF_35_4690
E9ACK9 Uncharacterized protein LMJF_03_0640
ESACM1 Uncharacterized protein LMJF_03_0760
Q4QCT5 Uncharacterized protein LMJF_20_1110
Q4QHC2 Uncharacterized protein LMJF_10_0920
Q4QC39 Uncharacterized protein LMJF_21 1560
Q4Q843 Putative glycoprotein 96-92 LMJF_28 2210
E9ADFO Uncharacterized protein LMJF_27_1730
Q4Q3E9 Uncharacterized protein LMJF_34_0580
Q4QAD2 Uncharacterized protein LMJF_24 1980
Q4Q0D2 Glucose transporter, Imgt3 LMJF_36_6280
Q4QIH5 Uncharacterized protein LMJF_07_1110
Q4QI83 Uncharacterized protein LMJF_08_0860
Q4Q205 Uncharacterized protein LMJF_36_0710
Q4Q450 Uncharacterized protein LMJF_33_1370
ESADGS8 Uncharacterized protein LMJF_27_1895
Q4QDN6 Putative kinesin, EC 3.6.4.4 LMJF_18_1530
ESAFF5 LRRcap domain-containing protein LMJF_35 3310
Q4Q0P8 VHS domain-containing protein LMJF_36_5140
Q4Q9Q7 Uncharacterized protein LMJF_25_ 1820
E9ACA3 Uncharacterized protein LMJF_02_0280
Q4Q9X1 Uncharacterized protein LMJF_25_1220
LMJF_34_1560, LMJF_34_1740,
Q4Q327 Putative amastin-like surface protein
LMJF_34_1900

Q4QFI5 Putative glutathione-S-transferase/glutaredoxin LMJF_14 1480
E9AFR1 Uncharacterized protein LMJF_35_4340
Q9BJ48 Uncharacterized protein

ESAC37 Uncharacterized protein LMJF_01_0460
E9ACLS Uncharacterized protein LMJF_03_0700
Q4Q0Y0 Uncharacterized protein LMJF_36_4340
Q4QIA5 Uncharacterized protein LMJF_08_0640
E9AD29 Putative radial spoke protein 3 LMJF_27_0520
Q4Q6F8 Uncharacterized protein LMJF_31_1050
E9AFK1 Uncharacterized protein LMJF_35_3770
E9ABZ5 Uncharacterized protein LMJF_01_0060
E9AC84 Uncharacterized protein LMJF_02_0090
E9AEJ6 FCP1 homology domain-containing protein LMJF_35_0190
Q4Q8F4 Uncharacterized protein LMJF_28 1120
Q4Q6C5 Uncharacterized protein LMJF_31_1380
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ESAEP2

Q4QlR6
Q4QEGO
Q4QJ32
Q4Q2R2
Q4QFz5
E9AES81

QaqQll7
Q4QO0H5
ESADU9
Q4aQiM8
Q4QDA9

ESADA3

ESAET6

DRIM domain-containing protein
Putative ubiquitin-protein ligase-like, EC 6.3.2.19
Uncharacterized protein
ATP-NAD kinase-like protein, EC 2.7.1.23
Regulatory subunit of protein kinase a-like protein
Tcpl0_C domain-containing protein
Uncharacterized protein
RNA binding protein-like protein
Uncharacterized protein
Letm1 RBD domain-containing protein
Calcium-transporting ATPase, EC 7.2.2.10

Uncharacterized protein

Guanine nucleotide-binding protein subunit beta-like

protein

Dolichyl-diphosphooligosaccharide--protein

glycotransferase, EC 2.4.99.18

LMJF_35_0670
LMJF_07_0280
LMJF_17_0340
LMJF_06_0460
LMJF_34_2820
LMJF_13_1590
LMJF_29_2190
LMJF_07_1000
LMJF_36_5850
LMIF_29_0920
LMIF_07_0630

LMJF_19_1060

LMJF_27_1250

LMJF_35_1130
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P12076 Heat shock 70-related protein 1, mitochondrial HSP70.1
Q9GU34 Elongation factor 2 EF2-1

LMJF_34_1700, LMJF_34_1760,
Q4Q325 Putative amastin-like surface protein
LMJF_34_1780, LMJF_34_1800, LMJF_34_1820
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Q4Q2M1

Q4Q3F7
ESADF2
Q4QER3
ESAD29
Q4Q131

Q25306

Q4Q0D2
Q4Qbwo
ESAD28
Q4QlR6
K7PN53

RNA editing associated helicase

2,putativewith=GeneDB:Tb927.4.1500
Amastin-like protein
Putative dynein heavy chain
Stealth_CR3 domain-containing protein
Putative radial spoke protein 3
Diadenosine tetraphosphate synthetase, EC 6.1.1.14
Guanine nucleotide-binding protein subunit beta-like
protein (Antigen LACK)
Glucose transporter, Imgt3
Uncharacterized protein
Putative calpain-like cysteine peptidase

Putative ubiquitin-protein ligase-like, EC 6.3.2.19

Cysteine protease

REH2 LMJF_34_3230

LMJF_34_0500
LMJF_27_1750
LMIF_16_1050
LMIF_27_0520

LMJF_36_3840

LMJF_36_6280
LMJF_18 0820
LMJF_27_0510

LMJF_07_0280
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Supp. Table 14. Proteins that were upregulated (green) or downregulated (red) in amastigotes treated with compound 1o
for 24 h.

Entry Protein names Gene names
Q4Q2Y5 Protein kinase domain-containing protein LMJF_34_2150
LMJF_17_0080, LMJF_17_0081,
Q4QEI9 Elongation factor 1-alpha LMJF_17_0083, LMJF_17_0084,
LMJF_17_0085
LMJF_34_1700, LMJF_34_1760,
Q4Q325 Putative amastin-like surface protein LMJF_34_1780, LMJF_34_1800,
LMJF_34_1820
Q4QD15 Protein-serine/threonine kinase, EC 2.7.11.- LMJF_20_0280
Q4QCG2 Uncharacterized protein LMJF_21_0530
Q4Qli4 Uncharacterized protein LMJF_07_0930
Q4QEV9 Putative histone H3 LMJF_16_0600
E9ADO1 Kinetoplast-associated protein-like protein LMJF_27_0240
Q4QE94 Uncharacterized protein LMJF_17_0960
Q4Q520 Phosphatidylinositol-4-phosphate 5-kinase-like protein LMJF_31 2710
E9ADF2 Putative dynein heavy chain LMJF_27_1750
Q4QCL6 Putative ring-box protein 1 LMJF_21 0023
Q4Q3F7 Amastin-like protein LMJF_34_0500
Putative cleavage and polyadenylation specificity factor 30
Q4QHV2 LMJF_09_0720
kDa subunit
Q4Qls2 Uncharacterized protein LMJF_07_0220
ESADH5 Uncharacterized protein LMJF_27_1950
AOA2POXMV4 Monoglyceride lipase, EC 3.1.1.23
Q4Q0B9 Methylenetetrahydrofolate reductase (NAD(P)H), EC 1.5.1.20 LMJF_36_6390
Q4QF88 Sulfhydryl oxidase, EC 1.8.3.2 LMJF_15_0960
RNA editing associated helicase 2, putative
Q4Q2M1 REH2 LMJF_34_3230
with=GeneDB:Th927.4.1500

E9ACG3 Putative ATP-binding cassette protein subfamily F member 1 ABCF1 LMJF_03_0160
Q4Q197 Uncharacterized protein LMJF_36_3220
Q4QER3 Stealth_CR3 domain-containing protein LMJF_16_1050
Q4Q695 Uncharacterized protein LMJF_31_1670
Q4Q4E0 Uncharacterized protein LMJF_33_0650
Q4QAZ9 Putative Qb-SNARE protein LMJF_23_1740
Q4QI86 Amastin-like protein LMJF_08_0830
Q4Q5H6 Guanine nucleotide-binding protein subunit beta-like protein LMJF_32_1060
Q4QHH8 Putative folate/biopterin transporter LMJF_10_0390
Q4QGB4 Sister chromatid cohesion protein LMJF_13 0400
Q4QDF2 Putative kinesin, EC 3.6.4.4 LMJF_19_0690
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Q4Q747
Q4QH24

Q4QJ83

Q4QCs9

Q4QC71
Q4Q1z8
Q4QEN5
Q4QFM3
Q4Q0D2
ESAD29
Q4Q0z1
Qouow1
Q4Q7J2
Q4QGJ3
Q4QGNO

Q4QAV5

ESAFQ2

Q4Q5G9
Q4QIG6
Q4QHP3
ESAEDO
Q4Q166
ESAES2
Q4QGC8
Q4Q6R7
Q7KF27
Q4QC39
Q4Q615
Q4QEQ4
ESACK6

Q4QC37

QSN853

Q4QBP8
Q4QD68

Q4Q396

Putative heat shock 70-related protein 1, mitochondrial
Putative transcription modulator/accessory protein
Uncharacterized protein

Putative calpain-like cysteine peptidase, EC 3.4.22.-, EC
3.4.22.33

Putative adenylate kinase, EC 2.7.4.3
Calpain catalytic domain-containing protein
Cytochrome c (Putative cytochrome c)
Putative kinesin K39
Glucose transporter, Imgt3
Putative radial spoke protein 3
Uncharacterized protein
Acetyl-coenzyme A synthetase, EC 6.2.1.1
Putative RNA-binding protein
Uncharacterized protein
Alanine aminotransferase, EC 2.6.1.2
Uncharacterized protein

Ubiquinone biosynthesis O-methyltransferase,
mitochondrial (3-demethylubiquinol 3-O-methyltransferase, EC
2.1.1.64) (Polyprenyldihydroxybenzoate methyltransferase, EC

2.1.1.114)

Uncharacterized protein

Putative Qc-SNARE protein

Putative paraflagellar rod component
Uncharacterized protein
Uncharacterized protein
Putative aldose 1-epimerase, EC 5.1.3.3
Putative N-acetyltransferase subunit ARD1
Putative CPSF-domain protein
Cytosolic leucyl aminopeptidase, EC 3.4.11.1

Uncharacterized protein

Putative lipase, EC 3.1.1.3

Tyrosyl or methionyl-tRNA synthetase-like protein, EC 6.1.1.-
Kinase-like protein

Uncharacterized protein

Uncharacterized protein

Uncharacterized protein
Cysteine peptidase A (CPA)

Dihydroxyacetonephosphate acyltransferase, EC 2.3.1.42

LMJF_30_2460
LMJF_11_0560

LMJF_05_1190

LMJF_20_1180

LMJF_21_1250

LMJF_36_0780

LMJF_16_1310, LMJF_16_1320

LMJF_14_1110
LMJF_36_6280
LMJF_27_0520
LMJF_36_4230

L7836.01 LMJF_23_07
LMJF_30_1110

LMJF_12_0820

10

ALAT LMJF_12_0630

LMJF_24_0260

LMJF_35_4250

LMJF_32_1130
LMJF_08_0030
LMJF_09_1320
LMJF_29_2680
LMJF_36_3520
LMJF_35_0970
LMJF_13_0260

LMJF_30_3710

lap LAP, LMJF_23_0950

LMJF_21_1560
LMJF_31_2460
LMJF_16_1130
LMJF_03_0610

LMJF_21_1555

LMJF_04_0140, LMJF_04_0150,

LMJF_04_0160
LMJF_22_0990
CPA LMJF_19_1420

DAT LMJF_34_1090
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E9ADFO
Q4Q6D5
Q4QDHO

E9AE36
Q25312

ESADXS5
Q4Q9s9
B8YDG1
Q4QHC2
Q4Q3Q5

ESAFK1
Q4QDN6
E9ADH2

Q4Q1Q2

Q5SDH5

Q4Q793
Q4Q3l14

Q4Q327

Q4QDGY
Q4Q673
Q4QJJ9
K7PN53
Q4QFL2
Q4QF65
ESACP2
Q4QGR1

Q4QAW6

Q4Q2z8

Q9U1E6

Q4QEWS
Q4Q0T5
Q4Qlw4a
Q4QE77
Q4QFK1
E9ACNS

Q4Q963

-188 -

Uncharacterized protein

Putative ATP-binding cassette protein subfamily C,member 5

Uncharacterized protein
Putative paraflagellar rod protein 1D
DNA-directed RNA polymerase subunit, EC 2.7.7.6
EF-hand domain-containing protein
Uncharacterized protein
Leishmanolysin, EC 3.4.24.36
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Putative kinesin, EC 3.6.4.4
Uncharacterized protein

Uncharacterized protein

Putative calpain-like cysteine peptidase (Small myristoylated

protein 1)
Uncharacterized protein

CARD domain-containing protein

Putative amastin-like surface protein

Uncharacterized protein
Uncharacterized protein
Putative paraflagellar rod component par4
Cysteine protease
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Myotubularin phosphatase domain-containing protein
Glycosomal membrane like protein
Uncharacterized protein
Putative outer dynein arm docking complex
(Uncharacterized protein L1648.02)
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
WW domain-containing protein
Uncharacterized protein
Amidohydro_3 domain-containing protein

Uncharacterized protein

LMJF_27_1730

ABCC5 LMJF_31_1280

LMJF_19_0510
LMJF_29_1750
RPOIILS
LMJF_29_1170

LMJF_25_1620

LMJF_10_0920
LMJF_33_2800
LMJF_35_3770
LMJF_18_1530
LMJF_27_1930

LMJF_36_1720

SMP-1 LMJF_20_1310

LMJF_30_2010

LMJF_34_0240

LMJF_34_1560, LMJF_34_1740,

LMJF_34_1900
LMJF_19_0520
LMJF_30_2990
LMJE_05_0040

cpb
LMIF_14_1220
LMJF_15_1190
LMJF_03_0970
LMJF_12_0320
LMIF_24_0150

LMJF_34_2030

L1648.02 DC2, LMIJF_32_2900

LMJF_16_0520
LMJF_36_4780
LMJF_06_1120
LMJF_17_1140
LMJF_14_1330
LMJF_03_0930

LMJF_26_1310



SUPPLEMENT

Q4QEK4

Q4QCss8

Q4QCi4
Q4Q242
Q4Q5Q0
Q4Q0L5
Q95793
Q4Q847
Q4QDQS
ESAD42
E9AFW1
E9ACDS8

ESACCO

Q4QDKO

P39095

Q4QCW2

Q4Q2E8
Q4QDR6
EQAEX6
E9ACM7
Q4Q3R8
Q4Q353
Q4QGD8

ESACCO

Q4QEM2

Q4Q801
E9ADGS8
Q4Q8F5
Q4Q0ow1
Q4QBF3
ESAFR9
Q4QlID5
Q4Q205
ESAFU6
Q4Q7L0
Q4Q8N2

Prohibitin
Putative calpain-like cysteine peptidase, EC 3.4.22.-, EC
3.4.22.33

Uncharacterized protein

ER membrane protein complex subunit 3
Uncharacterized protein

DAO domain-containing protein

Calcium-transporting ATPase, EC 7.2.2.10
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

Uncharacterized protein

ADP/ATP translocase (ADP,ATP carrier protein)

60S ribosomal protein L30

Cytochrome c oxidase assembly factor-like protein, EC

1.9.3.1
Non-specific serine/threonine protein kinase, EC 2.7.11.1
Uncharacterized protein
Putative reiske iron-sulfur protein, EC 1.10.2.2
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

Uncharacterized protein

Paraflagellar rod protein 2C

Uncharacterized protein
Uncharacterized protein
Guanine nucleotide-binding protein subunit beta-like protein
Putative ABC1 protein
Putative ATP-binding cassette protein subfamily C,member 2
Putative mitochondrial phosphate transporter
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
DUF4139 domain-containing protein

Sacchrp_dh_NADP domain-containing protein

LMJF_16_1610

LMJF_20_1185

LMJF_21_0310
LMJF_36_0360
LMJF_32_0350
LMJF_36_5460
LMJF_04_0010
LMJF_28_2180
LMJF_18_1300
LMJF_27_0650
LMJF_35_4860
LMJF_02_0640

LMJF_02_0460

LMJF_19_0210

RPL30

LMJF_20_0840

LMJF_18_1260
LMJF_35_1540
LMJF_03_0820
LMJF_33_2680
LMJF_34_1490
LMJF_13_0160

LMJF_02_0550

LMIF_16_1430

LMJF_28_2610
LMJF_27_1895
LMJF_28_1110

LMJF_36_4530

LMJF_35_4420
LMJF_08_0340
LMJF_36_0710
LMJF_35_4690
LMJF_30_0930

LMJF_28_0380

ANC2 ANC1, LMJF_19_0200,

TOR3 LMJF_34_3940

LMJF_16_1425, LMJF_16_1427,

ABCC2 LMJF_23_0220
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SUPPLEMENT

Q4Q4P2
Q4Q666
Q4QJ94
Q4QGN3
Q4Q0W2
E9ACD7
E9AFUO
Q4Q9Y0
Q4QGA0
Q4Q154
Q4Q8K9
Q4Q830
Q4QIK9
E9ACLS
Q9UOT9
Q4QJF3
Q4QDWO
Q4QER8
Q4QCI1
E9AEZ7
Q9GU34

Q4QGR8

Q4QIT8

Q4QB10
Q4Q7B3
Q4Qib2

Q4Q5U3

Q4Q131
Q4Q8C7
Q4Q0wWs8
Q4Q3E6
ESAFR1
ESAFQ7
E9AFJ4
Q4QEH6
Q4Q595

Q4QIW5
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Uncharacterized protein
Tryparedoxin-like protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Gamma-glutamyl phosphate reductase-like protein
J domain-containing protein
Putative cytochrome c oxidase VII, EC 1.9.3.1
Uncharacterized protein
Putative nima-related protein kinase, EC 2.7.11.1
Putative dynein heavy chain
Uncharacterized protein
Flavoprotein subunit-like protein
Uncharacterized protein
Putative calpain-like cysteine peptidase, EC 3.4.22.-
Uncharacterized protein
Uncharacterized protein
Stealth_CR3 domain-containing protein
Metallo-peptidase, Clan ME, Family M16
Uncharacterized protein
Elongation factor 2

Cysteinyl-tRNA synthetase, EC 6.1.1.16

Putative cytochrome c1, heme protein,mitochondrial, EC

1.10.2.2
Fer2_3 domain-containing protein
Uncharacterized protein
Uncharacterized protein

Methylcrotonoyl-coa carboxylase biotinylated

subunitprotein-like protein, EC 6.4.1.4
Diadenosine tetraphosphate synthetase, EC 6.1.1.14
Uncharacterized protein
Uncharacterized protein
Putative enoyl-[acyl-carrier-protein] reductase
Uncharacterized protein
Uncharacterized protein
Glycosomal membrane protein

ER membrane protein complex subunit 2

Putative rab11B GTPase

Uncharacterized protein

LMJF_32_3800
LMJF_31_1960
LMJF_05_1080
LMJF_12_0600
LMJF_36_4520
LMJF_02_0630
LMJF_35_4630
LMJF_25_1130
LMJF_13_0540
LMJF_36_1520
LMJF_28_0610
LMJF_28_2350
LMJF_07_0800
LMJF_03_0700
LMJF_04_0450
LMJF_05_0490
LMJF_18_0820
LMJF_16_1010
LMJF_21_0340
LMJF_35_1755
EF2-1

LMJF_12_0250

LMJF_07_0060

LMJF_23_1410
LMJF_30_1810

LMJF_08_0370

LMJF_31_3130

LMJF_36_3840
LMJF_28_1390
LMJF_36_4460
LMJF_34_0610
LMJF_35_4340
LMJF_35_4300
LMJF_35_3700
LMJF_17_0120
LMJF_32_1840

LMJF_06_1110



SUPPLEMENT

ESAD88
E9AEZ5

Q4QIR6
ESAD84
Q4QJ98
ESAEW1
K7P5C3

ESAFL1

Q4QlE9

Q4QFz4
ESAD28
Q4QCF1
Q4Q1I3

Q4Q137
Q4Q9Ve
Q4QD20
Q4QAB4
Q4QJ13
Q4vT70

Q4QG67

Q4Q8M1
Q4Q872
043994
Q4QFH9
Q4Q2C8
Q4Q079
Q4QE34
Q4QH77
Q4QDJ8
E9ADU9

Q4Q2W6
Q4QCE9
ESAFH5
Q4Q8P6
Q4QGV7

Q4QJA4

Q4QG07

Uncharacterized protein
Ubiquitinyl hydrolase 1, EC 3.4.19.12
Putative ubiquitin-protein ligase-like, EC 6.3.2.19
Cysteine desulfurase, EC 2.8.1.7
Stomatin-like protein
Metallo-peptidase, Clan ME, Family M16, EC 1.10.2.2
Cathepsin L-like protease
Putative nucleoside diphosphate kinase, EC 2.7.4.6
Inositol phosphosphingolipid phospholipase C-Like
Uncharacterized protein
Putative calpain-like cysteine peptidase
Putative phosphoglucomutase, EC 5.4.2.2
Methyltransferase, EC 2.1.1.-
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
GP-PDE domain-containing protein
Putative lanosterol synthase, EC 5.4.99.8
Phosphotransferase, EC 2.7.1.-

Metallo-peptidase, Clan ME, Family M16, EC 3.4.24.6, EC
3.4.24.64

Putative propionyl-coa carboxylase beta chain, EC 6.4.1.3
Uncharacterized protein
Leishmanolysin, EC 3.4.24.36
NADH-cytochrome b5 reductase, EC 1.6.2.2
ER membrane protein complex subunit 1
Uncharacterized protein
3Beta_HSD domain-containing protein
Uncharacterized protein
Uncharacterized protein
Letm1 RBD domain-containing protein
Asparagine--tRNA ligase, EC 6.1.1.22
Cytosolic Fe-S cluster assembly factor NUBP1 homolog
Structural maintenance of chromosomes protein
Glycerol-3-phosphate dehydrogenase, EC 1.1.5.3
Putative ATP-binding cassette protein subfamily A,member4

NADH dehydrogenase [ubiquinone] flavoprotein 1,
mitochondrial, EC 7.1.1.2

Uncharacterized protein

LMJF_27_1100

LMJF_35_1740

LMJF_07_0280

LMJF_27_1060

LMJF_05_1040

LMJF_35_1380
Cpb

LMJF_35_3870

ISCL LMJF_08_0200

LMJF_13_1600
LMJF_27_0510
LMJF_21_0640
LMJF_36_2380
LMJF_36_3780
LMJF_25_1370
LMJF_20_0240
LMJF_24_2160
LMJF_06_0650

HK LMJF_21_0240

LMJF_13_0870

LMJF_28_0490
LMJF_26_2000
gp63-6
LMJF_15_0050
LMJF_34_4130
LMJF_36_6760
LMJF_18_0080
LMJF_11_0030
LMJF_19_0230
LMJF_29_0920
LMJF_34_2340
LMJF_21_0660
LMJF_35_3510

LMJF_28_0240

ABCA4 LMJF_11_1250

LMJF_05_0980

LMJF_13_1470



SUPPLEMENT

ESAFUS8
Q4Q699
Q4Ql59
Q4Q057

Q50043

ESAEB3

Q4QDN8
Q4Q214
Q4Q8F4
ESAF02
Q4QCM5
097200
Q4QGX0
Q4Q483
Q4QGM6
Q4Qiu2
Q4QJ88
Q4Q0P9
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Uncharacterized protein

Putative 3-ketoacyl-CoA thiolase-like protein, EC 2.3.1.16
Uncharacterized protein
Uncharacterized protein

Isopentenyl-pyrophosphate isomerase (Putative isomerase,

EC5.3.3.2)

ATP-dependent 6-phosphofructokinase, ATP-PFK,
Phosphofructokinase, EC 2.7.1.11 (Phosphohexokinase)

Plasma membrane ATPase, EC 7.1.2.1
Uncharacterized protein
Uncharacterized protein

Trypanin-like protein

Putative N-acyl-L-amino acid amidohydrolase, EC 3.5.1.14
Uncharacterized protein

Putative lanosterol 14-alpha-demethylase, EC 1.14.13.70
Uncharacterized protein

Cytochrome c oxidase subunit IV, EC 1.9.3.1
Putative N-acetyltransferase subunit Natl
V-type proton ATPase subunit

Uncharacterized protein

LMJF_35_4710
LMJF_31_1630
LMJF_08_1100

LMJF_36_6960

idi1 LMJF_35_5330

pfk LMIF_29_2510

H1A-1 LMJF_18_1510

LMJF_36_0620
LMJF_28_1120
LMJF_35_1810
LMJF_20_1560
LMJF_04_0550
LMJF_11_1100
LMJF_33_1070
LMIF_12_0670
LMJF_36_1340

LMJF_05_1140

LMJF_36_5130
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SUPPLEMENT




SUPPLEMENT




SUPPLEMENT




SUPPLEMENT




SUPPLEMENT
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