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1 Introduction

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-Tarll 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 Introduction

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].

11
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Class Kinetoplastida

Order | Trypanosomatidae |

--- —|Leishmania Trypanosoma—— --.

Genus
Subgenus Leishmania Viannia Sauroleishmania
(only NW)
~ 15 species | ~ 9 species > 3 species
Complex L donovani L. ma(’or L. mexicana L. tropica L. braziliensis L. guyanensis
Species L. archibaldi L. arabica L. amazonensis L. aethipoica L. braziliensis L. guyanensis L. lainsoni )
(ow) (ow) (NW, CL) (ow, cL) (CL+ML) (CL+ML) L. adlefi
[ow, (cL)]
L. donovani L. gerbilli L. aristidesi L. killicki L. peruviana L. panamensis L. lindenbergi :
(OW, VL) (owW) (NW) (ow) (CL+ML) (CL+ML) L. gymnodactyli
) (OW)
L. infantum L. major L. forattinii L. tropica L. shawi L. naiffi
(L. chagasi) ~ (OW,cL) (NwW) (oW, cL) L. tarentolae
; (ow)
(ow, vi) L. turanica L. mexicana L. utingensis
(ow) (L .pifanoi) efc.

(NW, CL)

L. venezuelensis
(NW, cL)

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.

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 4-12um and a width of 0.5-3um. 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

12



1 Introduction

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.

1
T 2
1 2 3 i 3
Amastigote-like parasites change Promastigotes migrate to pharynx/
into promastigotes. Promastigotes @ / proboscis of the sand fly. During a
reproduce by single fission. 3 e - 4 bloodmeal they are retransmitted
/ e x \) Tarentolae annularis.
> AN P
Phlebotomine
sand fly
T / 5 Promastigotes are phagocytized
by immune cells or they stay
as free cells.

Inside sand fly gut, immune 2
cells burst. Amastigote-like
parasites are released. /

Y.

Tarentola
annularis

g A

Phlebotomine sand fly takes

a bloodmeal from Tarentolae
annularis — Amastigote-like
infected immune cells and free
promastigotes are transferred
to insect gut.

Inside immune cells,
promastigotes change
into amastigote-like cells.

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 WHQ) 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.

Phlebotomine sand fly/
Human leishmaniasis

. Human leishmaniasis/HIV co-infection

AV
. L. tarentolae __,,;{.-)
P

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
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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 GPl-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 GPIl-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-Tarll 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
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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
CO, incubator with 5-7% CO,. 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 Tarll) [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 (02,3- and 02,6-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.

(®) e
+3rd +4th
( antenna

Bacteria Yeast Insect cells Leishmania Mammalian
eg. e.g. S5r9/21 cells
Pichia

@ Galactose . N-acetylneuraminic acid
© Mannose [ N-acetylglucosamine
@ Fucose Polypeptide

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.

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].
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Here are some examples of analysed postiranslationally 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-a-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 | [18, 136], whereas the
odc locus is transcribed by RNA polymerase Il. Gene expression regulation by RNA polymerase
| is a unique attribute of L. tarentolae and all trypanosomatids. In all other organisms, gene
expression is regulated by RNA polymerase Il [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 frans-splicing reactions [138] and

polyadenylation within intergenic regions. Protein expression regulation may be influenced by
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the structure of these intergenic regions [28, 137]. An overview of the transcription process is

given in Figure 5.
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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.

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,
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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 Ca®'-
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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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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Manuscript | (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 Il (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 1) 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.
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Manuscript lll (CDK5 requlation 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 |

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. Zoltan Konthur and | have
designed all experiments of the study and written the manuscript.

28


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

3 Manuscripts

Klatt and Konthur Microbial Cell Factories 2012, 11:97
http://www.microbialcellfactories.com/content/11/1/97

Je)) MICROBIAL CELL
-)2) FACTORIES

RESEARCH Open Access

Secretory signal peptide modification
for optimized antibody-fragment
expression-secretion in Leishmania tarentolae

Stephan Klatt'? and Zoltan Konthur'"™

Abstract

Background: Secretory signal peptides (SPs) are well-known sequence motifs targeting proteins for translocation
across the endoplasmic reticulum membrane. After passing through the secretory pathway, most proteins are
secreted to the environment. Here, we describe the modification of an expression vector containing the SP from
secreted acid phosphatase 1 (SAP1) of Leishmania mexicana for optimized protein expression-secretion in the
eukaryotic parasite Leishmania tarentolae with regard to recombinant antibody fragments. For experimental design
the online tool SignalP was used, which predicts the presence and location of SPs and their cleavage sites in
polypeptides. To evaluate the signal peptide cleavage site as well as changes of expression, SPs were N-terminally
linked to single-chain Fragment variables (scFv's). The ability of L. tarentolae to express complex eukaryotic proteins
with highly diverse post-translational modifications and its easy bacteria-like handling, makes the parasite a
promising expression system for secretory proteins.

Results: We generated four vectors with different SP-sequence modifications based on in-silico analyses with
SignalP in respect to cleavage probability and location, named pLTEX-2 to pLTEX-5. To evaluate their functionality,
we cloned four individual scFv-fragments into the vectors and transfected all 16 constructs into L. tarentolae.
Independently from the expressed scFv, pLTEX-5 derived constructs showed the highest expression rate, followed
by pLTEX-4 and pLTEX-2, whereas only low amounts of protein could be obtained from pLTEX-3 clones,
indicating dysfunction of the SP. Next, we analysed the SP cleavage sites by Edman degradation. For pLTEX-2, -4,
and -5 derived scFv's, the results corresponded to in-silico predictions, whereas pLTEX-3 derived scFv's contained
one additional amino-acid (AA).

Conclusions: The obtained results demonstrate the importance of SP-sequence optimization for efficient
expression-secretion of scFv's. We could successfully demonstrate that minor modifications in the AA-sequence in
the c-region of the natural SP from SAP1, based on in-sifico predictions following the (-3, -1) rule, resulted in
different expression-secretion rates of the protein of interest. The yield of scFv production could be improved close
to one order of magnitude. Therefore, SP-sequence optimization is a viable option to increase the overall yield of
recombinant protein production.
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Background

Leishmania tarentolae is a eukaryotic flagellated unicel-
lular parasite with a broad range of applications [1-3].
An increasing field of interest is its use as a host for re-
combinant protein expression [4-8]. It allows complex
eukaryotic protein expression at high levels compared
to other eukaryotes, and has the ability to post-
translationally modify proteins. Furthermore, its easy
bacteria-like handling makes the parasite a promising
expression system for eukaryotic proteins. All these
characteristics suggest Leishmania to be a good choice
for the expression-secretion of recombinant antibody
fragments.

A single-chain Fragment variable (scFv) is the smallest
functional entity of a monoclonal antibody consisting of
a single-polypeptide. It is composed of the variable
regions of the heavy (Vi) and the light (Vi) chain of
immunoglobulins, which are connected with a flexible
amino-acid (AA) linker of varying length [9].

Antibodies, like many other proteins, are naturally
secreted. For targeted protein transport, special se-
quence motifs are usually necessary [10-12]. Secretory
signal peptides (SP) function as sorting signals. In gen-
eral, they are located at the N-terminus of proteins and
their length ranges between 15-30 AAs [13]. During
translocation across the endoplasmic reticulum mem-
brane, the SP is usually cleaved off and the protein is
entering the secretory pathway [11,13,14]. Changes of 2—4
AAs of the SP-sequence can result in new cleavage sites
and in changed expression-secretion efficiency in e.g.
lactic acid bacteria [15]. Secretory leader sequence
optimization has been widely applied in other organ-
isms as well, such as E. coli [16], different yeast strains
[17,18], or in insect cells using the baculoviral expres-
sion system [19].

In this study, we explored the use of L. tarentolae as host
for protein expression-secretion of four human recombin-
ant scFv’s derived from a semi-synthetic single-framework
phage display antibody library [20,21]. To accommodate
scFv’s with efficient cleavage sites, we followed a two step
strategy. First, we set out to in-silico model SP-sequences
in combination with suitable restriction sites for cloning
using SignalP [22]. Second, we designed appropriate
vector constructs to evaluate resulting SP-sequences in-
vivo for optimized scFv expression-secretion in L. tar-
entolae. As a starting point we utilised the commercial
L. tarentolae protein expression-secretion vector
pLEXSY-sat2 (Jena Bioscience), containing the SP-
sequence of secreted acid phosphatase 1 (SAP1 [Uni-
Prot:Q25332]) of L. mexicana [23]. This SP-sequence
has been successfully applied in a similar or the same
vector for the expression-secretion of e.g human
erythropoietin [4], C-reactive protein [24] and heterotri-
meric laminins [25].
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Results and discussion

In-silico analysis of natural secretory signal peptides

A number of online tools are available for predicting sig-
nal peptides and corresponding cleavage sites in protein
constructs based on their AA sequence [13]. In two
comparative studies, the online program SignalP was
identified to be the method of choice [26,27]. Thus, we
applied this online tool for cleavage site prediction using
an algorithm based on Hidden Markov Models (HMM)
on the SP-sequence in vector pLEXSY-sat2 in combin-
ation with human scFv sequences.

First, we analysed the cleavage site for natural human
IgG expression-secretion with its natural IgG Vi leader
peptide [UniProt:Q9Y298] [28] in plasma cells using Sig-
nalP 3.0 [29] (MDWTWRILFLVAAATGTHA _scFv),
which resulted in a 100% cleavage prediction at the first
AA of the scFv (Figure 1A). In parallel, we compared the
cleavage site of scFv constructs with the Erwinia caroto-
vora pectate lyase 2 (pelB) leader peptide [UniProt:
POC1C1] [30] (MKYLLPTAAAGLLLLAAQPAMA _scFv;
Figure 1B). The SP of pelB is frequently used for scFv
expression-secretion in Escherichia coli and results in the
same cleavage site as during natural human IgG
expression-secretion. Next, we analysed whether a simple
transfer of a scFv into L. tarentolae expression-secretion
vector pLEXSY-sat2 would yield the same results. En-
dogenously, the SP of SAP1 (MASRLVRVLAAAML
VAAAVSVDA_SAP1) is cleaved off completely. In-silico,
SignalP 3.0 assigns a probability of ~95% for this cleavage
event (Figure 1C). If scFv’s were theoretically to be cloned
directly in fusion with the SAP1 SP-sequence neglecting
the necessity for a cloning site, the predicted cleavage
probability is reduced to ~83% (Figure 1D). In pLEXSY-
sat2, the scFv could be cloned downstream of the SP-
sequence into the multiple cloning site II (MCS II,
underlined in the following) by using the available re-
striction site Xbal. This would result in the AA-sequence
MASRLVRVLAAAMLVAAAVSVDAGASLD scFv. The
in-silico cleavage prediction of this construct worsens.
No unique cleavage site was assigned, rather multiple
sites were predicted with similar probabilities ranging
only around 10-30% (Figure 1E). Further, none of the
cleavage sites were predicted to yield the same cleavage
product as E. coli or human cells, i.e. targeting the first
AA of the scFv (glutamic acid (E); EVQLLES. . .), which
is defined as position 1. This is attributed to the fact that
the AA composition upstream position 1 (-1 to —3) has
an influence on the cleavage site [31]. Additionally, at
least one amino-acid is not cleaved off extending the
scFv-sequence N-terminally, which could potentially in-
fluence protein functionality. For all these reasons we
conclude that the use of the pLEXSY-sat2 vector in its
current state is not sensible for expression-secretion of
scFv’s in L. tarentolae. Hence, the vector needs specific
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modification in regard to cleavage site as well as cleavage
probability.

In-silico modification of secretory signal peptide SAP1 for
scFv expression

Modification of the SP-sequence to enhance cleavage site
probability at the first AA of scFv’s was carried out in-
silico following two rationales: First, to optimize AA
composition defined by the multi cloning site (MCS 1II)
accommodating unique restriction enzyme (RE) sites for
scFv cloning. Second, to find a site with the highest pos-
sible cleavage probability and lowest number of alterna-
tives at the first AA residue of the scFv. Ideally, fewer
cleavage sites predicted from SignalP and a higher prob-
ability of only one successful cleavage should lead to bet-
ter expression-secretion results of the protein.

The scFv’s in our experiments were derived from the
phage display vector pIT2, which contains a unique
Ncol RE-site upstream of position 1. To enable simple
cloning, the MCS II should contain a Ncol RE-site or, al-
ternatively, a RE-site with compatible overhang, such as
Pcil. Hence, in an iterative process we first set out to
modify only the MCSII by introducing changes in the
vector pLEXSY-sat2 on the nucleic acid level to accom-
modate compatible RE-sites for cloning and analysed the
results in-silico applying SignalP. This approach resulted
in the design of pLTEX-2, described in detail below. In a
second step, we included the modification of the last AA
positions of the SAP1 SP-sequence and conducted the
same analyses to obtain the desired characteristics of SP-
sequence cleavage at position 1. This approach led to
the design of vectors pLTEX-3 to pLTEX-5 (Figure 2).
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The detailed rational for all four vectors is described in
detail below.

pLTEX-2 was designed on the merit to maintain the
original SP-sequence of SAP1, only exchanging the AA
encoded by MCS II to accommodate a Pcil restriction
site. The SP-sequence will be cleaved at the identical
position as in SAP1 and, hence, the scFv is extended
N-terminally by four AAs. pLTEX-2 has a predicted
major cleavage site with a probability of ~81% at the
glycine (G) residue in position -4 relative to the scFv’s
start and two minor cleavage sites at positions -7 and
-3 with probabilities of ~10% or below (Figure 2A).

The constructs pLTEX-3 to pLTEX-5 were designed to
contain a SP-sequence with a high cleavage probability
directly at position 1. To achieve this, the natural SAP1
SP-sequence was shortened by the two AA residues
aspartic acid (D) and alanine (A), corresponding to posi-
tions —6 and -5 in pLTEX-2. At the same time we intro-
duced variations in the AA residue at position -3 by
incorporating asparagine (N), threonine (T) and alanine
(A), respectively.
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pLTEX-3 contains an asparagine residue at position -3,
a predicted major cleavage site with a probability of
~61% at position 1 as well as two additional cleavage
sites upstream with lower probabilities (~21% and ~10%;
Figure 2B).

pLTEX-4 and pLTEX-5 contain a threonine or alanine
residue at position -3 and their predicted major cleavage
sites with a probability of close to 95% is at position 1
directly. Both constructs have additional predicted
minor cleavage sites with probabilities of below ~5%
(Figure 2C,D). The additional modification in pLTEX-4
and pLTEX-5 at the second N-terminal position of the
SP-sequence (A to T) was introduced to abolish a Ncol RE-
site in the vector and is not considered essential for the
functionality of the SP [32].

Generation of expression-secretion vectors pLTEX-1

to pLTEX-5

Novel vectors were designed based on the above consid-
erations for AA composition of SP-sequences. First, the
general transfection strategy in L. tarentolae was assessed.
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To obtain stable expression of recombinant protein a line-
arised construct needs to be transfected to allow chromo-
somal integration into a predefined locus by homologous
recombination [4]. The original pLEXSY-sat2 vector (Jena
Bioscience) is linearised by RE Swal (Figure 3A). However,
all scFv’s used in this study contain a conserved Swal RE-
site. Therefore we replaced Swal with EcoRV. At the same
time we reduced the pBluescript II KS (-) backbone of the
vector by 1.1 kb to enhance transformation efficiency in E.
coli generating vector pLTEX-1 (Figure 3A). Note, that
pLTEX-1 in its current state is not suitable for scFv ex-
pression according to our in-silico analysis alike pLEXSY-
sat2, since multiple cleavage sites with poor cleavage
probabilities are anticipated. Next, the cloning strategy
for scFv was determined. MCS I and MCS II were ana-
lysed for the availability of compatible restriction sites and
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modified to allow cloning of scFv’s via Ncol and Notl.
During the same process, modified SP-sequences were
introduced using specific primer-sets creating expression-
secretion vectors pLTEX-2 to pLTEX-5 (Figure 3B).

In pLTEX-2 and pLTEX-3, a Pcil RE-site was intro-
duced into MCS II, since Pcil produces a compatible
overhang to Ncol. In vectors pLTEX-4 and pLTEX-5, a
Ncol RE-site was introduced in MCS II and at the same
time another abolished in MCS L.

Analysis of vector-dependent scFv expression rates

in vivo

To test the expression-secretion efficiency of the new
vectors pLTEX-2 to pLTEX-5, four independent scFv’s
were cloned into each vector and transfected into L. tar-
entolae. Stable integration of the expression cassette into
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Figure 3 Description of vectors pLEXSY-sat2 and pLTEX-1 to pLTEX-5. (A) Full vector maps of pLEXSY-sat2 and pLTEX-1. pLEXSY-sat2 (Jena
Bioscience) was used to generate pLTEX-1 with a reduced pBluescript Il KS (=) backbone and different RE-sites for linearization (Swal to EcoRV).
(B) Differences in the SP-sequences and MCS Il of vectors pLEXSY-sat2 and pLTEX-1 to pLTEX-5. Protein sequence of SP’s are underlined with red.
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the host chromosome was analysed by genomic PCR
and could be verified for all 16 constructs (data not
shown).

In all pLTEX vectors, protein expression occurs consti-
tutively and was tested for up to four clones per con-
struct. For each construct, the clones showed similar
expression levels according to SDS-PAGE analysis and
no difference in expression-secretion between single-
clones and multi-clones (collection of unknown number
of single-clones) from the same vector was observed
(data not shown).

First, we analysed the culture supernatant of all 16
different scFv constructs by Western blot for the pres-
ence of scFv and observed concentration differences
(Figure 4A). Independent of which scFv was cloned,
most protein could be detected in supernatants of
clones expressed in pLTEX-5 followed by pLTEX-4,
pLTEX-2 and pLTEX-3. The nature of SP-sequence
and its corresponding cleavage site can influence the
expression-secretion efficiency [15] and has a direct in-
fluence on the expression level of scFv's.

Next, we purified scFv from the culture supernatant
of all 16 clones by immobilised metal-ion chromatog-
raphy (IMAC) and analysed the data by Coomassie-
dyed SDS-PAGE (Figure 4B). As expected, the same
order of expression efficiency was observed and the
intensity of the protein band corresponding to the
scFv  (~27 kDa) was quantified densitometrically
(Figure 4C). The highest expression rate for scFv’s was
recorded from clones in vector pLTEX-5, with a me-
dian expression of 3.83 mg/L. Clones from vectors
pLTEX-4 and pLTEX-2 had a median expression rate
of 1.05 mg/L and 0.53 mg/L, respectively. The lowest
median expression rate was observed in clones from
vector pLTEX-3 (0.04 mg/L).
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The observed expression-secretion efficiencies are in
good agreement with our knowledge on SP-sequences,
formulated as the signal peptidase recognition site or
(-3, =1) rule [33] based on the analysis of 78 different
natural eukaryotic signal sequences [31]. The preference
of a small neutral AA in position -1 and exclusion of a
certain large polar, aromatic and charged AA in position
-3 can be explained by the nature of the signal peptidase
I, which is mainly responsible for SP cleavage. The fol-
lowing ranking was deduced according a ‘best fit’ ana-
lysis for AA and signal peptidase I combination for
position —-1: A > G,S > C,T > Q; for position -3: A >V >
CST>LI1>G|[33].

In concordance with this, all our vectors follow this gen-
eral rule. In detail, our choice for alanine in position -1 re-
spectively to the cleavage site in all pLTEX vectors is
optimal. However, the AAs in position -3 are different.
Here, pLTEX-5 and pLTEX-4 have the preferred small neu-
tral AA (A, T) whereas pLTEX-2 has a hydrophobic AA
(V). The SP-sequence of pLTEX-3 has a large polar AA (N)
in position -3 resulting in poor expression, possibly due to
steric hindrance within the active site of signal peptidase I
resulting in low cleavage efficiency. The expression level is
in good agreement with the order of the AA observed
in position -3 with alanine giving the best expression-
secretion rate.

Finally, we analysed the AA-composition of the N-
terminus of all 16 obtained scFv’s by Edman degradation
[34]. In pLTEX-2 the SP is cleaved off at the predicted
glycine residue four AA downstream of the first AA
(E) of the scFv. For vectors pLTEX-4 and pLTEX-5 the
N-terminus also follows the prediction. The SP is
cleaved off at the predicted site, which is glutamic acid (E).
Additionally, a second cleavage site could be detected at
position -2, extending the scFv’s by two AAs; methionine
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Figure 4 Expression-secretion analysis of 16 scFv's in vectors pLTEX-2 to pLTEX-5. (A) Western blot analysis of scFv's in culture supernatant.
Detection of scFv's with Protein L-HRP (1:5000). (B) SDS-PAGE analysis of Ni-NTA purified scFv's from 100 ml cultures. Proteins are separated on
4-12% Bis-Tris gels (Invitrogen). (C) Protein yield from 100 ml culture volumes grown for 72 h of IMAC-purified scFv's determined in duplicate by

densitometrical analysis on SDS-PAGE. Black circles, squares, triangles and stars represent scFv-1 to —4, respectively.
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and alanine (MA). Notably, the AA-composition in pos-
ition -5 and position -3 also fulfils the signal peptidase
recognition site rule, but with low efficiency. The observed
frequency of this cleavage isotype has become visible after
digesting large quantities of the protein (data not shown).

Surprisingly, the expected in-silico cleavage site at the
first AA of the scFv could not be confirmed in the sam-
ples derived from vector pLTEX-3. The SP was cleaved
one AA downstream at an alanine residue extending the
scFv’s. We propose that the offset of signal peptidase I
occurs as a consequence of the unfavourable AA com-
position downstream of position 1, resulting in ineffi-
cient cleavage explaining the low expression-secretion
yield.

Conclusions

To our knowledge, this study represents the first in de-
tail analysis of a signal peptidase recognition site in L.
tarentolae. We could successfully demonstrate that
minor modifications in the AA-sequence of the natural
SP from SAP1 based on in-silico predictions, following
the (-3, -1) rule resulted in different expression-secretion
rates of the protein of interest. Using these general

Table 1 Vectors and constructs used in this study
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principals the vyield of scFv production could be
improved close to one order of magnitude.

Methods

Generation of expression vectors pLTEX-1 to pLTEX-5

All plasmids and primers used in this study are listed in
Tables 1 and 2, respectively. Vector pLTEX-1 (Figure 3A)
was generated in three steps: First, the pBluescript II KS
(-) backbone (ori for E. coli) from pLEXSY-sat2
(Jena Bioscience) was reduced from 2.86 kb to 1.82 kb by
PCR amplification using primer 1 and 2. The primers
added EcoRV restriction sites to both ends of amplicon 1.
Secondly, the chromosomal integration cassette was PCR
amplified using primers 3 and 4 (5783 bp) from pLEXSY-
sat2. Again, the primers added EcoRV restriction site to
both ends creating amplicon 2. Next, amplicon 1 and 2
were digested with EcoRV, ligated, transformed into elec-
trocompetent DH10B cells (Invitrogen) and plated on
Ampicillin-containing agar-plates for clonal selection. The
obtained vector was named pLTEX-1P (P for precursor). In
a final step, the expression cassette was exchanged in
pLTEX-1P with a parental fragment from vector
pLEXSY-sat2. For this, both vectors were digested with

Name Characteristics

Reference

pLEXSY-sat2

and Amp for DH10B

Expression vector pLEXSY-sat2 with sat gene (streptothricine acetyltransferase)
allowing selection of recombinant LEXSY strains with antibiotic NTG,

Jena Bioscience
(Cat-No. EGE-234)

PLTEX-1 Based on pLEXSY-sat2; with reduced pBlueScript backbone and changed RE-site this study
for vector linearization prior transfection (Swal to ECoRV)
pLTEX-2 based on pLTEX-1; changed SP sequence this study
pLTEX-3 based on pLTEX-1; changed SP sequence this study
pLTEX-4 based on pLTEX-1; changed SP sequence this study
PLTEX-5 based on pLTEX-1; changed SP sequence this study
PLTEX-2_scFv-1 Vector for expression-secretion of scFv-1 this study
PLTEX-3_scFv-1 Vector for expression-secretion of scFv-1 this study
PLTEX-4_scFv-1 Vector for expression-secretion of scFv-1 this study
PLTEX-5_scFv-1 Vector for expression-secretion of scFv-1 this study
PLTEX-2_scFv-2 Vector for expression-secretion of scFv-2 this study
PLTEX-3_scFv-2 Vector for expression-secretion of scFv-2 this study
PLTEX-4_scFv-2 Vector for expression-secretion of scFv-2 this study
PLTEX-5_scFv-2 Vector for expression-secretion of scFv-2 this study
PLTEX-2_scFv-3 Vector for expression-secretion of scFv-3 this study
PLTEX-3_scFv-3 Vector for expression-secretion of scFv-3 this study
PLTEX-4_scFv-3 Vector for expression-secretion of scFv-3 this study
PLTEX-5_scFv-3 Vector for expression-secretion of scFv-3 this study
PLTEX-2_scFv-4 Vector for expression-secretion of scFv-4 this study
PLTEX-3_scFv-4 Vector for expression-secretion of scFv-4 this study
pLTEX-4_scFv-4 Vector for expression-secretion of scFv-4 this study
PLTEX-5_scFv-4 Vector for expression-secretion of scFv-4 this study
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Table 2 Oligonucleotides used in this study
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Name

Sequence (5" to 3')

(1) pre-pBR322-ori-EcoRV

CGGATATCTGAGCAAAAGGCCAGCAAAA

(2) pre-blaP-Swal-EcoRV

CGGATATCCAATTTAAATGCGGAACCCCTATTTGTTTATT

(3) 5_ECORV_5_ssu

TTGGATATCTTGGCGAAACGCC

(4) EcoRV_3_ssu

GATTTAGATATCGGTGAACTTTCGGG

GCTCTAGAGACATGTCGCCAGCGTCGACCG

(6) Pci_linker_sat5

GCTCTAGAGACATGTTGACCGACACGGCCGCTG

(7) Bglll_linker_sat6

GAAGATCTGCCATGACCTCGAGGCTCGTC

)
)
)
(5) Pci_linker_sat4
)
)
)

(8) LEXSY_A264

CATCTATAGAGAAGTACACGTAAAAG

(9) Ncol_linker_saté

GCTCTAGAGCCATGGTGACCGACACGGCCGCTG

(10) Ncol_linker_sat7

GCTCTAGAGCCATGGCGACCGACACGGCCGCTG

(11) LMB3

CAG GAA ACA GCT ATG AC

(12) LEXSY_scFv_Kpnl

GGTGGGTACCCCGTTTGATTTCCACCTTGGTC

BsrGI and BamHI, respective fragments were gel-
purified, ligated and transformed into DH10B cells to
generate the expression vector pLTEX-1. Vectors
pLTEX-2 to -5 are based on pLTEX-1 and only differ
in the SP-sequence. Vector pLTEX-2 was generated
from pLTEX-1 and amplicon 3, which was a PCR frag-
ment from pLEXSY-sat2 using primers 3 and 5. Both,
PCR fragment and pLTEX-1 were digested with
BamHI and Xbal, ligated together and transformed
into DH10B cells to generate pLTEX-2. Vectors
pLTEX-1 and pLTEX-2 only differ in MCS II that now
contains a RE-site for Pcil. Vector pLTEX-3 was gener-
ated as described for pLTEX-2, except using primer 6
instead of 5. For the generation of pLTEX-4, another
precursor (pLTEX-4P) was necessary. First, a PCR amplicon
using primers 7 (adding cutting site Bglll) and 8 was gener-
ated on pLEXSY-sat2 as template. The PCR-fragment and
pLTEX-1 were then digested with BglIl and Kpnl, ligated
together and transformed into DH10B to generate pLTEX-
4P. In a second step, a PCR amplicon using primers 3 and
9 (adding cutting site Ncol) was generated on pLTEX-4P.
This PCR-fragment and pLTEX-1 were digested with
BamHI and Xbal, ligated and transformed into DH10B cells
to generate pLTEX-4. Vector pLTEX-5 was constructed
starting from pLTEX-4P by generating a PCR amplicon
using primers 3 and 10 (adding cutting site Ncol). Both,
PCR-fragment and pLTEX-1 were digested with BamHI
and Xbal, ligated and transformed into DH10B cells to gen-
erate pLTEX-5. All new vectors were sequence-verified by
DNA sequencing applying the Sanger method.

Cloning of antibody fragments

Individual scFv’s were PCR-amplified from the original
clones in vector pIT2 using primer 11 and 12 (adding
cutting site Kpnl). The PCR-fragments (729 bp) were
digested with Ncol and Kpnl for cloning, ligated into cut
vector backbones and transformed into DH10B. Vectors

pLTEX-2 and pLTEX-3 were digested with Pcil and
Kpnl, while vectors pLTEX-4 and pLTEX-5 were
digested with Ncol + Kpnl. Transformants were picked
from Amp® agar-plates and sequence verified. Altogether,
16 different scFv-containing vector constructs were
designed (Table 1).

E. coli growth conditions and cell transformation

E. coli strain ‘ElectroMAX'™ DH10B™ (Invitrogen;
Cat.-No. 18290-015) was grown at 37°C with 160-180 rpm
in liquid 2YT growth medium [16 g/l bacto-tryptone
(Becton, Dickinson and Company), 10 g/l bacto-yeast
extract (Becton, Dickinson and Company), 5 g/l NaCl
(Calbiochem); resuspended in Millipore water] supple-
mented with ampicillin (100 pg/ml; Roth), if necessary.
Electro-competent cells were transformed with 1 pl
(50-200 ng/pl) purified plasmid-DNA (QIAprep Spin
Miniprep Kit; Qiagen) using the ‘Micropulser Electro-
porator’ (BioRad) at 1.8 kV, 5 msec. For clonal selec-
tion, agar-plates were prepared by adding 15 g/L
bacto-agar-agar (Becton, Dickinson and Company) to
2YT growth medium, plating cells and incubating
them over night at 37°C.

L. tarentolae growth conditions and stable transfection

L. tarentolae strain P10 (Jena Bioscience) was grown at
26°C under standard air-supply in the dark in LEXSY
BHI liquid medium (Jena Bioscience) with porcine
Hemin, penicillin/streptomycin (Pen/Strep) and Nour-
seothricin (NTC; 100 pg/ml), if necessary (all additives:
Jena Bioscience). Strain P10 was passaged twice a week
by inoculation of new growth medium in flat flaks
(static) with a dilution of 1:30. Electroporation of cells
was carried out in a prechilled 2 mm electroporation cu-
vette using a Gene Pulser II with pulse controller and
capacitance extender plus (Biorad). For transfection, 5-
10 ul purified and linearized plasmid-DNA (50-
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150 ng/ul) was added to 390-395 pl densely grown cells
(over night as agitated suspension culture (125 rpm);
ODgop >1.5). Cells were pulsed once at 045 kV and
450 pF to get 5-6 msec pulsing time with ~0.45 kV and
~20), chilled shortly and cultured stationary over night at
26°C. On the next day, the majority of the culture was
dispensed onto LEXSY BHI agar plates, while the rest
was cultivated in flat flaks with new selection pressure
(NTC) to get multi-clone cultures. After 610 days, sin-
gle clones were picked and grown in liquid culture by
continuously increasing the volume from 0.1 ml to
10 ml in LEXSY BHI growth medium. Finally, transfec-
tion success was verified for integration of the expres-
sion cassette into the host chromosome by analytical
PCR as described [4].

Production of scFv's expressed in Leishmania tarentolae
Positive transfectants were used for scFv-production in
100 ml of LEXSY BHI medium containing Hemin, Pen/
Strep and NTC. For this, medium was inoculated 1:30
with densely grown cultures and cultivated in agitated
suspension culture (125 rpm) for 2-3 days at 26°C until
ODgoo 2.5-4.5 was reached. Cells were harvested by cen-
trifugation for 18 min, at 1811 g and 4°C. Pellet and
supernatant were separated. 10 ml/l PMSF (0.1molar;
Phenylmethanesulfonyl fluoride, Sigma-Aldrich; inhibits
proteases) and 1 ml Ni-NTA agarose (Invitrogen) were
added to 100 ml supernatant and rotated for 2.5-3 h at
4°C. Ni-NTA was washed 2x with 5 ml washing buffer
(50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole)
and elution was carried out 4x with 1 ml elution buffer
(50 mM NaH,PQO,, 300 mM NaCl, 250 mM imidazole).
All centrifugation steps were performed for 5 min, at
652 g and 4°C. Elution fractions were pooled and ana-
lysed on 4-12% Bis-Tris SDS-PAGE (Invitrogen) and
western blot after electrophoretical transfer to nitrocel-
lulose membrane. Detection of scFv's was carried out
using Protein L-HRP (Pierce) diluted 1:5000 in 2% milk
powder in PBS with 0.1% Tween 20 and subsequent in-
cubation with CN/DAB substrate (Pierce). The protein
concentration was determined by gel densitometric ana-
lysis of the scFv bands in Coomassie-dyed SDS-PAGE
using Image] (Version 1.45 s). As reference, a calibration
curve on the basis of a quantifiable protein in a marker
(Precision Plus Unstained Ladder, 25 kDa band, 0.12 —
1.2 pg protein) or a scFv expressed in E. coli was estab-
lished and used for calculating the protein concentration
applying linear regression equation. N-terminal scFv's
analysis by Edman degradation was undertaken by
Proteome Factory (Berlin, Germany).
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glycoproteomics, and convinced him to do the glycan analyses of sAPPalpha. We designed the
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PTM that has never been described for a recombinant protein expressed in L. tarentolae before.
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Abstract

A growing body of evidence suggests a role for soluble alpha-amyloid precursor protein (sAPPalpha) in pathomechanisms
of Alzheimer disease (AD). This cleavage product of APP was identified to have neurotrophic properties. However, it
remained enigmatic what proteins, targeted by sAPPalpha, might be involved in such neuroprotective actions. Here, we
used high-resolution two-dimensional polyacrylamide gel electrophoresis to analyze proteome changes downstream of
sAPPalpha in neurons. We present evidence that sAPPalpha regulates expression and activity of CDK5, a kinase that plays an
important role in AD pathology. We also identified the cytoprotective chaperone ORP150 to be induced by sAPPalpha as
part of this protective response. Finally, we present functional evidence that the sAPPalpha receptor SORLA is essential to
mediate such molecular functions of sAPPalpha in neurons.
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Introduction

Amyloid precursor protein (APP) is a major etiologic agent in
Alzheimer discase (AD). Amyloidogenic processing of APP by
beta- and gamma-secretases generates Amyloid-beta (Abeta), the
main component of senile plaques.  Accumulating  evidence
supports the notion that progression of AD is correlated with
progressive accumulation of Abeta in the brain which can be
caused by elevated production and aggregation or impaired

clearance of the peptide [1]. More recently, a growing body of

evidence also implicated another APP cleavage product, soluble
alpha-APP (sAPPalpha), in AD pathology. This product is
produced from APP by an alternative, non-amyloidogenic
processing pathway and levels of sAPPalpha were shown to be
reduced in the cerebrospinal fluid of humans with sporadic or
familial AD [2-4].

Important evidence for a central function of sAPPalpha in the
brain was provided by studies with mice deficient for APP and
APLP2, an APP homolog with overlapping functions. Perinatal
lethality as well as other phenotypical abnormalities of APP/
APLP?2 double knockout mice were rescued by a sAPPalpha
transgene [3]. Furthermore, if infused into the brains of rodents,
sAPPalpha enhanced synaptogenesis and memory formation
[6,7]. Other studies reported enhanced survival of cells and
neurite outgrowth after application of sAPPalpha to cultured
cortical and hippocampal neurons [8-11] and other cell types
[12-14]. Together, sAPPalpha was proposed to have neuro-

trophic and neuroprotective propertics, possibly counteracting

PLOS ONE | www.plosone.org

neurotoxic effects of Abeta. Accordingly, loss of sAPPalpha as
observed in AD patients might contribute to discase pathology.

After cleavage of APP by alpha-secretase, sAPPalpha is released
into the extracellular space in a process that was reported to be
coupled to synaptic activity [15]. Only lLtde is known about
mechanisms controlling receptor-mediated uptake and down-
stream signallng of sAPPalpha in neurons. However, recent
cvidence suggested that sorting protein-related receptor containing
LDLR class A repeats (SORLA; also known as LRI11), an
important AD risk factor, may act as sAPPalpha recepror [16,17].

Here, we have used high-resolution two-dimensional polyacryl-
amide gel electrophoresis to determmne proteins  altered in
expression after sAPPalpha application to primary cortical mouse
neurons, We show that sAPPalpha regulates expression and
activity of eyclin-dependent kinase 5 (CDKS5), a kinase that plays
an important role in AD pathology and that was previously shown
to be activated by Abeta. We also identified hypoxia up-regulated
protein 1 (ORP150) as effector protein potentially mediating
ncuroprotective functions of sAPPalpha. Finally, we present
functional evidence that the sAPPalpha receptor SORLA deter-

mines these molecular functions of sAPPalpha.

Materials and Methods

Ethics Statement
All experiments performed with mice were conducted according
to the guidelines of the German Animal Welfare Law. The study

June 2013 | Volume 8 | Issue 6 | e65920
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was approved by the State Office of Health and Social Affairs
Bedin (approval number T0297/01).

Preparation and Treatment of Primary Neurons

Primary cortical neurons were prepared from newborn Balb/
¢ mice of either sex at postnatal day 1. Cortices were
dissociated in papain (1 hour at 37°C) and cultured on poly-
D-lysine/collagen  coated culture  dishes. The neurons were
cultured for 4-5 days in Neurobasal-A medium  (Gibeo)
including B27 supplement (Sigma), and GlutaMAX (Invitrogen)
as previously deseribed [18].

Neurons were treated with human recombinant neuron-specific
sAPPalpha (APP isoform 6935) produced in E. coli (SIGMA; for
proteome analysis) or Leshmania tarentolae (for Western  blot
analysis) prepared as described before [19]. Neurons were supplied
with sAPPalpha (300 ng/ml) or medium only (control) for one
hour or 48 hours, respectively, by replacing half of the culture
medium with fresh medium. For proteome analyses, the cells were
harvested in ice cold PBS and cell pellets were frozen immediately
in liquid nitrogen. Six individual samples of each, treated and
control cells were collected for cach condition (n=6). Generation
of animals genetically deficient for Sorll
before [20].

For detection of sAPPalpha, human specific monoclonal
antibody (clone 2B3, IBL. Hamburg), which recognizes the C-
terminus of human sAPPalpha (DAEFRHDSGYEVHHOQK) was
used. All other antisera have been obtained from Cell Signaling
Technology. Western blotting was conducted according to
standard procedures. Protein signals were measured with a CCD
camera  based chemiluminescence  imaging  system  (Peglab).
Quantfication of signal ntensities was accomplished with Image]
software and significance of changes was determined applying
Mann-Whimey-U  test  (p=0.05) using Prism (version 5.0c,
GraphPad).

has been described

Protein Extraction and 2-D Electrophoresis

For proteome analyses, the cells were harvested in ice cold
PBS. Six individual samples of cach treated and contol cells
were collected (n=6). Protein extracts were prepared from
frozen cell pellets as described [21]. Briefly, samples together
with sample buffer (50 mM TRIZMA Base (Sigma-Aldrich),
50 mM KCI and 20% w/v glycerol at pH 7.5) as well as
proteinase and phosphatase inhibitors (Complete and PhosStop,
Roche Diagnostics) were ground to fine powder in liguid
nitrogen and sonicated on ice subsequently. Afterwards, DNAse
(Benzonase, Merck), urea and thiourca (Biorad; 6.5 M and 2 M,
respectively) were added. Protein extracts were then supplied
with 70 mM dithiothreitol  (Biorad), 2% v/w of ampholyte
mixture (Servalyte pH 2-4, Serva) and stored at —80°C undl
scparation by 2-D) electrophoresis,

High-resolution, large-gel 2D-electrophoresis was  described
previously [22]. The gel format was 40 cm (isoclectric foeu-
sing) x 30 cm (SDS-PAGE) x0.9 mm (gel width). Proteins were first
scparated according to their isoelectric points (isoclectric focussing,

IEF) using the carrier-ampholyte technique [21,22]. 40 pg of

protein was applicd to the acidic end of IEF gels (40 cm) and a
carrier ampholyte mixture was added to establish a pH gradient
spanning a range from pH 3 to 10. For SDS-PAGE, IEF gels were
cut in half and run as “acidic’ and ““basic” sides. Two-dimensional
protein patterns were obtained by sliver staining of gels as
deseribed [22]. The 2-D images were scanned at 300 dpi and 16-
bit gray scale and saved n Tiff format to avoid loss of quality due
to compression,

PLOS ONE | www.plosone.org
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Protein spot patterns were evaluated using Delta2D) imaging
softwarce (version 4.0, Decodon). Percent volume of spot pixel
intensities was used for quantitative analysis of protein expression
by Delta2D as described before [21]. Paired Student’s t-test was
applied to determine statistical significance of alterations (signif-
icance threshold p=0.05) as described before [21,23]. Only fold
changes exceeding 20% were considered.

Mass Spectrometry

For protein identification, 1200 pg protein extract each was
separated on a 2-D gel and stained with a MS-compatible silver
staining protocol [22]. Protein spots of interest were excised
from gels and subjected to in-gel wyptic digestion followed by
HPLC separation as described [22]. Peptides were characterized
by an ESl-tandem-MS/MS on a LCQ Deca XP ion wap
instrument (Thermo Finnigan, Waltham, MA). Mass spectra
were evaluated using MASCOT  (version 2.1} automatically
scarching SwissProt database (version 31.8/513877 sequences).
MS/MS ion search was performed with the following set of
parameters: (i) taxonomy: Mus musculus, (i) proteolytic enzyme:
trypsin, (iil) maximum of accepted missed cleavages: 1, (iv) mass
value: monoisotopic, (vj peptide mass tolerance 0.8 Da, (vi)
fragment mass tolerance: 0.8 Da, (vii) fixed modifications: none
and [viii) variable modifications: oxidation of methionine and
acrylamide adducts (propionamide) on cysteine. Only proteins
with scores corresponding to p<<0.05, with at least two
independent peptides identificd were  considered. The cut-off
score for individual peptides was equivalent to p<<0.05 for each
peptide as calculated by MASCOT.

Results

Proteome Analysis of Murine Neurons Treated with
sAPPalpha

Cumulative evidence suggests neurotrophic properties of
sAPPalpha [6-11,24,25]. However, little is known about the
underlying molecular mechanisms. We performed  high-resolu-
tion 2-D electrophoresis (2-DE) combined with mass spectrom-
ctry to screen for proteins altered downstream of sAPPalpha
signalling in neurons. This 2-DE based approach allowed us to
simultancously quantfy expression levels of several modified
forms of the same protein as these appear as separate spots on
2-D gels allowing scparate quantfication. This aspect deemed
particularly important as neurotrophic factors often induce
changes in post-translational modification of target proteins such
as phosphorylation [19,26].

Primary cortical neurons of mice were treated with sAPPalpha
and protcome alterations following this treatment were deter-
mined by statistic evaluation of protein intensity signals on silver-
stained 2-D) gels using Delta2D) software. In detail, cortical
neurons were prepared from newborn mice and differentiated in
culture for 4 days. Six individual preparations of primary neurons
were compared in every group (n= 6, biological replicates) and
cvery treatment condiion was compared to controls [neurons
treated with medium only). Recombinant sAPPalpha was applied
to the cell culture media at a concentration of 300 ng/ml. The
applied sAPPalpha concentration was described before to induce
ERK phosphorylation in neurons [19] and to increase levels of
neuroprotective genes when applied to organotypic hippocampal
slice cultures [25].

We treated neurons for one hour and 48 hours, respectively, to
cover acute as well as long-term effects. Comparison of treated
versus control neurons revealed that 99 protein spots were
significantly altered after one hour of sAPPalpha treatment and

June 2013 | Volume 8 | Issue 6 | e65920
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Figure 1. Protein expression changes in neurons treated with sAPPalpha. (A) Prototypic two-dimensional polyacrylamid gel of proteins
extracted from primary cortical neurons stained with silver nitrate. Significant protein spot alterations in response to sAPPalpha treatment (300 ng/
ml) for ene hour (red cirdles), 48 hours (blue circles) or in both treatment conditions (green circles) are indicated (n=6 biological replicates per
genotype; paired Student's t-test p<<0.05). Gene names of identified proteins altered in both treatment conditions are indicated at respective
positions. (B) Magnification of gel region containing cyclin-dependent kinase 5 (CDK5). CDKS is indicated in the non-treated (control) and treated
(sAPPalpha) condition. (C) Western blots of CDKS in primary cortical neurons treated with sAPPalpha for one hour or 48 hours, respectively. Treated
neurons (sAPPalpha) show reduced expression levels of CDK5 as compared to control neurons (control). Actin served as loading control.

doi:10.1371/journal pone.0065920.g001

47 proten spots were significantly altered after 48 hours of
treatment. Nine proteins were altered under both  treatment
conditions (paired Student’s t-test, p=0.03, ratio cut-oft =20%;
Figure 1A}

Together, proteome analysis revealed a large number of acute
protein alterations after sAPPalpha treatment. A lower number of
proteins were altered under chronic conditions.

Reduced Expression of CDK5 and Altered Expression of
CDK5 Associated Proteins in Neurons Treated with
sAPPalpha

In order to identify significantly altered proteins, corresponding
protein spots were excised from 2-D gels and identified by mass
spectrometry (Table S1). We were most interested in proteins
altered under both wreatment conditions, as these proteins are most
likely particularly relevant to sAPPalpha function. Among proteins
altered under both treatment conditions, five proteins could be
identified by mass spectrometry. These proteins were collapsin-
response mediator protein 2 (CRMP2), histone H2B, hypoxia up-
regulated protein 1 (ORP150), beta-tubulin and cyclin-dependent
kinase 5 (CDK5). Expression of protein spots corresponding to
CRMP2 and ORP150 was up-regulated and expression of spots
corresponding to CDK35, histone H2B, and beta-tubulin was
down-regulated in treated neurons.

Interestingly, CDK5 and CRMP2 were previously associated
with AD pathology [27,28]. Morcover, CRMP2, histone H2B,
and beta-tubulin interact with CDK5 [27,29,30]. CDKS5 plays a
critical role in AD pathomechanisms as CDK5 phosphorylates
APP, tan, and BACEI, affecting both hallmarks of AD, amyloid
and tau pathology [31]. We therefore decided to analyze CDEKDS as
sAPPalpha target in more detail.

Using Western blot analysis of primary cortical neurons, we
confirmed down-regulation of CDK5 expression after acute as

PLOS ONE | www.plosone.org

well as long-term treatment with sAPPalpha (Figure 1 C).
Moreover, 24% of proteins altered after sAPPalpha treatment
(Table S1}) are known CDKJ5 associated protens (13 out of 55 non-
redundant identified proteins; Table 1),

Together, dentification of altered proteins revealed that CDKS
might be the key downstream mediator of sAPPalpha signaling in
neurons.

CDKS5 as well as CDK5 Associated Proteins are not
Regulated by sAPPalpha in Neurons Lacking SORLA

SORLA s documented to be an intraccllular traflicking
receptor regulating APP processing [32]. SORLA directly binds
to APP within the d6 domain, which is also an integral part of
sAPPalpha [17]. Recent evidence demonstrated that SORLA also
binds and mediates internalization of sAPPalpha in neurons [16].
As SORLA is the hest-known receptor for sAPPalpha in neurons,
we analyzed whether the observed molecular effects of sAPPalpha
were dependent on this receptor.

First, we analyzed whether SORLA mediates uptake of
recombinant sAPPalpha in our experimental setup. Thus, we
treated primary cortical neurons derived from cither wild-type or
Sorl1 (the gene coding for SORLA)-deficient mice with sAPPalpha
for one houwr and quantified the amounts of ntracellular
recombinant sAPPalpha after treatment. In accordance with the
previous study, we found a significant reduction of sAPPalpha
signal ntensity (about 50%) in Sorl{-deficient neurons as compared
to wild-type neurons (Figure 2 A & B). This reduction is most likely
due to reduced sAPPalpha uptake but it might also be the result of
enhanced degradation.

We next asked, whether regulation of CDKJ3 expression by
sAPPalpha was also influenced by SORLA and if’ other proteins
associated with CDKS5 function were altered after sAPPalpha
treatment. Western blot analysis of primary cortical necurons
treated with sAPPalpha revealed that CDK5 and the CDK35
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adaptor protein p25 (but not the CDK5 adaptor p35) were
significantly down-regulated in wild-type neurons after treatment
with sAPPalpha for one hour Mann-Whitney-U test, p=0.05,
n==6. As p25 & generated from p35 by calpain-dependent
cleavage, we also quantified p25/p35 ratios. Also, the ratio of
p25/p35 was significantly down-regulated (Figure 3 A & B).

One of the CDKS5 target proteins identified in the proteome
screen to be significantly regulated upon sAPPalpha treatment was
collapsin-response  mediator protein 2 (CRMP2). CRMP2 is
phosphorylated by CDK5 at Ser522 [33]. Analyzing the
phosphorylation  state of CRMP2 upon sAPPalpha addition
revealed reduced CDKS5 activity as phosphorylation of CRMP2
at Ser522 was significantly reduced in treated neurons (Mann-
Whitney-U test, p=0.05, n=6).

In contrast, CDK5 was not significantly altered in Sorfl-
deficient neurons after sAPPalpha weatment (Figure 3 A & B). The
same finding was seen for expression of the CDK5-target
phospho-CRMP2 (Ser522) and the CDKS5 adaptor proteins p35
and p25 (Mann-Whitney-U test, p=0.05, n=6, Figure 3 A & B).
Reduction of phospho-CRMP2 (Ser522) was also observed in non-

A

wit Sorl17

Table 1. CDK5 associated proteins significantly altered in expression after treatment of neurons with sAPPalpha (1 h, 48 h indicate
duration of treatment; 1 up-requlation, | down-regulation, ratio treated/control).
Treatment Direction of
condition regulation Gene name  Protein name Comments
1h 48h 1 (1.34); Crmp1; Dihydropyrimidinase-related  Collapsin-response mediator proteins (CRMPs) are involved in apoptosis/
1 (1.37; 1.64); Dpysl2; protein/Collapsin-response proliferation, cell migration, and differentiation. CRMP2 binds to
1 (1.52) Dpysl4 mediator protein microtubules and regulates axon outgrowth in neurons. This action is
regulated by phosphorylation (via CDK5- and other kinases) at sites
hyperphosphorylated in Alzheimer disease [29,35]. CRMPs are altered in
expression after treatment of neurons with CDK5 inhibitor [38].
1h 48h | (0.52; 0.6; 0.61); Hist1h2ba; Histone H2B type 1-A; CDK5 phosphorylates a component of the histone deacetylase complex and
1.1 (083138 Hist1hda Histone H4 thus regulates histone acetylation i.e. during neuronal cell death. CDK5 can
also directly phosphorylates histones [31,51].
48 h | (0.8) Stxbp1 Syntaxin-binding protein 1 CDKS5 promotes Munc18-1 phosphorylation and calcium-dependent
(Munci1g-1) exocytosis [52].
48 h 1 (1.23; 1.35) Chx3 Chromobox protein Also known as HP1gamma; repressor of E2F-dependent transcription which
homelog 3 is regulated by CDKS in the nucleus [53,54].
1h 48h 1 .71y Tubb2a; Tubulin beta-2A chain; CDK5 phosphorylates several tubulin associated proteins regulating tubulin
| (0.79;0.81; 059)  Tubb2b Tubulin beta-2B chain dynamics [32]. CDK5 inhibition alters tubulin expression in neurons [39].
1h 1 (1.32); Ina; Myh10; Alpha-Internexin; CDK5 phosphorylation targets [55,56]. The intermediate-filament protein
| (069); 7 (1.31) Npm1 Myosin-10; Nucleophosmin alpha-internexin was altered in neurons after CDK5 inhibition [38].
doi:10.1371/journal.pone.0033417 1001

weated  Sor/l-deficient as  compared to  non-treated  control
neurons, This could be due to the fact that sAPPalpha levels are
per se enhanced in SorlI-deficient neurons due to altered APP
processing [34].

Together, our results revealed that the expression of CDK5 and
CDK35 associated proteins was altered after sAPPalpha treatment
n neurons. Reduced phosphorylation of CRMP documented

impaired CDK5 activity after sAPPalpha application. None of

these alterations were detected in Sorl/-deficient neurons proving

that SORLA is an essential sAPPalpha receptor.

Induction of Neuroprotective ORP150 by sAPPalpha
Up-regulation of ORP150 was previously shown to protect

neurons from hypoxia and excitotoxicity [35,36]. Interestingly,

expression of ORP130 was induced by sAPPalpha treatment

under both treatment conditons (1 hour and 48 hours of

treatment; Table S1). ORP150 might therefore be involved in
sAPPalpha-mediated neuroprotection.

Western blot analysis of neurons treated with sAPPalpha
confirmed significant up-regulation of ORP150 after sAPPalpha

B

control sAPPalpha control

sAPPalpha
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180 p = 0.0001
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Figure 2. Reduced uptake of sAPPalpha in SORLA-deficient neurons. Quantification of human, recombinant sAPPalpha in primary cortical
neurons either non-treated (control) or treated with 300 ng/ml sAPPalpha for 1 h using Western blotting (A) and densitometric scanning of replicate
blots (B). Sorli =/~ neurons show reduced levels sAPPalpha after one hour of treatment compared with wild-type cells (wt; n=8, Mann-Whitney U

test). Actin served as loading control.
doi:10.1371/journal pone.0065920.9002
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Figure 3. Reduction of CDKS5 activity in neurons treated with sAPPalpha is SORLA-dependent. Quantification of CDK5, CDK5-target
phospho-CRMP2, total CRMP2, and CDK5-adaptor proteins p35 and p25 in primary cortical neurons either non-treated (control) or treated with
300 ng/ml sAPPalpha for 1 h using Western blotting (A) and densitometric scanning of replicate blots (B). In wild- type neurons (wt), CDK5, p25 and

phospho-CRMP2 (p-CRMP2) were significantly down-requlated after sAPPalpha treatment. Sor/l 2

neurons show no altered levels of the same

proteins after one hour of sAPPalpha treatment (n =6, Mann-Whitney U test). Actin served as loading control.

doi:10.1371/journal pone.0065920.9003

treatment of neurons. Again, this effect was not observed in
neurons lacking the sAPPalpha receptor SORLA - (Mann-
Whitney-U test, p=0.05, n=6; Figure 4 A & B). Together,
ORP150, a potential effector protein of sAPPalpha in neurons,
was induced after sAPPalpha treatment. This cffect was
SORLA-dependent.

Discussion

The APP cleavage product sAPPalpha is considered to be

neurotrophic and neuroproteetive [6-11,24,25]. Thus, loss of

sAPPalpha activity in AD patients might contribute to discase
pathology. However, little is known about molecular pathways
underlying these effects. Using a 2-DE based proteomic approach,
we uncovered that sAPPalpha significantdy reduces expression and
activity of CDK5 and influences expression of CDK5 target
proteins in neurons, Interestingly, many of these CDKS5 target
proteins  (cofilin, beta-tubulin, alpha-internexin and CRMP;
table 1) were shown before to be altered in neurons treated with

CDKS3 inhibitors [37,38]. This finding further supports a role of

sAPPalpha in regulating CDK5 signaling.

PLOS ONE | www.plosone.org

CDK5 is an atypical cyclin kinase as -in contrast to other
cyclin kinases- it inhibits the cell cycle to keep neurons in their
post-mitotic stage. Transfer of CDK5 out of the nuclens induces
neurodegencration [39]. CDKS5 also regulates neuronal mor-
phology via phosphorylation of central components of the
cellular cytoskeleton, such as tubulin, and tau [40]. Because

CDK5 phosphorylates tau, APP, and BACEI, a component of

the beta-secretase, CDKS5 is an important link hetween amyloid-
and rtau-pathology [31]. Regulation of CDKS5 activity by
sAPPalpha was suggested before, as overexpression of sAPPal-
pha inhibited glutamate-induced CDKS5 activation in N2a cells
[41]. In contrast to sAPPalpha, Abeta activates CDKS5 (reviewed

in [42]). Aberrant activation of CDK5 can lead to collapse of

the synaptic cytoskeleton [43]. sAPPalpha potentially protects
from this collapse, as it maintains synaptic integrity [44].
Together, regulation of CDK5 activity in neurons might be the
most important determinant of how the two alternative APP
cleavage products Abeta and sAPPalpha counteract each other,

We also identified expression changes of the CDEK5
phosphorylation  target CRMP2 in  neurons treated  with
sAPPalpha. Interestingly, CRMP2 phosphorylation impairs

June 2013 | Volume 8 | Issue 6 | e65920
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Figure 4. Induction of ORP150 in sAPPalpha treated neurons. Quantification of ORP150 in primary cortical neurons either non-treated
(control) or treated with 300 ng/ml sAPPalpha for 1 h using Westem blotting (A) and densitometric scanning of replicate blots (B). In wild-type
neurons (wt), ORP150 is significantly up-regulated after sAPPalpha treatment. No alteration in ORP150 expression was observed in Sorf1™*~ neurons
after one hour of treatment (n =6, Mann-Whitney U test). Actin served as loading control.

doi:10.1371/journal pone.0065920.9004

neurite outgrowth, an effect that can be reversed by inhibition
of CDK5 [45]. We abserved reduced phosphorylation of
CRMP2 at the CDK5-dependent phosphorylation site [Serb22)
in neurons treated with sAPPalpha. We further identified down-
regulation of p25 after sAPPalpha treatment of neurons. p25 is
a CDKS35 adaptor protein that accumulates in the brains of AD
paticnts leading to abnormal CDK5 activation and hyperpho-
sphorylation of CDKS5 targets, such as tau and CRMP2 [27 42].
Together, down-regulation of p25 and phospho-CRMP2 dem-
onstrate  reduced  activity of CDK3  in sAPPalpha  treated
neurons and further support the important role of sAPPalpha
as neuroprotective factor,

Ome downstream effector protein providing neuroprotection
might be ORPI50, a protein induced in neurons after
sAPPalpha treatment. ORP150 is an endoplasmic reticulum
associated  chaperone.  Interestingly, induction of ORPIL50
protein has been demonstrated before i cultured neurons
under hypoxic and excitotoxic stress conditions and in the
brains of patients who died of epileptic seizures, However,
overexpression of ORPI50 protected neurons from  hypoxia-
induced cell death and mediated higher resistance of mice
towards cerebral ischemia demonstrating that ORPL50 protect-
ed cells from excitotoxicity [35,36]. Interestingly, sAPPalpha has
been reported to protect neurons from  excitotoxicity as well
[41]. Based on our findings we now speculate that induction of
ORP150 by sAPPalpha might mediate this effect.

Finally, we provide functional evidence conceming the impor-
tance of SORLA as sAPPalpha rcceptor mediating not only
uptake of sAPPalpha, but also controlling regulation of down-
stream  sAPPalpha  targets. Direct binding of SORLA to
sAPPalpha and uptake of sAPPalpha by SORLA was shown
hefore [16,17]. We now document that SORLA is essential for the
molecular function of sAPPalpha, as regulaton of CDKS5,
phospho-CRMP2, p25 and ORP150 was no longer evident in
neurons deficient for SORLA. As SORLA itself is considered an
important genctic risk factor in AD [46] and low levels of this
receptor have been documented in AD patients [47], it is likely
that part of the neuroprotective properties ascribed to SORLA are
related to its function as sAPPalpha receptor. Concerning its
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neuroprotective capabilities, so far SORLA was mainly recognized
for its ability to regulatc APP processing in the first place
[20,34,48], but based in findings in this study SORLA might also
serve as receptor of APP processing products controlling their
respective  cellular functons. That is at least the case for
sAPPalpha.

Conclusion

Our study provides insight into the molecular pathways
downstream of sAPPalpha in neurons. We identified CDK5 and
ORPI150 as potental mediators of sAPPalpha-dependent neuro-
protection, Moreover, we demonstrate a central role for SORLA
as the sAPPalpha receptor; loss of sAPPalpha function m AD is a
plausible mechanism of loss of sAPPalpha function in AD [44].
Here, we provide a proteomic-based evidence of how APP
processing regulates neuronal finction. We further propose that
proteins regulated by sAPPalpha might be potential drug targets in
their own right.
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Supplementary table 1: Proteins identified as significantly altered in expression after 1 h or 48 h incubation with sAPPalpha. Proteins altered in both treatment

conditions (1 hand 48 h) are

highlighted in grey.

Aspartate aminotransferase, mitochendrial

"~ Histone HA

ratio Sequence
treatment (treated / Unique coverage

condition p-value control) | gene name protein name i (%)
1h 0.048 1.240 Acaala 3-ketoacyl-CoA thiolase A, peroxisomal 8 19
1h 0.025 1.338 Aco2 Aconitate hydratase, mitochondrial 2 2
h 0.025 1.391 Actb Actin, cytoplasmic 1 22

h 0.007 1.304 Actria Alpha-centractin 18

h 0.021 0.819 Arl3 ADP-ribosylation factor-like protein 3 19

h 0.034 1.208 Atp5al ATP synthase subunit alpha, mitochondrial 20 33
1h 0.039 1.206 AtpSb ATP synthase subunit beta. mitechondrial 19 31
1h 0.006 1.814 Atp5Sb ATP synthase subunit beta, mitochondrial 4 13
ih 0.023 1528 Aipbvia V-type proton ATPase catalylic subunit A 12 20
1h 0.012 0.779 Basp1 Brain acid soluble protsin 1 8 58
48h 0.033 1.234 Cbx3 Chromobox protein homolog 3 (HP1-gamma) 2 7
48h 0.006 1.349 Cbx3 Chromobox protein homolog 3 (HP1-gammal 2 7
48h 0.017 0.674 [ol]] Cofilin-1 2 18
1h 0.004 1.537 Cops4 COP9 signalosome complex subunit 4 9 24
1h 0.010 1.369 Crmp1 Dihydrepyrimidinase-related protein 1 2 5
Dpysl4 Dihydropyrimidinase-related protein 4 2 5

Eefial Elongation factor Tu, mitochondrial 9 19

ih 0.042 2.060 Eef2 Elongation factor 2 9 10
1h 0.023 0.702 Endogl1 Nuclease EXOG, mitochondrial 4 10
1ih 0.029 1.254 Erlin2 Erlin-2 9 22
ih 0.045 0.793 Fabp7? Faity adid-binding protein, brain 3 31
48h 0.039 0.747 Fkbp2 FK506-binding protein 2 3 18
1h 0.039 1.328 Fscnt Fascin 8 19

10

Hnrnpa2b1

Heterogeneous nuclear ribonucleoproteins A2/B1

Hsd17b8

Estradi dehydrogenase 8

h Hist1hda 2

1h 0.027 1.376 Hist1hda Histone H4 2 19
h 0.023 1.643 Hmges1 Hydroxymethylglutaryl-CoA synthase. cytoplasmic 7 12
h 0.036 0.825 Hnrnpat Heterogeneous nuclear ribonuclecprotein Al 8 29
h 0.040 0.806 Hnmpat Heterogenecus nuclear ribonuclecprotein Al 8 31
h 10
h 2

0.708

Tubb2a

Ugerh

Tubulin beta-2A chain

Cytochrome b-¢1 complex subunit 6, mitochondrial

h Isocitrate dehydrogenase [NAD] subunit alpha, mitcchondrial 10

h Alpha-Internexin 5

h Myotrophin 2

h Myosin-10 3
1h 0.013 1.215 MNdufaf2 Mimitin, mitochondrial 8 51
1h 0.045 1.481 Ndufs3 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial 4 12
48h 0.018 0.801 Ndufs4 NADH dehydr [ubiquinene] iron-sulfur protein 4, mitochondrial 4 25
1h 0.038 1.310 Npm1 Nucleophosmin [ 19

h 0.002 1.263 Oxctl Succinyl-CoA:3-ketoacid-coenzyme A transferase 1, mitochondrial 3 7

h 0.050 0.81 Pcbp2 Poly(rC)-binding protein 2 2 8

h 0.024 1.57. Pdcdbip Programmed cell death 6-inferacting protein 2 3

h 0.040 0.73 Peaiba Astrocytic phosphopretein PEA-15 2 22
1h 0.043 1.585 Ppia Peptidyl-prolyl cis-trans isomerase A 5 37
1h 0.037 1.211 Psmd7 26S proteasome non-ATPase regulatory subunit 7 6 17
1h 0.045 0.821 Sh3bgrl SH3 domain-binding glutamic acid-rich-like protein 5 44
1h 0.0368 0.825 Slc25a22 Mitochondrial glutamate carrier 1 8 20
1h 0.029 1.692 Spr Sepiapterin reductase 2 1
48h 0.048 0.803 Stxbp1 Syntaxin-binding protein 1 2 3
ih 0.022 0.787 Suclgl Succinyl-CoA ligase [GDP-forming] subunit alpha, mitechondrial 3 1
1h 0.033 0.795 Tomm22 Mitochondrial import receptor subunit TOM22 homolog 2 8
1h 0.003 1.274 Trapi Heat shock protein 75 kDa, mitochondrial 15 24
ih 0.048 2 B8
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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-Obregén 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, | 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, | have written the
manuscript with Dr. Zoltan Konthur.
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4 Discussion

In my thesis, the benefit of the protozoan host L. tfarentolae 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. | 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, | 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, | 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 ). In addition, the
scFv’'s and all further expressed recombinant proteins, except the biotin ligase, were linked to a
hexahistidine-tag (Hiss-tag). The Hisg-tag was selected for purification, because this peptide is
very short, possesses low cross-reactivity to endogenous proteins, has a highly selective
interaction with Ni**-NTA and the Hiss-Ni?*-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 1l+11l). 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 1V). 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- Main Expression Manu-
translational Function vector script
Modification
Single chain Homo secretory / Antigen pLTEX-2 |
fragment sapiens (glycosylation) binders to
variables pLTEX-5
(scFv's)
Soluble Homo secretory Phospho- Alzheimer's pLTEX-5 I, 11
amyloid sapiens rylation, disease
precursor Glycosylation, marker
protein alpha Disulphide
(sAPPalpha) Bond
Enhanced Aequorea cytoplasmic Localization pLEXSY_ \Y
green victoria / marker, sat2,
fluorescent expression pLTEX-1
protein control
(eGFP)
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Mammalian E. coli cytoplasmic In-vivo pLEXSY_ v
codon- / biotinylation hyg2
optimized of special
biotin ligase proteins
(BirA)
Cellular tumor Homo cytoplasmic Phospho- Multi- pLTEX-1 \Y
antigen p53 sapiens rylation, functional;
(p53) Acetylation, autophagy
Methylation, inducer
Farnesyl- Homo ER- Phospho- Enzymatic pLTEX-1 v
diphosphate sapiens membrane/ rylation, active in
farnesyltransfe cytoplasmic  Ubiquitination  cholesterol
rase (FDFT1) pathway
Cysteine-free Thermo- cytoplasmic Motor- pLTEX-1 Y
mutant of myces ? protein,
kinesin lanuginosus intracellular
(mTKIN) transport

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 1V) 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
SignalP

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

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

76


http://www.cbs.dtu.dk/services/SignalP-3.0/

4 Discussion

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 scFVv’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 V).

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 Hisg-tag has turned out to be the right choice for purification, resulting
in a very high purity (Manuscript | + Il). 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 1V) 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 Hise-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-
a-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-y (IFN-y) 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, | could underpin the ability of L. tarentolae
to express biomedically relevant human recombinant proteins in a functional fashion. Thus, |
could generally achieve my aim. Especially with sAPPalpha, | 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 | could demonstrate that there was and still is room for optimization in
vector design. Here | 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, | could demonstrate that for secretory proteins, the selected Hise-tag was well-suited
and that very high purity of the recombinant protein can be obtained.
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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 GPIl-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 Tarll (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 glycosyliransferases 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 (a2,3- and a2,6-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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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, | 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, | 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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Leishmania tarentolae ist ein einzelliger, eukaryotischer Parasit, welcher zur Gattung der
Leishmanien gehért. Er wird von Sandmicken Ubertragen und infiziert — im Gegensatz zu
seinen humanpathogenen Verwandten — keine Menschen, sondern ausschlieBlich Reptilien. Er
wurde 1921 erstmals isoliert und gehért heute zu den am besten untersuchten Leishmania
Arten. Neben der Erforschung der humanen Leishmaniose, wird er vor allem in den letzten
Jahren verstéarkt fur die rekombinante Proteinexpression eingesetzt. Die zunehmende
Verwendung als Expressionswirt beruht hauptsédchlich auf seiner Fahigkeit, humane
rekombinante Proteine nicht nur in biologisch aktiver Form zu synthetisieren, sondern auch mit
posttranslationalen Modifikationen hoher Homogenitat auszustatten. Die Qualitat der hier
entstehenden Proteine kénnte prinzipiell ausreichen, um sie z.B. als Therapeutikum in der
biomedizinischen Forschung einzusetzen. Jedoch fulBBt diese Aussage auf nur wenigen
Erkenntnissen aus sehr wenigen analysierten Beispielen, sodass ihr moglicher biomedizinischer

Einsatz nicht eindeutig gesichert ist.

Das Hauptziel meiner Arbeit bestand folglich darin, das Potential des Expressionssystems von
L. tarentolae fir 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 hierfir eine solide Ausgangssituation.

Die am haufigsten zugelassenen rekombinanten Proteintherapeutika sind monoklonale
Antikérper, Proteine mit enzymatischer Aktivitdt oder generell glykosylierte Proteine. Ihre
erfolgreiche Expression in L. tarentolae ware demnach eine Bestatigung des biomedizinischen
Potentials des Expressionssystems und somit das Hauptziel meiner Arbeit. Glykoproteine
spielen hier eine Ubergeordnete Rolle, da mehr als 50% aller menschlichen Proteine glykosyliert
sind. Sie erhalten wahrend des sekretorischen Prozesses ihre Glykosylierung und werden
letztlich entweder in die Zellmembran inkorporiert, oder aber von der Zelle in den extrazellularen
Raum/Kulturiberstand sezerniert. Hierflir bendtigen die Proteine ein sekretorisches
Signalpeptid, dessen Aminosaure-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 Antikdrper-Fragmenten (scFv’'s) getestet. Hierbei
konnte eine Erhdéhung 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 ausgewahlt, 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 auBerdem zeigen, dass das Glykosilierungsprofil von in
L. tarentolae exprimierten humanen Proteinen im Vergleich zu anderen eukaryotischen
Expressionssystemen (Hefen, Insektenzellen, oder pflanzlichen Zellkulturen) sogar die hochste
Homogenitat zum humanen Original aufwies. Diese Ergebnisse sprechen sehr stark dafir,
L. tarentolae fur die Expression humaner Glykoproteine als Therapeutika einzusetzen.

Neben sekretorischen Proteinen, habe ich in meiner Arbeit auch intrazellular akkumulierende
Proteine exprimiert. Aufgrund der Interaktion mit endogenen Biomolekdlen, 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 Uber Biotin selbst aufreinigen. Hier wurden die Proteine jedoch Gber
einen Polyhistidin-tag aufgereinigt. Weiterhin konnte ich zeigen, dass auch intrazellular
akkumulierende humane Proteine in Leishmania in funktioneller Form exprimiert werden
kébnnen. So konnte humanes p53 auch in L. tarentolae Autophagie auslésen (Manuskript 4).
Dies setzt u.a. die funktionelle posttranslationale Modifikation — hier die Phosphorylierung — des
p53 voraus, welches jedoch hier Mangels spezifischer Antikérper nicht gezeigt werden konnte.

Zusammenfassend zeigen meine Ergebnisse, dass L. tarentolae fir die Produktion von
rekombinanten Proteinen hdchster Qualitdt anwendbar ist. Durch das saugetierdhnliche

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 fur die Herstellung
fir am Menschen therapeutisch anwendbarer Proteine durchaus in Frage kommen kann.
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