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1 Introduction 
 

The successful use of recombinant proteins as therapeutic agents in human medicine 

revolutionized biotechnological research in the 1980s [1]. Today, more than 25 years later, 

recombinant proteins are frequently used, for example, as a treatment of cancer, anaemia and 

infertility [2], or they form the basis of many diagnostics. The human genome consists of around 

23.000 protein-coding genes [3, 4]. The number of different proteins, however, is significantly 

higher, since alternative mRNA splicing events and posttranslational protein modifications 

(PTMs) have led to many different proteins emerging from one single gene. For instance, 

proteins form structural cell elements, transport diverse macromolecules, regulate cellular 

homeostasis, tag external antigens for primary immune response or are secreted into the 

extracellular environment.  

The recombinant therapeutic proteins which are most frequently approved are monoclonal 

antibodies, proteins with enzymatic activity or generally glycosylated proteins [5-7]. For their 

production, genetically engineered bacterial organisms, fungi, or mammalian cells are used, 

which are generally able to correctly fold the protein and synthetize it into a biologically active 

form [2]. Common pitfalls of many heterologous expression systems are the lack of correct 

PTM. Here, protein glycosylation plays a major role as more than 50% of all human proteins are 

glycosylated [8]. Importantly, many proteins need the glycosylation for their biological activity [9, 

10]. Prokaryotic systems are not able to glycosylate human recombinant proteins. Yeasts, insect 

cells, or herbal hosts can glycosylate, but their glycosylation profile is different to the human 

counterpart, which can e.g. negatively influence protein functionality or the half-life [11]. The 

expression of human recombinant proteins in mammalian cells, such as CHO-cells (Chinese 

Hamster Ovary), achieves the highest homogeneity in respect to PTMs [12]. As the need of 

recombinant proteins for therapeutic or diagnostic purposes is continuously increasing, there is 

a great demand for expression systems, which can on the one hand offer mammalian-like PTMs 

and on the other hand result in high protein yield.  

In general, the expression system of the eukaryotic parasite Leishmania tarentolae is such a 

system [13]. L. tarentolae represents a competitive alternative to the mammalian cell lines for 

the following reasons: First, the parasite is not pathogenic to humans [14], it is relatively easy to 

cultivate [15, 16], and, it offers satisfying recombinant protein yields (0.1-30mg/L) [17]. 

Additionally, the expression system can easily be extended to an industrial production scale. 
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Second, with the expression of the human hormone erythropoietin (EPO), high glycosylation 

pattern similarity to the human-derived counterpart could be shown [18], making L. tarentolae 

generally attractive for the expression of human glycoproteins. Third, the parasite has the ability 

of masking itself through the uptake and surface presentation of host-derived molecules, 

enabling reproduction and survival inside the insect and saurian host. This evolutionary 

acquired mimicry can be biotechnologically utilized (subchapter 1.1.5).  

To date, L. tarentolae has been used as vaccine candidate against human leishmaniasis [19, 

20], to screen for antileishmanial drugs [21], to study RNA editing [22], gene amplification [23, 

24] as well as for the expression of eukaryotic recombinant proteins. Overall, this broad 

spectrum of applications also suggests L. tarentolae to be a highly qualified expression system. 

Especially recombinant protein production is a growing application area [17, 25]. Worldwide, 

more than 150 laboratories in academia and industry are working with L. tarentolae as a protein 

expression host (Dr. Breitling, personal communication). This number is likely to increase in the 

future, since in 2012, the genome of L. tarentolae (Parrot-TarII strain) was successfully 

sequenced [26].  

Utilizing L. tarentolae as a biotechnological host for human recombinant protein expression 

requires the understanding of its life cycle and metabolic adaptations. Unfortunately, most 

research does not address the biology of L. tarentolae or other saurian Leishmania species, but 

human-pathogenic ones like L. major or L. donovani. For this, the whole genus of Leishmania is 

taken into consideration. In chapter 1.1, general information about the genus Leishmania 

including its life cycle, geographical distribution, reproduction, infectivity, disease pattern, 

immune defence, treatment and potential drug targets are given. On the other hand, chapter 1.2 

addresses the advantages of L. tarentolae as a biomedical expression host, its cell culture 

conditions, studied PTMs with expressed protein examples, gene expression and established 

expression vector variants.  

To sum up, the understanding of the genus Leishmania and examples of successfully 

expressed recombinant proteins provide the background of my PhD thesis. Taking this 

knowledge into consideration and expression of selected human recombinant proteins with a 

biomedical background should answer the main goal of my thesis if L. tarentolae is capable of 

producing human proteins of therapeutic standard or rather of high homogeneity to the 

appropriate counterpart.  
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1.1 General information about Leishmania species 

 

1.1.1  The genus Leishmania 

The genus Leishmania belongs to the class of Kinetoplastida [27] and to the order of 

Trypanosomatida, which diverged very early in the eukaryotic lineage [28]. Since its first 

description by W.B. Leishman [29], C. Donovan and J.H. Wright [30] in 1903/04, around thirty 

different species are assigned today infecting different vertebrates such as reptiles, dogs or 

man. Today, the reference technique for the identification of a Leishmania species is multilocus 

enzyme electrophoresis (MLEE, [31, 32]).  

The genus of Leishmania can be divided into the three subgenera Leishmania, Viannia and 

Sauroleishmania [33]. Furthermore, species within the subgenera are grouped to complexes 

according to biological and biochemical characteristics [34]. To the subgenus Leishmania 

belong 15 species grouped in 4 complexes. The subgenus Viannia consists of 9 species, where 

not all species can be grouped. Species of the subgenus Sauroleishmania are not grouped at 

all. Around 10 species, including L. tarentolae, belong to this subgenus [35], but only three are 

well studied. Most Sauroleishmania species only infect different reptile species like lizards [35]. 

According to the MLEE method, a group of five Leishmania species cannot be assigned to any 

of the subgenera (e.g. L. hertigi or L. colombiensis [33]). A simplified presentation of the genus 

Leishmania is given in Figure 1, which is not a phylogenetic tree. 

However, classification of Leishmania species into a taxonomy has never been absolutely 

certain, neither in the past nor today. Recent studies on the analysis of the mitochondrial 

cytochrome b gene [36] or the heat-shock protein (hsp) 70 gene subfamily [37, 38] have 

reopened the debate on the classification of the phylogenetic tree of Leishmania species, 

including the grouping into complexes [33].  
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1.1.2 Life cycle and geographical distribution of Leishmania 

The life cycle of Leishmania species [39] alternates between promastigotes in insect and 

amastigotes in vertebrate hosts [40]. Their shape ranges from round-like to lance like structure 

with a length of 4-12µm and a width of 0.5-3µm. Furthermore, they possess a relatively large 

nucleus and one single mitochondrion, where mitochondrial DNA is found locally condensed 

and named kinetoplast. A simplified overview of the two main morphological forms is given in 

Figure 2 A+B.  

In more detail, Phlebotomine sand flies of the genera Phlebotomus, Lutzomyia and 

Sergentomyia [35, 41] are infected by taking up a blood meal, where assimilated amastigotes 

change into procyclic, motile and flagellated promastigotes colonizing the midgut and/or the 

Figure 1: Simplified presentation of the genus Leishmania (no phylogenetic tree). 
The genus Leishmania consists of the three subgenera Leishmania, Viannia and Sauroleishmania. 
Furthermore, the subgenera can be divided into complexes. Leishmania species have their natural 
distribution in the Old World (OW) and New World (NW). In humans, they can cause cutaneous 
leishmaniasis (CL), mucocutaneous leishmaniasis (ML) or visceral leishmaniasis (VL). L. tarentolae is 
highlighted in red.    
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hindgut of the insect vector [34]. Providing that the parasite migrates back to the pharynx and 

the proboscis of the sand fly, they are retransmitted during a blood meal to different vertebrate 

hosts as non-dividing metacyclic promastigotes. Here, they proliferate as non-motile and 

‘rudimentary’ flagellated amastigotes [42] inside specific cells of the immune system. Finally, 

infected immune cells burst and the released amastigotes are phagocytized by new immune 

cells or they are taken up by a sand fly restarting the life cycle. For L. tarentolae, the amastigote 

form is still under debate. However, an amastigote-like form was described (see subchapter 

1.2.3). A simplified life cycle of L. tarentolae (including promastigotes and amastigote-like forms) 

is illustrated in Figure 2C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Simplified life cycle of L. tarentolae with main morphological forms. 
(A) Promastigote and (B) amastigote-like form with the nucleus (1), kinetoplast (2) and flagella (3). 
(C) Alternating life cycle between sand flies (image from WHO) and the gecko T. annularis (image 
from JBS). 
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The geographical distribution of Leishmania is closely linked to its insect vector. Phlebotomine 

sand flies as well as human leishmaniasis can be found nearly all over the world (Figure 3, blue 

highlighted). Sand flies of the genus Phlebotomus and Sergentomyia have their natural habitat 

in Southern Europe, Africa and Asia (Middle East, India) [43]. This region is summarized as the 

Old World (OW). In the New World (NW; Middle- and South-America), the genus of Lutzomyia 

has its natural habitat [43]. The natural habitat of L. tarentolae is located in southern Europe and 

North Africa (Figure 3, red highlighted). Here, the parasite is often found in lizards like Tarentola 

annularis/mauritanica. For a long time, Australia was said to be free of Leishmania. This 

presumption had to be disproved in 2004, where cutaneous leishmaniasis was described in red 

kangaroos [44]. In contrast to all other endemic regions, day-feeding midges (Forcipomyia, 

subgenus Lasiohelea) instead of Phlebotomine sand flies were found as new vector for 

Leishmania [45]. This newly described insect vector and leishmaniasis in Australia is 

disregarded here.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Phlebotomine sand flies/Human leishmaniasis (light blue), HIV-coinfection (dark blue) 
and geographical distribution of L. tarentolae (red). OW: Old World; NW: New World. Image 
modified from WHO. 
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1.1.3 Reproduction: Clonality versus sexuality  

Even today the mode of reproduction of Leishmania parasites is still under debate. Two major 

hypotheses are postulated: Clonality versus sexuality [46]. Underpinned by several independent 

studies and tests for heterozygosity, recombinant or identical genotypes etc., the preferred 

hypothesis is clonal reproduction by single or multiple fission [47-49]. Although there has been 

little evidence for sexual recombination of Leishmania parasites in the past [50, 51], some new 

studies verify its existence. For example, genetic recombination was experimentally verified and 

a sexual cycle of Leishmania inside the insect vector consistent with meiotic processes was 

proposed [52]. Furthermore, strong homozygosities were shown for a Leishmania population, 

being incompatible with a predominantly clonal mode of reproduction at an ecological time scale 

[53]. Summarized, reproduction of Leishmania parasites (at least of L. braziliensis) works most 

likely as follows: Clonal reproduction of Leishmania is found in the vertebrate host as well as in 

the insect vector. In contrast, frequent recombination events between different individuals are 

limited to the insect vector [46]. Further support comes from the close relative Trypanosoma 

brucei, where this model has been verified [54, 55]. 

 

1.1.4 Infectivity and disease pattern of leishmaniasis  

Leishmania cause a wide spectrum of diseases and chronic infections in different vertebrate 

hosts [27]. The disease is called leishmaniasis. According to the World Health Organization 

(WHO) (http://www.who.int/leishmaniasis), around 12 million people are suffering from it with 

1.5-2 million new infections per year (mortality rate 3.5%). The disease pattern differs between 

species and is depending on other factors, such as the immunity of the infected host [56]. There 

are three distinguishable disease patterns:  Depending on the Leishmania species, the disease 

can cause locally restricted and in most cases self-curing cutaneous lesions. This disease 

pattern is called cutaneous leishmaniasis (CL) [57-59]. In contrast, when facial mucosal tissue is 

infected, the disease is called mucocutaneous leishmaniasis (ML) [58, 59]. Visceral 

leishmaniasis (VL) [60, 61] is the most dangerous form, where the parasites proliferate in 

organs like the liver, spleen or the bone marrow. In many cases, this form of leishmaniasis is 

fatal. Whether the clinical manifestation will be CL, ML or VL strongly depends on the species 

capabilities [56], such as temperature sensitivity [62], immunoevasion or tissue tropism [63].  

Transmission of leishmaniasis to men is not restricted to infected sand flies, but can also be 

transmitted through the contact with open wounds or mucous membranes of infected men or 

http://www.who.int/leishmaniasis
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domestic animals like dogs. In endemic regions, dogs and rodents are the main vertebrate 

reservoir of Leishmania parasites. Luckily, the vaccine CaniLeish against canine leishmaniasis 

was permitted in the European Union in 2011 [64, 65], appreciably reducing infectiousness.  

 

1.1.5 Immune defence and evolutionary acquired mimicry  

In general, sand fly transmitted metacyclic promastigotes are immediately recognized and 

phagocytized mainly by macrophages [66-68] and less frequently by dendritic cells, neutrophils 

and fibroblasts [69]. Alternatively, promastigotes of some species can actively enter these 

immune cells [56]. Inside immune cells, parasites pass into acidic phagolysosomes (lysosome-

like compartment) or into parasitophorus vacuoles. Subsequent elimination of the invaders 

cannot be completed due to evolutionary acquired mimicry. In other words: Phagocytized 

Leishmania parasites undergo morphological and metabolic adaptations ensuring their survival 

[66, 69, 70]. For example, they extremely shorten their flagella [42] or they temporarily pause 

phagolysosome biogenesis of the host by transferring the surface-anchored glycolipid 

lipophosphoglycan (LPG) to the membrane of macrophages [71-74] to prepare differentiation 

into the amastigote form. In the end, they lack prominent surface glycocalyx of 

glycosylphosphatidylinositol (GPI) proteins or other GPI-anchored macromolecules [75, 76]. The 

arising acidic pH (4.5-5.5) in combination with the body temperature (33-37°C) is the signal-

giving impulse for differentiation [77]. As another example, the parasite shifts its main source of 

metabolic energy from glucose to fatty acid oxidation, or uses glycerol and amino acids as 

precursors for the synthesis of sugars due to its exogenous lack [78, 79]. However, the uptake 

and cell surface presentation of sialoglycans has been reported [80, 81]. These terminal sugar 

residues are for example involved in cell-cell interactions or regulations of the hosts’ immune 

response [82, 83]. Presenting host-derived sialoglycans on the parasites glycocalyx could 

partially explain the mimicry or pathogenicity, but it remains to be investigated whether sialic 

acids play a role for intracellular survival [81]. Summarized, Leishmania parasites can 

successfully survive inside the vertebrate host by metabolic adaptations and evolutionary 

acquired mimicry.  

 

1.1.6 Treatment and potential drug targets of Leishmania parasites  

The easiest way to diagnose leishmaniasis is probing potential material (from skin lesion, 

peripheral blood or the liver) and analysing it via microscopic techniques. Amastigotes can be 
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easily detected by probe staining with e.g. Giemsa [56]. Common drugs to treat a Leishmania 

infection are pentavalent antimonials [59, 84], which inhibit the fatty acid oxidative and glycolytic 

pathways of amastigotes [85]. Increasing resistances gave rise to the development of new 

drugs like amphotericin B and its lipid formulations, oral miltefosine or intravenous paromomycin 

[84, 85]. Alternatively, thermotherapy (e.g. hot water bath or infrared light) can be used to treat 

CL [62].  

Leishmania species possess several different cell organelles and metabolites which do not exist 

or exist in an altered form in vertebrates. Potential drug targets are for example glycosomes, 

which are related to peroxisomes and house the first steps of glycolysis [86, 87]. Other targets 

are the acidocalcisomes, special acidic calcium-storage organelles [88, 89], or the flagella with 

the flagellar pocket, the region of protein secretion or endocytosis [90, 91]. Leishmania only 

possess one single mitochondrion with a DNA-dense region, the kinetoplast. This kinetoplast 

and its replication involve many special proteins offering potential drug targets [92, 93]. 

Inhibition of the GPI-biosynthesis is another drug developmental approach [94]. Many 

glycoproteins of the glycocalyx are membrane-linked via such a GPI-anchor.  

 

1.2 Leishmania tarentolae as biomedical expression host 

As described above, collected knowledge and the fundamental understanding of the biology of 

Leishmania species is essential for the development of new drugs and vaccines against 

leishmaniasis. Unfortunately, research on human-pathogenic species is complex and expensive 

due to the risk of human infection and the necessity of adequate laboratory equipment. As a 

good alternative, non-human-pathogenic species like L. tarentolae can be studied, offering a 

very similar biology and metabolism and being only security level 1 (S1). L. tarentolae was 

originally isolated from the lizard Tarentola annularis in 1921 [14], and is the best studied 

saurian-pathogenic species today (most publications in PubMed). Other studied saurian species 

are for example L. adleri [95] or L. gymnodactyli [96]. Like human-pathogenic species, 

L. tarentolae has been used as vaccine candidate against leishmaniasis [19, 20]. Furthermore, 

the parasite is used to study RNA editing [22] and gene amplification [23, 24]. However, during 

the last decade research is more and more concentrating on its use as an expression host for 

recombinant eukaryotic proteins. A few studies could show high PTM homogeneity to human 

counterparts, verifying the great ability of L. tarentolae for biomedical applications [17, 25]. In 

2012, the genome of L. tarentolae (Parrot-TarII strain) was successfully sequenced [26], 
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increasing the number of sequenced Leishmania species to six [97, 98]. Genomes of all 

sequenced Leishmania species are available at the online database TriTrypDB 

(www.tritrypdb.org). The availability of the genome will improve the understanding of the 

subgenus Sauroleishmania and enable to find similarities and differences to human-pathogenic 

species.    

 

1.2.1 Similarities and differences to human-pathogenic species  

Compared to the genomes of L. major or L. infantum, the genome of L. tarentolae consists of 

the same amount of chromosomes but the genome is smaller in size (Table 1). However, >90% 

of the gene contents are shared with human-pathogenic species. Hence, the important question 

is: What are the differences of the remaining ~10%? The analyses of the genome predict 95 

coding sequences to be unique to L. tarentolae. Furthermore, 250 genes found in human-

pathogenic species completely lack in the lizard parasite. Many of these 250 genes are 

preferentially expressed in the amastigote stage of human-pathogenic species. Although 

promastigotes of L. tarentolae are able to enter human phagocytic cells and differentiate into 

amastigote-like forms, there is no clear evidence for their replication within macrophages [19-

21]. L. tarentolae possesses several virulence factors like cysteine protease B (CPB), 

lipophosphoglycan LPG3 and the leishmanolysin GP63 [99], but it lacks the major virulence 

factor A2. A2 has been proved to play a major role in parasite virulence and visceralization 

capability [100]. Additionally, development of amastigotes inside lizards is still debated [101, 

102]. Underrepresented genes and their products affect antioxidant defence or parts of the 

secretory pathway, e.g. vesicular-mediated protein transport. In detail, several adaptins are 

missing, which are involved in the formation of clathrin-associated adaptor protein complexes 

necessary for the formation of transport vesicles within the secretory pathway [103]. Other 

missing genes are coding for glycosyltransferases (see genome of L. major, genes 

LmjF35.5250 and LmjF29.2110) or the endoplasmic reticulum chaperone calreticulin 

(LmjF31.2600) ensuring the folding and quality control of nascent secretory proteins [104]. In 

contrast, two gene families are enriched in L. tarentolae promastigotes- the already mentioned 

leishmanolysin (GP63), a surface glyco-metalloprotease [105, 106], and promastigote surface 

antigen proteins (PSA).  

Summarized, the gene content difference could partially explain why L. tarentolae is not able to 

survive in human macrophages, why they are mostly found as free parasites in the insect vector 

http://www.tritrypdb.org/
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and why their amastigote form is still under debate. They seem to be better adapted to the 

promastigote (insect) stage.  

 

Table 1: Genome size of L. tarentolae compared to other Leishmania species 

Species Number of chromosomes Genome size (bp) 

L. tarentolae 36 30.44 million 

L. major 36 32.82 million 

L. infantum 36 32.13 million 

 

 

1.2.2 Advantages of the protozoan protein expression system 

There is a wide range of protein expression systems, each having its niche and fulfilling 

favoured requirements. For example, prokaryotic systems like the one of E. coli are world 

standard and used for many different applications [107, 108]. In relation to the expression of 

eukaryotic proteins they frequently entail drawbacks, such as improper protein folding, formation 

of inclusion bodies, or the lack of PTMs [109-111]. In contrast, eukaryotic systems offer PTMs, 

and in general, more proteins are expressed in their soluble form. However, protein yield is 

usually lower in eukaryotic expression systems as compared to prokaryotic ones [1, 112]. Thus, 

a heterologous protein expression system should offer both- PTM’s and high yield. The ability of 

the eukaryotic parasite L. tarentolae to express complex eukaryotic proteins with highly diverse 

PTMs in combination with its easy, bacteria-like handling makes the parasite a promising 

expression system for eukaryotic recombinant and biomedically relevant proteins [15, 16, 113, 

114]. 

 

1.2.3 Cell Culture Conditions and the amastigote-like form 

In cell culture as well as in the insect host, L. tarentolae is found in its promastigote form. In 

general, the parasite has to be cultivated in static or agitated suspension culture under aerobic 

conditions in the dark at 26°C. This is the optimal evaluated growth temperature and also 

occurring in the sand fly host. In contrast, the body temperature in geckos is quite variable [115]. 

For growth, different complex and synthetic media are available for selection [114]. In this study, 

the complex medium LEXSY BHI developed by JBS (Cat-No. ML-411) was chosen. It is serum-
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free and has to be enriched with the iron-containing porphyrin Hemin (porcine Hemin), which is 

essential for promastigote growth and survival. After gene transfection by electroporation, single 

transfectants can be normally picked from Agar-plates after 5-10 days. Consequently, up to 2-3 

weeks pass by before the potential expressed recombinant protein can be analysed. Compared 

to other expression hosts, this takes considerably time and is a disadvantage. For a detailed 

description of L. tarentolae cultivation and clonal selection please go to the method section of 

Manuscript I.  

The occurrence of L. tarentolae amastigotes is still under debate. Past experiments tried to 

trigger the differentiation of promastigotes to amastigotes from other Leishmania species by 

mimicking phagolysosomal conditions [116, 117]. In detail, the temperature was raised to 37°C, 

the pH was acidified to 5.5 or 4.5 and in some cases, parasites were additionally cultivated in a 

CO2 incubator with 5-7% CO2. Analyses of typical expressed amastigote proteins and gene 

expression profile studies revealed slight differences between isolated and induced amastigotes 

[118, 119]. Based on those differences, induced amastigotes are referred to as amastigote-like 

form today [119]. Induction of amastigote-like forms of L. tarentolae has also been successfully 

performed (for strain LEM-125, not for the sequenced strain TarII) [21].  

 

1.2.4 Posttranslational protein modifications 

A major advantage of the protein expression system of L. tarentolae is its principal capacity to 

fold and posttranslationally modify eukaryotic proteins in a mammalian-characteristic manner 

and to solubly express them, enabling medical and biotechnological applications. In general, 

many PTMs are important for the biological activity, stability and immunological property of the 

protein.  

Among the plethora of PTMs, protein glycosylation must be emphasised. Secretory and 

membrane proteins of higher eukaryotes are highly glycosylated, being modified within the 

secretory pathway [120]. Altogether, more than 50% of all human proteins are glycosylated [8]. 

Leishmania are also specifically rich in glycoproteins [121]. Glycosylation is a quality control 

mechanism for the folding status of proteins [122]. Compared to its non-glycosylated 

counterparts, glycosylated proteins show a higher stability [123]. Glycans protect their proteins 

against enzymatic degradation and through the presentation of specific sugar epitopes they can 

regulate the interaction with cell receptors. In contrast, cytoplasmic or nuclear proteins are rarely 

glycosylated [124, 125]. Furthermore, terminal sugar residues like sialic acids 
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(N-acetylneuraminic acids) directly regulate the immune response and they directly influence 

the serum half-life of glycoproteins e.g. immunoglobulins (Ig) [11]. The general glycosylation 

characteristics of L. tarentolae are very close to the one of mammals (Figure 4) [18], but are 

limited due to the absence of enzymes for the sialic acid biosynthesis pathway [126].  

Surprisingly, terminal sialic acids (α2,3- and α2,6-linked) were found on endogenous 

membrane-glycoproteins of L. major and L. donovani [80, 81, 127]. To date, the mechanism 

behind the uptake of free sialic acid glycans is unknown. However, a CMP-sialic acid transporter 

in the Golgi-apparatus membrane was reported, transporting sialic acids from the cytoplasm into 

the Golgi [80, 81]. General uptake of sialic acids is probably occurring through endocytosis.  

 

 

 

 

 

 

 

 

 

 

 

Beside glycosylation, phosphorylation is another important PTM. Studies of mammalian cells 

suggest that as many as one-third of all cellular proteins are covalently modified by protein 

phosphorylation [128]. Protein phosphorylation is often a reversible process, and many 

important signaling pathways and cellular processes are regulated by 

phosphorylation/dephosphorylation events [129]. Further PTMs are for example disulphide 

bonds [130], acetylations [131] or the rare protein biotinylation [132].  

Figure 4: N-glycosylation pattern of L. tarentolae compared to different organisms. 
Compared to bacteria, yeasts and insect cells, L. tarentolae is offering the highest homogeneity 
to the mammalian counterpart, only missing N-acetylneuraminic acids. Image from JBS, LEXSY 
Essence. 
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Here are some examples of analysed posttranslationally modified and medically relevant 

proteins expressed with L. tarentolae: The glycoprotein hormone EPO expressed with 

L. tarentolae, was shown to be biologically active, natively processed at the N-terminus, and 

N-glycosylated [18]. In detail, a mammalian-type biantennary fully galactosylated, core-α-1,6-

fucosylated N-glycan was described. EPO is necessary for erythrocyte production and often 

used in hemic diseases. With the glycoprotein heterotrimeric laminin LM-322 expressed in 

L. tarentolae, similar cell adhesion activity compared to mammalian-derived LM-322 could be 

successfully shown, indicating its proper folding and assembly with the formation of disulphide 

bridges [9, 133]. Although not described for L. tarentolae, phosphorylation of the human 

recombinant cellular tumour protein p53 was successfully demonstrated in an avirulent strain of 

L. donovani [134], indicating that this outcome should be repeatable with L. tarentolae due to 

their close relationship. Unfortunately, not many publications address PTMs of recombinant 

proteins expressed in L. tarentolae and other Leishmania species. In terms of further expressed 

glycoproteins, a few publications show their functionality without analysing the glycosylation 

pattern [10, 133]. The absolute majority is analysing endogenous proteins and metabolism 

changes during transition from pro- to amastigotes and infection.  

 

1.2.5 Gene expression and expression vector variants 

The expression system of L. tarentolae is the only commercialized protozoan protein expression 

system, distributed by JBS and known as LEXSY (http://www.jenabioscience.com/) [135]. 

Developed constitutive [18] and inducible-integrative [15] expression vectors enable the 

production of intracellular or secretory recombinant proteins. By homologous recombination 

(double cross-over), the expression cassette is either inserted into the chromosomal 18S 

ribosomal RNA locus (ssu; constitutive system) or into the ornithin decarboxylase locus (odc; 

inducible-integrative system) of L. tarentolae. Ssu is a repetitive locus of the L. tarentolae 

genome with high rates of transcription by the host RNA polymerase I [18, 136], whereas the 

odc locus is transcribed by RNA polymerase II. Gene expression regulation by RNA polymerase 

I is a unique attribute of L. tarentolae and all trypanosomatids. In all other organisms, gene 

expression is regulated by RNA polymerase II [137]. Furthermore, transcription in L. tarentolae 

is polycistronic, there are no introns and, therefore, no cis-splicing reactions [28]. 

Posttranscriptional processing of pre-mRNA is effected by trans-splicing reactions [138] and 

polyadenylation within intergenic regions. Protein expression regulation may be influenced by 

http://www.jenabioscience.com/
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the structure of these intergenic regions [28, 137]. An overview of the transcription process is 

given in Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Over the years, further expression vector variants were developed, enabling protein expression 

in an inducible-episomal [139] or cell-free system [140-142]. In the inducible systems, protein 

expression is activated through addition of the enhancer tetracycline, being analogue to the 

well-known bacterial T7 RNA Polymerase/TET repressor system [15]. In the inducible-episomal 

system, plasmids are maintained extrachromosomally as self-replicating episomes. Finally, 

proteins can be produced in L. tarentolae lysates using the cell-free approach. Species-

independent translational sequences (SITS) mediate cell-free protein synthesis bypassing the 

early translation initiation factors. SITS in combination with targeted suppression of endogenous 

mRNA of L. tarentolae are necessary factors to create a cell-free system. 

 

In my work, only constitutive expression vectors (pLEXSY_sat2 and pLEXSY_hyg2) are used, 

as they were established first and are promising for successfully protein expression. They offer 

an expression cassette, which is flanked by ssu coding regions to secure genomic integration. 

Furthermore, vectors contain three untranslated regions (UTRs), a multi-cloning site for the 

target gene, an antibiotic resistance gene and a part only functional for clonal selection and 

vector replication in E. coli. UTRs have a major influence on gene regulation [136]. For this, 

Figure 5: Transcription in L. tarentolae 

Transcription in L. tarentolae is polycistronic, there are no introns and, therefore, no cis-splicing 
reactions. Posttranscriptionally processing of pre-mRNA is effected by trans-splicing reactions and 
polyadenylation within intergenic regions. Image from JBS, LEXSY Essence. 
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UTRs consist of parts of the L. tarentolae calmodulin cluster (camCBA), of regions from the 

dihydrofolate reductase–thymidylate synthase locus (L. major) and/or of the adenine-

phosphorybosyl transferase gen (aprt) [18]. Furthermore, an existing secretory signal peptide 

(SP) of the secreted acid phosphatase 1 of L. mexicana (sAP1) allows the choice between 

cytoplasmic and secretory recombinant protein expression.   

 

For functional validation, enhanced green fluorescent protein (eGFP) was expressed in all 

expression vector variants. Further constitutively expressed proteins are for example the Ca2+-

dependent serine protease proprotein convertase 4 (PC4) [143], the chloramphenicol acetyl 

transferase (CAT) [144] or the successfully crystallized Cu/Zn Superoxide dismutase (SOD1) 

[145], also being expressed in the inducible-episomal system [139]. Furthermore, several 

human Rab GTPases tagged with eGFP were expressed in the inducible-episomal [139] as well 

as in the cell-free system [140, 141]. More expressed proteins of different origins and 

expression vector variants can be found in the review of Basile G. et al [17].  
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2 Aim  
 

Compared to other expression systems, L. tarentolae offers some great advantages. Attributes 

like its easy bacteria-like handling [15, 16], its non-pathogenicity to humans [14], and 

evolutionary acquired mimicry enable diverse applications and are great advantages of the 

parasite. Additionally, many studies report on the abilities of L. tarentolae to posttranslationally 

modify recombinant proteins in a mammalian-like manner, making it more attractive as 

compared to e.g. yeast or insect cell systems [9, 10, 18]. Unfortunately, not even a handful of 

these studies is confirming above mentioned characteristic. Therefore, the following aim was 

set: 

 

Evaluation of the potential of L. tarentolae to express human recombinant proteins of 

biomedical interest 

The main goal of my work is to evaluate the potential of the L. tarentolae expression system for 

biomedical research. This includes the suitability of L. tarentolae to express recombinant 

proteins being potentially human therapeutic agents, e.g. antibody fragments. Therefore, 

following experiments should be conducted to fulfill this aim or rather to confirm this promising 

ability: First, new expression vectors should be designed to form the experimental basis. Here, 

the constitutive expression system of JBS was used. Second, to increase the expression-

secretion efficiency of secretory proteins, modification of a SP should be performed and 

subsequently tested. Third, to confirm mammalian-like PTMs of recombinant proteins expressed 

with L. tarentolae, a highly glycosylated human protein should be selected. Fourth, an in-vivo 

biotinylation system should be established to enable one-step purification of 

intracellular/cytoplasmic recombinant proteins preferably resulting in a pure product. 
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3 Manuscripts   
 

Manuscript I (SP optimization; antibody-fragment expression-secretion study): 

Parental constitutive expression vectors of JBS include the SP of sAP1 of Leishmania 

mexicana. For successful protein secretion of high yield, the design of the SP is most important. 

The certified online tool SignalP (http://www.cbs.dtu.dk/services/SignalP-3.0/) can predict the 

presence and location of SPs and their cleavage sites in polypeptides and formed the initial 

point of the study [146, 147]. In detail, the effect of minor amino-acid changes on the cleavage-

site and on the cleavage probability of the SP was determined.  Several different SPs were 

designed in-silico, the four most promising candidates were cloned and their functionality was 

verified by expression-secretion studies with human antibody fragments (scFv). In the end, the 

protein yield of scFv’s could be increased close to an order of magnitude. These results pave 

the way for further expression-secretion studies in L. tarentolae, for example for the expression 

of full length Ig’s or potential highly glycosylated proteins. 

Manuscript II (Mammalian glycoprotein expression-secretion; mass spectrometry analyses): 

Before a high yield of eukaryotic expressed proteins gets profitable, other factors like solubility 

and the posttranslational modification of the protein must be fulfilled as well. Glycosylation is 

one of the most common PTM to occur in eukaryotic protein synthesis, and Leishmania are 

specifically rich in glycoproteins [121]. For this, the highly glycosylated human protein 

sAPPalpha was chosen to verify mammalian-like glycosylation characteristics of  

L. tarentolae. Furthermore, the gene for sAPPalpha was cloned into the SP-optimized vector 

(see Manuscript I) to secure high protein yield. sAPPalpha is a cleavage product of the 

transmembrane glycoprotein amyloid precursor protein (APP), the etiologic agent in Alzheimer’s 

disease (AD). Detailed analysis of the glycosylation pattern of sAPPalpha identified among 

eukaryotic species a highly conserved core pentasaccharide. Additionally, for the first time  

O-glycosylation of a recombinant protein expressed in L. tarentolae has been demonstrated. 

Summarized, human sAPPalpha produced in L. tarentolae was N- and O-glycosylated on 

similar sites as described for mammalian-expressed sAPPalpha and showed similar biological 

activity. This demonstrates that L. tarentolae is a very suitable and simple to handle expression 

system for mammalian glycoproteins. 

 

http://www.cbs.dtu.dk/services/SignalP-3.0/
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Manuscript III (CDK5 regulation by sAPPalpha): 

In this study, high-resolution two-dimensional polyacrylamide gel electrophoresis was used to 

analyse proteome changes downstream of sAPPalpha in neurons. As outcome, regulation of 

the expression and activity of CDK5 (AD kinase) by sAPPalpha was demonstrated. 

Furthermore, functional evidence was given that the sAPPalpha receptor SORLA (sorting 

protein-related receptor containing LDLR class A repeats) is essential for sAPPalpha 

functionality.  

 

Manuscript IV (Development of an in-vivo biotinylation system; cytoplasmic protein 

expression): 

After improving secretory protein expression, production of intracellular/cytoplasmic proteins 

was set as the next goal. For this, the powerful in-vivo biotinylation system was established as a 

molecular tool box. As a starting point, strain P10-BirA as well as eGFP Co-transfectants were 

used, which were already established during my diploma thesis. The in-vivo biotinylation system 

allows site-specific biotinylation of a desired target protein. The only prerequisite is the co-

expression of the mammalian codon-optimized biotin ligase (hBirA, from E. coli) [148] together 

with a target protein carrying the specific recognition sequence for the enzyme [149]. The biotin 

ligase expressing strain was analyzed in detail and tested with the co-expression of eGFP 

(enhanced green fluorescent protein), p53 (cellular tumor antigen p53), FDFT1 (Farnesyl-

diphosphate farnesyltransferase) and mTKIN (kinesin). Fluorescence microscopy studies 

verified fluorescent eGFP. p53 is a known autophagy-inducing protein. Its functionality could be 

verified with transmission electron microscopy analyses showing autophago(lyso)somes.. 

Additionally, the biotin-tag as well as the poly-histidine tag were functional, not disturbing protein 

functionality.  
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3.1 Manuscript I 

 

Secretory signal peptide modification for optimized antibody-fragment expression-

secretion in Leishmania tarentolae 

Klatt S, Konthur Z. 

Microbial Cell Factories, 2012 July 25; 11:97. PMID: 22830363 

DOI: http://dx.doi.org/10.1186/1475-2859-11-97   

 

 

My contribution to this manuscript: 

The experimental part was unexceptionally performed by myself. Dr. Zoltán Konthur and I have 

designed all experiments of the study and written the manuscript.  
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3.2 Manuscript II 

 

Production of Glycosylated Soluble Amyloid Precursor Protein Alpha (sAPPalpha) in 

Leishmania tarentolae 

Klatt S, Rohe M, Alagesan K, Kolarich D, Konthur Z, Hartl D. 

Journal of Proteome Research, 2013, 12 (1), pp 396–403. PMID: 23214446 

Reproduced with permission from Journal of Proteome Research  
[DOI: http://dx.doi.org/10.1021/pr300693f]  
Copyright © 2013 American Chemical Society 
 
 
 
 
My contribution to this manuscript: 

My experimental contributions to this manuscript include vector design with signal peptide 

cleavage analysis, cloning of sAPPalpha into the Leishmania expression-secretion vector 

pLTEX-5 and optimized production and purification of sAPPalpha from L. tarentolae.  

By doing initial glycoprotein studies with PNGase F, I confirmed the high glycosylation status of 

sAPPalpha. I contacted Dr. Daniel Kolarich from the MPIKG, who is an expert in 

glycoproteomics, and convinced him to do the glycan analyses of sAPPalpha. We designed the 

procedures together and in the end, we could verify, inter alia, O-glycosylation of sAPPalpha, a 

PTM that has never been described for a recombinant protein expressed in L. tarentolae before. 

Furthermore, I was involved in writing of the manuscript.  

 

http://dx.doi.org/10.1021/pr300693f
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3.2 Manuscript III 

 

Soluble alpha-APP (sAPPalpha) regulates CDK5 expression and activity in neurons 

Hartl D, Klatt S, Roch M, Konthur Z, Klose J, Willnow TE, and Rohe M 

PLoS One, 2013 Jun 11; 8(6); e65920. PMID: 23776568  

DOI: http://dx.doi.org/10.1371/journal.pone.0065920  
 

 

 

My contribution to this manuscript: 

My experimental contributions to this manuscript include the expression of sAPPalpha in  

L. tarentolae and subsequent purification. Furthermore, I have participated in the analysis and 

interpretation of the results.  
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3.3 Manuscript IV 

 

Generation and characterization of a Leishmania tarentolae strain for site-directed in-vivo 

biotinylation of recombinant proteins 

Klatt S, Hartl D, Fauler B, Gagoski D, Castro-Obregón S, Konthur Z. 

Journal of Proteome Research, October 7, 2013. PMID: 24093329 

Reproduced with permission from Journal of Proteome Research  
[DOI: http://dx.doi.org/10.1021/pr400406c]  
Copyright © 2013 American Chemical Society 
 

 

My contribution to this manuscript: 

My experimental contributions to this manuscript include the cloning of all genes as well as the 

expression and purification of all tagged proteins except mTKIN. Additionally, I have designed 

and performed the autophagy assay, assisted with the TEM results interpretation, helped and 

partially performed the 2-D PAGE and western blots. Last but not least, I have written the 

manuscript with Dr. Zoltán Konthur.  
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4 Discussion 
 

In my thesis, the benefit of the protozoan host L. tarentolae for biomedical research was 

evaluated. In detail, its ability to produce biomedically relevant mammalian recombinant proteins 

of high homogeneity to the appropriate counterpart was analysed. I conducted the following 

experiments to enable protein expression and to fulfil my aim: First, new expression vectors 

were designed to form the experimental basis. Second, to increase the expression-secretion 

efficiency of secretory proteins, modification of an existing SP was performed and firstly tested 

with human recombinant antibody fragments (scFv’s). Third, to confirm mammalian-like PTM’s 

of recombinant proteins expressed with L. tarentolae, the highly glycosylated sAPPalpha was 

selected and analysed in detail. Fourth, an in-vivo biotinylation system was established to 

enable one-step purification of intracellular/cytoplasmic recombinant proteins preferably 

resulting in a pure product. 

Furthermore, all manuscripts including all successfully expressed recombinant proteins will be 

presented here. Finally, an outlook will be given which discusses the possibility to further 

increase the similarity of expressed recombinant proteins to their originally counterparts. Also it 

will be examined, why this could expand the community working with this imposing and 

interesting organism.  

 

Preliminary work 

Successful recombinant protein expression requires the knowledge about the natural properties 

of the target protein as well as of the expression host [150]. Commonly asked questions include: 

What is the natural function of the protein? Does it have interaction partners? What about its 

final destination or natural abundance? Is the host able to mimic the natural surrounding and 

can it provide the protein with adequate PTM? What about protein purification; which affinity tag 

is best? The more facts one knows, the higher the probability to produce a biologically active 

recombinant protein. Additionally, since the genome of L. tarentolae was sequenced [26], it can 

be screened for similar protein motifs to allow a first evaluation of metabolic reactions or cross-

reactivities. Finally, the choice of the right cloning strategy in combination with the right 

purification method affects protein expression/-secretion efficacy or rather the protein yield [151, 

152].  
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The culture conditions of L. tarentolae (subchapter 1.2.3) as well as different expression vector 

variants (subchapter 1.2.5) are already well-established. Furthermore, L. tarentolae is generally 

able to posttranslationally modify human recombinant proteins in a mammalian-like manner 

(subchapter 1.2.4) and is therefore well-suited for the expression of further human proteins.  

Based on this preliminary work, I analysed potential protein candidates and adapted available 

L. tarentolae expression vectors to secure and/or to increase their successful expression. Of 

note:  the sequence of the L. tarentolae genome was only published in 2012 and therefore the 

analysis based on genomic data was conducted post expression.  

 

Target proteins 

Anti-cancer recombinant monoclonal antibodies account for around one third of the recombinant 

protein’s turnover [7]. Thus, their biomedical relevance is extremely high. In general, antibodies 

are produced by B-cells of the immune system and bind specifically to intruders marking them 

for neutralization. For this, they are naturally not occurring in Leishmania parasites, potentially 

minimizing cross-reactivities with endogenous proteins. Furthermore, they are secretory 

proteins and are often modified with glycans [153, 154]. To evaluate the general ability of 

L. tarentolae for human antibody expression, I decided to firstly clone and express not full-length 

Ig’s, but their smallest functional entity comprising of the variable domain of the heavy and the 

light chain as a single-polypeptide known as scFv’s. This antibody fragments have a size of 

around 27kDa and are rarely glycosylated. Here, the four chosen scFv’s are derived from a 

semi-synthetic single-framework phage display antibody library (Manuscript I). In addition, the 

scFv’s and all further expressed recombinant proteins, except the biotin ligase, were linked to a 

hexahistidine-tag (His6-tag). The His6-tag was selected for purification, because this peptide is 

very short, possesses low cross-reactivity to endogenous proteins, has a highly selective 

interaction with Ni2+-NTA and the His6-Ni2+-NTA purification system has been tested with a large 

number of applications, allowing one-step purification [155-157]. Next, the highly glycosylated 

human secretory protein sAPPalpha (68.6kDa) was chosen to verify mammalian-like 

glycosylation characteristics of L. tarentolae (Manuscript II+III). sAPPalpha is a good predictor 

for AD and other neurodegenerative diseases [158, 159] and therefore also relevant in 

biomedical research. Additionally, two more human proteins were selected as expression 

candidates: The cellular tumour antigen p53 (p53) as well as the farnesyl-diphosphate 

farnesyltransferase (FDFT1). p53 (53kDa) is a widespread multifunctional transcription factor 
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and very well studied [160, 161]. For example, it acts as tumor suppressor in many tumor types, 

can induce growth arrest, apoptosis or autophagy [162]. FDFT1 (48.1kDa) is a monomeric 

transferase and important for several biosynthetic pathways like the one of cholesterol [163]. 

Further selected proteins are the mammalian codon-optimized biotin ligase (BirA) from E. coli 

[164], the enhanced green fluorescent protein (eGFP) derived from the jelly fish Aequorea 

victoria and a cysteine-free mutant of kinesin (mTKIN) from the thermophilic fungus 

Thermomyces lanuginosus. BirA (35.3kDa) is an enzyme that biotinylates specific protein motifs 

in-vivo and is used here as detection marker for further co-expressed recombinant proteins 

(Manuscript IV). It was expressed without any affinity-tag. eGFP (26.9kDa) is used as marker 

protein to generally test transfection and expression success. Last but not least, mTKIN (55kDa) 

is a motor protein of the kinesin family and used as another expression example [165, 166]. By 

screening the genome of L. tarentolae [26] using the platform TriTrypDB (www.tritrypdb.org), 

endogenous counterparts to FDFT1 (putative farnesyltransferase, 47.5kDa; LtaP31.3430), BirA 

(biotin/lipoate ligase-like protein, 28.6kDa; LtaP31.1020) and mTKIN (eight putative kinesin like 

proteins/kinesins, >100kDa; e.g. LtaP22.0920 or LtaP19.0670) were revealed. Thus, interaction 

between the endogenous protein and its recombinant counterpart is generally possible, but it 

was not pursued any further. Moreover, their similarity significantly differed and no differences in 

the growth rate or phenotype of L. tarentolae clones could be observed. More information about 

the proteins can be found on www.uniprot.org or www.phosphosite.org. Altogether, these seven 

recombinant proteins of different origin, localization, size and function were successfully 

expressed in L. tarentolae (Table 2).  

Table 2: Summary of all successfully expressed recombinant proteins in L. tarentolae. 

Protein Origin Localization Post-
translational 
Modification 

Main 
Function 

Expression 
vector 

Manu- 
script 

Single chain 
fragment 
variables 
(scFv's) 

Homo 
sapiens 

secretory / 
(glycosylation) 

Antigen  
binders 

pLTEX-2 
 to  

pLTEX-5 

I 

Soluble 
amyloid 

precursor 
protein alpha 
(sAPPalpha) 

Homo 
sapiens 

secretory Phospho-
rylation, 

Glycosylation, 
Disulphide 

Bond 

Alzheimer's 
disease 
marker 

pLTEX-5 II, III 

Enhanced 
green 

fluorescent 
protein 
(eGFP) 

Aequorea 
victoria 

cytoplasmic  
/ 

Localization 
marker, 

expression 
control 

pLEXSY_ 
sat2,  

pLTEX-1 

IV 

http://www.tritrypdb.org/
http://www.uniprot.org/
http://www.phosphosite.org/
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Mammalian 
codon- 

optimized 
biotin ligase 

(BirA) 

E. coli cytoplasmic  
/ 

In-vivo 
biotinylation  
of special 
proteins 

pLEXSY_ 
hyg2 

IV 

Cellular tumor 
antigen p53 

(p53) 

Homo 
sapiens 

cytoplasmic Phospho-
rylation, 

Acetylation, 
Methylation, 

… 

Multi-
functional; 
autophagy 

inducer 

pLTEX-1 IV 

Farnesyl-
diphosphate 

farnesyltransfe
rase (FDFT1) 

Homo 
sapiens 

ER-
membrane/ 
cytoplasmic 

Phospho-
rylation, 

Ubiquitination 

Enzymatic 
active in 

cholesterol 
pathway 

pLTEX-1 IV 

Cysteine-free 
mutant of 
kinesin 

(mTKIN) 

Thermo-
myces 

lanuginosus 

cytoplasmic  
? 

Motor-
protein, 

intracellular 
transport 

pLTEX-1 IV 

 

 

Development of new expression vectors to improve recombinant protein expression and 

secretion 

To generally enable expression of above mentioned proteins in L. tarentolae, different 

expression vector variants are available. The two vectors pLEXSY_hyg2 and pLEXSY_sat2 

from the constitutive system of JBS were one of the first established vectors (subchapter 1.2.5). 

Thus, they served here as the basis. The cloning strategy allows continuous expression of 

either intracellular or secretory target proteins unless the rising concentration of the protein may 

not disturb metabolic equilibrium (homeostasis) of the parasite, resulting in e.g. insoluble protein 

aggregates, gene silencing or cell apoptosis [12, 110].  

Vector pLEXSY_hyg2 was only used to clone the BirA gene into L. tarentolae to generate the 

biotinylation strain P10-BirA (Manuscript IV) and also to allow the integration and expression of 

a co-expressed second construct. Parental vector pLEXSY_sat2 was used to generate the 

vector series pLTEX-1 to pLTEX-5 (Manuscript I). Vector pLTEX-1 is used for the expression of 

cytoplasmic recombinant proteins (here: eGFP, p53, FDFT1 and mTKIN). Following, vectors 

pLTEX-2 to pLTEX-5 are based on pLTEX-1 and only differ in their SP sequence (Manuscript I). 

They are used for recombinant protein secretion. The design of the SP has a great influence on 

the expression-secretion efficiency of the linked protein. Thus, minor amino-acid changes of the 

sequence can lead to a higher efficiency. The verified online tool SignalP 

(http://www.cbs.dtu.dk/services/SignalP-3.0/) can predict the presence and location of SPs and 

http://www.cbs.dtu.dk/services/SignalP-3.0/
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their cleavage sites in polypeptides [146, 147] and was used here. Several different SPs were 

designed in-silico, the four most promising candidates were cloned and their functionality was 

verified by expression-secretion studies with above mentioned scFv’s. In the end, the protein 

yield of scFv’s could be increased close to an order of magnitude (Manuscript I), when cloned 

into pLTEX-5. These results pave the way for further expression-secretion studies in 

L. tarentolae, for example for the expression of full length immunoglobulins or potential highly 

glycosylated proteins. For this, sAPPalpha was cloned into pLTEX-5.  

All L. tarentolae expression clones were analysed applying light-microscopy to detect possible 

phenotype changes caused by the expressed recombinant protein (data not shown). With the 

only exception of p53, no phenotypic changes in relation to the wild type could be observed. In 

addition, TEM images of p53 clones displayed autophagosome-like structures, strongly 

suggesting that p53 is also able to induce autophagy in a heterologous system like 

L. tarentolae. However, the effect of p53 on metabolic activities is known and the cells were still 

viable enabling subsequent purification of p53 (Manuscript IV).  

Even after many weeks in culture, all recombinant proteins could be still purified. Compared to 

freshly transfected clones, no significant differences in the protein yields were observed, 

although not further determined. These results suggest that the selected and modified vectors 

are fully functional, and that genomic integration is performed at the right loci since no gene 

silencing events were observed. In the case of eGFP, small amounts were found as dimers and 

multimers, negatively influencing the purification efficacy, and it was concluded that possibly the 

overall high concentration of eGFP is responsible for this. In the case of secretory proteins 

(scFv’s, sAPPalpha), the His6-tag has turned out to be the right choice for purification, resulting 

in a very high purity (Manuscript I + II). In contrast, the same degree of purity was not achieved 

for intracellularly expressed proteins. However, isolation of intracellular proteins is in most cases 

more difficult due to a high endogenous protein background. FPLC-based purification strategies 

for eGFP, p53, FDFT1 and mTKIN (Manuscript IV) could still be improved to increase their 

purity. To further increase their purity or even their yield, different expression vector variants or 

affinity-tags can be utilized. Beside the His6-tag (or the biotin-tag), further possible affinity-tags 

[152, 167] are for example the FLAG-tag (8 AA’s) [168, 169], the c-myc-tag (10-11 AA’s) [167] 

or the T7-tag (11-16 AA’s) [170]. In general, peptide-tags can positively as well as negatively 

influence the yield of the recombinant protein [171, 172], its solubility [173] or its biological 

activity [174]. For this, the choice of the right affinity-tag is very important. Preparing 2-D gels of 

L. tarentolae lysates and subsequent incubation with tag-specific antibodies would give a first 
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impression of the background and the general usability of the tag. Also important is the right 

choice of the expression vector. In my work, all proteins were continuously expressed in 

L. tarentolae using the constitutive expression system of JBS [18]. This can become problematic 

if the recombinant protein disturbs cellular homeostasis. Except for p53 expression clones, no 

other recombinant protein had such an effect on L. tarentolae. In contrast, toxic proteins cannot 

be continuously expressed. Here, the inducible systems [15, 139] or rather the cell-free system 

[140] of L. tarentolae are much better suited. These expression vector variants could also result 

in a higher protein yield for my seven expressed proteins.  To sum up, factors like the 

expression host, the expression vector, the affinity-tag and the recombinant protein strongly 

influence the folding status, PTMs, solubility, location and yield of the recombinant protein 

making an optimal choice nearly impossible.  

 

Expression and analysis of the human secretory glycoprotein sAPPalpha 

Many eukaryotic proteins are only functional when equipped with adequate PTMs. To date, 

more than 20 eukaryotic recombinant proteins could be functionally expressed in L. tarentolae 

[17, 18], indicating high homogeneity to their original counterpart. Especially the homogeneity of 

glycoproteins was often discussed, although rarely proven. Although the homogeneity is higher 

compared to many other eukaryotic expression systems, Leishmania species generally lack 

enzymes for the sialic acid biosynthesis pathway (Figure 4, subchapter 1.2.4) [126]. 

For example, in the publication of Dortay et al. [10], human c-reactive protein (CRP) is produced 

with L. tarentolae. CRP is a secretory glycoprotein naturally produced by the liver and widely 

accepted as cardiac marker. For functionality, the formation of a pentameric structure through 

disulphide bridges and a correct glycosylation pattern are necessary. In the study, this could be 

indirectly shown by a purification method where only intact pentameric molecules are to purify. 

However, neither disulphide bridges nor glycan structures were analysed. To give another 

example, the secretory glycoprotein proprotein convertase 4 (PC4; from rat) was enzymatically 

actively expressed [143]. PC4 plays a key role in mammalian fertilization, sperm maturation and 

sperm-egg fusion. Again, no glycan analysis was performed. The same applies for the large 

human secretory heterotrimeric glycoprotein laminin-332 (LM-332) [9] or for the human 

glycoprotein tissue plasminogen activator (t-PA) [175]. Unfortunately, not even a handful of 

studies are analysing glycans at all. All above mentioned studies refer to a single publication 
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from 2002, where mammalian-like glycosylated and biologically active EPO could be 

successfully expressed [18]. In detail, a mammalian-type biantennary fully galactosylated, core-

α-1,6-fucosylated N-glycan was described. However, O-glycosylation of EPO could not be 

verified. Similar glycosylation profiles were also found in human interferon-γ (IFN-γ) and host 

major surface protein GP63, suggesting this is a common feature of all recombinant 

glycoproteins produced by L. tarentolae (JBS, LEXSY Essence). Summarized, these few 

examples are too little to clearly prove the existence of mammalian-like glycans, although above 

examples show a positive tendency as some of these recombinant proteins are only functional 

when properly glycosylated [9, 10]. 

Protein glycosylation is one of the most common PTM to occur in eukaryotic protein synthesis 

[8] and Leishmania are specifically rich in glycoproteins [121]. Glycosylation occurs within the 

secretory pathway, where the glycans are attached to proteins by a tremendously big set of 

transferases. The two most common types of glycosidic bonds are N- and O-linked 

glycosylations [176]. In the case of N-glycosylation, the oligosaccharyltransferase (OST) 

transfers the glycan to an asparagine (N) residue inside the known motif N-X-S/T/C. This 

process happens during protein translocation into the endoplasmic reticulum [177]. For 

O-glycosylation, the glycan is transferred to a serine (S) or threonine (T) residue inside a 

sequence area rich in S, T and proline (P). The glycoprotein sAPPalpha was selected due to the 

presence of nine potential N- and O-glycosylation sites [178-180]. It was analysed in detail to 

confirm high homogeneity to its human counterpart (Manuscript II). We could identify similar 

patterns of N-glycan site occupancy as described for sAPPalpha expressed in mammalian 

systems. However, in contrast to previous studies [18], we were unable to identify the presence 

of complex-type N-glycans since the only N-glycan structure to be present on L. tarentolae 

expressed sAPPalpha appeared to be the core N-glycan pentasaccharide. This difference could 

possibly be explained by previous studies reporting Leishmania and Trypanosoma 

N-glycosylation to be highly variable-dependent on the particular life cycle stage [177]. 

Nevertheless, the observed N-glycosylation pattern could also depend on protein or growth 

conditions. Importantly, our work describes the first report on the principle capacity of 

L. tarentolae to perform initial O-glycosylation steps (single HexNAc residues). The exact nature 

of the HexNAc residues requires further determination. Despite these findings, we were unable 

to identify any larger O-glycan structures commonly found in mammalian systems. Optimization 

of the expression conditions could result in higher O-glycosylation occupancy rates, and the 

single HexNAc residues could potentially be further modified in vitro using specific 
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glycosyltransferases, if particular structural features are required to be present on N- or O-

glycans of the expressed proteins. Together, these results demonstrate that L. tarentolae is a 

well-suited system for the expression of mammalian glycoproteins, but additional studies are still 

necessary to fully understand the capacity of L. tarentolae to glycosylate heterologous proteins. 

 

Could I achieve the aim of my thesis? 

With the expression of scFv’s, sAPPalpha and p53, I could underpin the ability of L. tarentolae 

to express biomedically relevant human recombinant proteins in a functional fashion. Thus, I 

could generally achieve my aim. Especially with sAPPalpha, I could demonstrate for the first 

time that L. tarentolae is also able to O-glycosylate a recombinant human glycoprotein and 

confirm high homogeneity to the appropriate counterpart. However, complex glycan structures 

were not found. Functionality of scFv’s could be verified by ELISA (data not shown) 

experiments. Furthermore, overexpression of human p53 resulted in the formation of 

autophago(lyso)somes, which clearly indicates functionality of the protein. In future, further 

human recombinant proteins should be expressed in L. tarentolae, their functionality should be 

confirmed with appropriate functional assays and their PTMs should be analysed in detail to 

secure the capacity of L. tarentolae to express heterologous proteins functionally, possibly 

suitable for biomedical applications.  

Moreover, in my thesis I could demonstrate that there was and still is room for optimization in 

vector design. Here I could show that optimization of the expression vector in terms of the 

secretory signal peptide sequence has a positive effect on the expression-secretion rate. In 

addition, I could demonstrate that for secretory proteins, the selected His6-tag was well-suited 

and that very high purity of the recombinant protein can be obtained.   
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5 Current state of research and outlook 
 

Like any other expression system, L. tarentolae possesses a number of advantages 

(subchapter 1.2 + 1.2.2) and disadvantages (subchapter 1.2.3). The parasite was originally 

isolated from the lizard Tarentola annularis in 1921 [14], and is the best studied saurian-

pathogenic Leishmania species today (most publications in PubMed). Typically, the life cycle of 

Leishmania species alternates between promastigotes in the insect, and amastigotes in the 

vertebrate host (subchapter 1.1.2) [40]. Originally, different environmental conditions in the 

insect and in the vertebrate host gave rise to the development of these two main morphological 

forms. Promastigotes are perfectly adapted to a life as extracellular motile cells in the gut of 

insects, whereas amastigotes are perfectly adapted to survive the intracellular conditions of 

immune cells of their respective vertebrate hosts [181]. For instance, promastigote survival is 

depending on the adhesion of parasitic surface GPI-proteins with the intestinal wall of the insect 

vector. In contrast, strong reduction of surface GPI-proteins in amastigotes [75, 76] is an 

important survival benefit in immune cells resulting in decreased immune response [81]. Hence, 

without differentiation, amastigotes are not able to survive/reproduce inside immune cells, and 

promastigotes are not able to survive/reproduce in the gut of insect. The life cycle of 

L. tarentolae is slightly different. It alternates between promastigotes in the insect vector, and 

most likely amastigote-like forms [19-21] inside immune cells of the lizard as well as free 

promastigotes in the blood (subchapter 1.2.1 and 1.2.3). The existence of L. tarentolae 

amastigotes is still debated [101, 102]. In cell culture, Leishmania parasites normally occur as 

promastigotes. Mimicking phagolysosomal conditions [116, 117] can induce amastigote-like 

cells of L. tarentolae. However, induction of amastigote-like cells was only successful with 

L. tarentolae strain LEM-125, and not for the sequenced strain TarII (which was used here) [21]. 

The question is now: Would amastigotes or even amastigote-like cells – due to their 

evolutionary acquired adaptations to the vertebrate host – not be even more suitable for human 

recombinant protein expression? It is known, that during differentiation, the PTM of endogenous 

proteins changes [182]. This could also be the case for recombinant proteins, resulting in a 

higher homogeneity to the mammalian counterpart.  

To date, recombinant protein expression was almost unexceptionally performed in 

promastigotes of L. tarentolae. Only GFP was episomally expressed in amastigote-like cells, but 

without recombinant protein analysis [100], showing that despite of parasitic differentiation, the 

gene was still translated leading to a functional product. Concluding, analysis and comparison of 
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recombinant proteins expressed in promastigotes and amastigote-like cells of L. tarentolae 

should be performed in the future.  

Alternatively, different glycosyltransferases could be overexpressed to increase the 

homogeneity of recombinant glycoproteins (glycan pattern). Here, sialic acids are most 

important as these terminal sugar residues directly regulate the immune response and directly 

influence the serum half-life of glycoproteins e.g. immunoglobulins (Ig) [11]. Leishmania 

parasites lack enzymes for the sialic acid biosynthesis pathway [126], although terminal sialic 

acids (α2,3- and α2,6-linked) were found on endogenous membrane-glycoproteins of L. major 

and L. donovani [80, 81, 127]. To ‘humanize’ the glycosylation profile of L. tarentolae, the Trans-

Sialidase (TS) can be transfected. The TS is an enzyme of Trypanosoma species that can 

transfer sialic acids from the host to endogenous glycoproteins [183, 184]. Successful 

expression of the TS and its functionality has already been demonstrated in insect cells [185] 

and yeasts [186]. Additionally, it was also successfully expressed in L. major. Here, the enzyme 

was used to investigate the influence on the virulence, and not for recombinant protein 

expression [127]. TS expression in L. tarentolae would enable to produce human-like, sialylated 

glycoproteins with a comparably low work load.  

From above arguments, one might derive to the conclusion that L. tarentolae is not the best 

suited Leishmania species for recombinant protein expression due to the lack of amastigote 

stages and missing human pathogenicity factors (subchapter 1.2.1). In contrast, human 

pathogenic Leishmania species, like L. major, would be better-suited. However, cultivation of 

amastigotes in cell-free media is difficult and the high risk of infection (S2) makes cultivation 

very cost intensive. For these reasons it should be investigated in the future whether 

amastigote-like cells of L. tarentolae or amastigotes/amastigote-like cells of human-pathogenic 

species are better suited (higher homogeneity to the original counterpart) for human 

recombinant protein expression than promastigotes. 
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6 Summary 
 

Leishmania tarentolae is a eukaryotic, protozoan parasite of the genus Leishmania. It is 

transmitted by sand flies and infects only reptiles. It was originally isolated in 1921 and is one of 

the best studied Leishmania species today. In addition to the research of human leishmaniasis, 

a strongly growing application area of this parasite in the last years is recombinant protein 

expression. The increasing use as an expression host is mainly based on its ability to synthetize 

human recombinant proteins not only in biologically active form, but also providing them with 

posttranslational modifications of high homogeneity. The quality of expressed proteins could be 

sufficient in principle to e.g. use them as therapeutic agents in biomedical research. However, 

this statement is based on little knowledge from very few analysed examples, questioning their 

possible biomedical application.  

Hence, the main goal of my work was to evaluate the potential of the L. tarentolae expression 

system for biomedical research and the suitability of recombinant proteins as human therapeutic 

agents, respectively. Therefore, successfully established culture conditions as well as different 

expression vector variants will form a solid initial situation.  

The most frequently approved recombinant therapeutic proteins are monoclonal antibodies, 

proteins with enzymatic activity or generally glycosylated proteins. Their successful expression 

in L. tarentolae would confirm the biomedical potential of the parasitic expression system and 

therefore the main goal of my work. Here, glycoproteins play a major role as more than 50% of 

all human proteins are glycosylated. During the secretory process, glycoproteins are 

glycosylated and are finally incorporated into the cell membrane or are secreted into the 

extracellular space/culture supernatant. For this, proteins need a secretory signal peptide, 

whose amino-acid sequence strongly influences expression-secretion efficiency of the protein.  

To maximize the yield of secretory proteins, the secretory signal peptide of the acid 

phosphatase 1 (sAP1) of L. mexicana was modified in my work, and the expression-secretion 

efficiency was tested with recombinant human antibody fragments (scFv’s). In the end, the 

protein yield could be increased close to an order of magnitude (Manuscript 1). 

Based on these results, the human glycoprotein ‘soluble amyloid precursor protein alpha’ 

(sAPPalpha) was selected as a next example, and cloned together with the optimized signal 

peptide of manuscript I. Again, the secreted protein could be produced in a biologically active 
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form with sufficient quantities. Mass spectrometric analyses of sAPPalpha could show for the 

first time, that L. tarentolae is not only able to provide a human recombinant glycoprotein with 

N-glycosylations, but also with O-glycosylations (Manuscript 2). In addition, other studies could 

demonstrate, that the glycosylation profile of human proteins expressed in L. tarentolae shows, 

compared to other eukaryotic expression systems (yeast, insect cells, or plant cell culture), the 

highest homogeneity to the human original. These results support the application of human 

glycoproteins as therapeutic agents expressed with L. tarentolae.   

Beside secretory proteins, intracellularly accumulating proteins were also expressed in my work. 

Due to the interaction with endogenous biomolecules, the choice of the right purification strategy 

is most important to get a product of high purity. For this, a new L. tarentolae strain was 

generated. By constitutive expression of the biotin ligase of E. coli, this strain is now able to 

biotinylate co-expressed proteins in a sequence-specific manner. Biotinylation is a relatively rare 

posttranslational protein modification, where the biotin ligase is only linking a biotin sequence-

specific to proteins offering a biotin-acceptor peptide-sequence. Here, I could show minimal off-

target effects of the enzyme. On the one hand, biotinylation is used to confirm successful 

protein purification. On the other hand, biotin itself can be used for purification. In my work, all 

intracellularly expressed proteins were purified via a poly-histidine-tag. Moreover, I could also 

show that intracellular accumulating human proteins can be functionally expressed in 

L. tarentolae. As example, human p53 could also trigger autophagy in L. tarentolae 

(Manuscript 4). For functionality, p53 needs to be properly phosphorylated, which was not 

shown here due to the lack of specific antibodies.  

In conclusion, my results demonstrate that L. tarentolae is well-suited for the production of 

recombinant proteins of highest quality. In addition, mammalian-like glycosylation profiles of 

human recombinant proteins indicate that L. tarentolae can be utilized as an alternative 

expression system to cell culture systems like CHO-cells (Chinese Hamster Ovary cells). 

Concluding, L. tarentolae is in the future also eligible for the production of human therapeutically 

applicable proteins. 
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7 Zusammenfassung  
 

Leishmania tarentolae ist ein einzelliger, eukaryotischer Parasit, welcher zur Gattung der 

Leishmanien gehört. Er wird von Sandmücken übertragen und infiziert – im Gegensatz zu 

seinen humanpathogenen Verwandten – keine Menschen, sondern ausschließlich Reptilien. Er 

wurde 1921 erstmals isoliert und gehört heute zu den am besten untersuchten Leishmania 

Arten. Neben der Erforschung der humanen Leishmaniose, wird er vor allem in den letzten 

Jahren verstärkt für die rekombinante Proteinexpression eingesetzt. Die zunehmende 

Verwendung als Expressionswirt beruht hauptsächlich auf seiner Fähigkeit, humane 

rekombinante Proteine nicht nur in biologisch aktiver Form zu synthetisieren, sondern auch mit 

posttranslationalen Modifikationen hoher Homogenität auszustatten. Die Qualität der hier 

entstehenden Proteine könnte prinzipiell ausreichen, um sie z.B. als Therapeutikum in der 

biomedizinischen Forschung einzusetzen. Jedoch fußt diese Aussage auf nur wenigen 

Erkenntnissen aus sehr wenigen analysierten Beispielen, sodass ihr möglicher biomedizinischer 

Einsatz nicht eindeutig gesichert ist.  

Das Hauptziel meiner Arbeit bestand folglich darin, das Potential des Expressionssystems von 

L. tarentolae für die biomedizinische Forschung bzw. seine Eignung zur Herstellung 

rekombinanter Proteine als potentielle humane Therapeutika weiter zu evaluieren. Sowohl 

erfolgreich etablierte Kultivierungsbedingungen, als auch unterschiedliche Expressionsvektoren 

bilden hierfür eine solide Ausgangssituation.  

Die am häufigsten zugelassenen rekombinanten Proteintherapeutika sind monoklonale 

Antikörper, Proteine mit enzymatischer Aktivität oder generell glykosylierte Proteine. Ihre 

erfolgreiche Expression in L. tarentolae wäre demnach eine Bestätigung des biomedizinischen 

Potentials des Expressionssystems und somit das Hauptziel meiner Arbeit. Glykoproteine 

spielen hier eine übergeordnete Rolle, da mehr als 50% aller menschlichen Proteine glykosyliert 

sind. Sie erhalten während des sekretorischen Prozesses ihre Glykosylierung und werden 

letztlich entweder in die Zellmembran inkorporiert, oder aber von der Zelle in den extrazellulären 

Raum/Kulturüberstand sezerniert. Hierfür benötigen die Proteine ein sekretorisches 

Signalpeptid, dessen Aminosäure-Abfolge in starker Weise die Expressions-Sekretions-

Effizienz des Proteins beeinflusst.  

Um folglich die Ausbeute sezernierter Proteine zu maximieren, wurde in dieser Arbeit das 

sekretorische Signalpeptid der sauren Phosphatase 1 (sAP1) aus L. mexicana modifiziert, und 
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die Expressions-Sekretions-Effizienz mit Antikörper-Fragmenten (scFv’s) getestet. Hierbei 

konnte eine Erhöhung der Proteinausbeute um nahezu eine Potenz erzielt werden 

(Manuskript 1).  

Basierend auf diesen Ergebnissen wurde das humane Glykoprotein ‚soluble amyloid precursor 

protein alpha‘ (sAPPalpha) als weiteres Beispiel ausgewählt, und mit dem optimierten 

Signalpeptid kloniert. Auch hier konnte das sezernierte Protein funktionell und in ausreichenden 

Mengen produziert werden. Anhand von sAPPalpha konnte zum ersten Mal mit diesem Teil der 

Arbeit gezeigt werden, das L. tarentolae nicht nur in der Lage ist ein humanes rekombinantes 

Glykoprotein mit N-Glykosylierungen, sondern ebenfalls mit O-Glykosylierungen auszustatten 

(Manuskript 2). Andere Studien konnten außerdem zeigen, dass das Glykosilierungsprofil von in 

L. tarentolae exprimierten humanen Proteinen im Vergleich zu anderen eukaryotischen 

Expressionssystemen (Hefen, Insektenzellen, oder pflanzlichen Zellkulturen) sogar die höchste 

Homogenität zum humanen Original aufwies. Diese Ergebnisse sprechen sehr stark dafür, 

L. tarentolae für die Expression humaner Glykoproteine als Therapeutika einzusetzen. 

Neben sekretorischen Proteinen, habe ich in meiner Arbeit auch intrazellulär akkumulierende 

Proteine exprimiert. Aufgrund der Interaktion mit endogenen Biomolekülen, ist hier die Wahl der 

richtigen Aufreinigungsstrategie besonders wichtig, um am Ende ein Produkt von hoher Reinheit 

zu bekommen. Dazu wurde ein neuer L. tarentolae Stamm generiert, der durch die konstitutive 

Expression der Biotin-Ligase aus E. coli nun in der Lage ist, ko-exprimierte Proteine zu 

biotinylieren. Biotinylierung an sich ist eine seltene posttranslationale Proteinmodifizierung, bei 

der die Biotin-Ligase Biotin sequenzspezifisch an Proteine koppelt, die eine Biotin-Akzeptor 

Peptidsequenz besitzen. Hier konnte ich zeigen, dass es nur wenige Nebeneffekte des Enzyms 

gibt. Die Biotinylierung dient zum einen als Nachweis der erfolgreichen Proteinaufreinigung, 

zum anderen kann man über Biotin selbst aufreinigen. Hier wurden die Proteine jedoch über 

einen Polyhistidin-tag aufgereinigt. Weiterhin konnte ich zeigen, dass auch intrazellulär 

akkumulierende humane Proteine in Leishmania in funktioneller Form exprimiert werden 

können. So konnte humanes p53 auch in L. tarentolae Autophagie auslösen (Manuskript 4). 

Dies setzt u.a. die funktionelle posttranslationale Modifikation – hier die Phosphorylierung – des 

p53 voraus, welches jedoch hier Mangels spezifischer Antikörper nicht gezeigt werden konnte. 

Zusammenfassend zeigen meine Ergebnisse, dass L. tarentolae für die Produktion von 

rekombinanten Proteinen höchster Qualität anwendbar ist. Durch das säugetierähnliche 

Glykosilierungsprofil von humanen rekombinanten Proteinen kann er zudem als alternatives 
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Expressionssystem zu Zellkultursystemen wie CHO-Zellen (Chinese Hamster Ovary) eingesetzt 

werden. Somit kann man schlussfolgern, dass L. tarentolae in Zukunft auch für die Herstellung 

für am Menschen therapeutisch anwendbarer Proteine durchaus in Frage kommen kann. 
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