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Abstract

The normal function of the prion protein (PrP) is usually neglected because of its fasci-

nating role in neurodegenerative disorders like Creutzfeldt-Jakob disease in human,

bovine spongiform encephalopathy (BSE) in cattle and Scrapie in sheep. The cause of

transmissible spongiform encephalopathies is the accumulation of an atypical isoform

(“prion”) of the normal cellular prion protein, a phenomenon until now known only in

mammals, and which inevitably leads to death. The prion protein is highly conserved

between several vertebrate species, which suggests a common, evolutionary preserved

function. Although numerous functions, e.g. signal transduction, cell adhesion and cell

recognition, lymphocyte activation and others have been proposed, they do not add up

to one common physiological role. However, cellular function and disease likely repre-

sent two sides of the same coin and, in order to understand the molecular mechanism of

prion diseases, it is essential to dissect also the natural function of PrP. To this aim, the

zebrafish (Danio rerio) was used in this study as an in vivo model. Due to an ancient

genome duplication event, zebrafish possess two duplicated prion proteins (PrP-1 und -

2), which exhibit an overall similar structure (repetitive domain, hydrophobic stretch

and stable globular domain) to the mammalian prion protein. Nevertheless, they show

distinctly restricted expression patterns: whereas PrP-1 is expressed ubiquitously and

early during zebrafish development, PrP-2 expression has a later peak limited to neu-

ronal structures. Probably the different expression patterns were adopted through a

modified regulation. In order to verify this assumption and to generate PrP transgenic

zebrafish, the regulatory regions of PrP-1 and -2 were identified in the zebrafish ge-

nome, amplified, cloned and functionally characterized. Concordant expression of PrP-1

and -2 in trigeminal ganglion and Rohon-Beard neurons was driven by main, and there-

fore probably shared regulatory elements. However, finer dissection and testing of the

PrP-1 regulatory sequence showed that this sequence is likely to contain a repressor or

silencing motif which stops expression during early zebrafish development. This is con-

sistent with the early-restricted expression pattern of endogenous PrP-1.

Furthermore, a method was developed in order to overexpress the prion protein in ze-

brafish neurons. To this end, specific neuronal enhancers (zCREST), which normally

regulate the expression of the Islet-1 gene, were amplified, cloned upstream of EGFP-

tagged prion proteins of several species and overexpressed in zebrafish neurons. Since

PrP transgene expression could be observed at 24 hpf but not at 48 hpf it would appear

that PrP overexpression is developmentally downregulated. PrP overexpressing neurons

like trigeminal ganglion and Rohon-Beard neurons were analyzed using coinjections

and immunohistochemistry but no major morphological defects could be identified.

Whether the developmental downregulation of PrP involves mechanisms like degrada-

tion or apoptosis remains to be clarified.
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Kurzfassung

Die normale Funktion des Prionproteins (PrP) findet weniger Beachtung als sein Beitrag

zu neurodegenerativen Erkrankungen, wie zum Beispiel der Creutzfeldt-Jakob-

Krankheit (CJD) beim Menschen, Bovine Spongiforme Enzephalopathie (BSE) bei

Rindern und Scrapie bei Schafen. Ursache dieser übertragbaren Gehirnkrankheiten,

welche zwangsläufig zum Tode führen und bisher nur bei Säugetieren bekannt sind, ist

vor allem die Akkumulation einer atypisch gefalteten Form („Prion“) des normalen,

körpereigenen Prionproteins. Dieses Prionprotein ist bei sämtlichen Wirbeltierklassen

hoch konserviert, was auf eine gemeinsame, evolutionär erhaltene Funktion schließen

lässt. Funktionen wie Signaltransduktion, Zelladhäsion und Zellerkennung, Lymphozy-

tenaktivierung und andere wurden nachgewiesen, doch eine übereinstimmende physio-

logische Wirkungsweise konnte bislang nicht identifiziert werden. Zelluläre Funktion

und Krankheit sind jedoch eng miteinander verbunden und ein Verständnis der PrP-

Funktion ist Vorraussetzung für eine Einsicht in die molekularen Mechanismen der

Krankheit. In dieser Arbeit wurde der Zebrabärbling (Danio rerio) als in vivo Modell

eingesetzt. Fische besitzen aufgrund einer evolutionär weit zurückliegenden Genom-

duplikation zwei Prionproteine (PrP-1 und -2), welche jedoch dieselben charakteristi-

schen Strukturmerkmale (eine Domäne mit repetitivem Motiv, gefolgt von einem hyd-

rophoben Bereich und einer stabilen, globulären Domäne) aufweisen wie das Säugetier-

Prionprotein. Allerdings verfügen sie über sehr unterschiedliche Expressionsmuster:

Während PrP-1 im Zebrabärbling-Embryo sehr früh und überall exprimiert wird, er-

reicht PrP-2 sein Expressionsmaximum später und ist auf neuronale Strukturen be-

schränkt, was auf eine veränderte Genregulation hinweist. Um dies nachzuweisen und

um Prionprotein-transgene Zebrabärblinge herstellen zu können, wurden in dieser Ar-

beit die regulatorischen Bereiche von PrP-1 und -2 im Zebrabärbling-Genom identifi-

ziert, amplifiziert, kloniert und funktionell charakterisiert. Die regulatorischen Elemente

von PrP-1 und -2 führten zu einem übereinstimmenden Expressionsmuster beider Gene,

welches Expression in trigeminalen Ganglion- und Rohon-Beard-Neuronen aufweist.

Allerdings zeigte sich,  nachdem der klonierte PrP-1 regulierende Sequenzabschnitt

feiner unterteilt und analysiert wurde, dass vermutlich Repressoren zur Abschaltung des

Gens während der Zebrabärbling-Entwicklung führen. Dieses Ergebnis würde mit dem

frühzeitigen endogenen Expressionsmuster von PrP-1 übereinstimmen.

Des Weiteren wurde eine Methode entwickelt, um Prionproteine in neuronalen Struktu-

ren zu überexprimieren. Hierfür wurden spezifische Enhancer (zCREST), welche nor-

malerweise die Expression des Islet-1 Gens regulieren, amplifiziert, vor EGFP-

fusionierte Prionproteine verschiedener Tierarten kloniert und in Zebrabärbling-

Embryos überexprimiert. Da die Expression von PrPs in 24 Stunden alten, jedoch nicht

in 48 Stunden alten Zebrabärblingen beobachtet werden konnte, ist es wahrscheinlich,
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dass die Überexpression mit der Zeit herunterreguliert wurde. Neuronale Strukturen,

wie trigeminale Ganglion- und Rohon-Beard-Neuronen, welche PrP überexprimieren,

wurden mittels Koinjektionen und Immunhistochemie auf Veränderungen untersucht, es

konnten jedoch keine eindeutigen morphologischen Defekte entdeckt werden. Inwiefern

die Herunterregulierung Mechanismen wie Protein Degradation oder Apoptosis invol-

viert, muss noch aufgeklärt werden.
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Annotations

! The zebrafish microinjection experiments were repeated at least twice and compara-

ble results were obtained.

! Lethality of microinjected embryos during experiments at 24 hpf was in an averaged

52% (n > 1000) and from 24 hpf to 48 hpf, the lethality was in an averaged 23% (n >

200) (not shown).

! Stages of zebrafish development are described after Kimmel et al. (KIMMEL et al.

1995).

! If not otherwise noted, in dorsal and lateral zebrafish images, anterior is to the right

and in lateral pictures, dorsal is up.

! Scale for zebrafish embryo images:

! Registered trademarks and protected brands are not particularly marked. The lack of

such references may not be concluded as a free brand.

8 hpf 24 hpf 48 hpf
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1 Introduction

1.1 The prion protein

1.1.1 A brief overview

Prion disorders belong to the most enigmatic diseases because of their unique mecha-

nism of infection. The infectious agents, prions, cause fatal neurodegenerative disorders,

also termed transmissible spongiform encephalopathies (TSEs) in a range of mamma-

lian species (COLLINGE 1997). In humans, prion diseases are grouped into sporadic,

genetic or infectious forms including the dementia causing Creutzfeldt-Jakob disease

(CJD), Gerstmann-Sträussler-Scheinker disease (GSS), and Kuru. In other mammals,

the ataxic illness Scrapie is found in sheep and goats, and bovine spongiform encepha-

lopathy (BSE) in cattle. Although the clinical symptoms differ between individual dis-

eases, they all cause the progressive loss of brain function due to the accumulation of

misfolded protease resistant prion protein and the concomitant brain vacuolation, astro-

gliosis and neuronal apoptosis, which inevitably lead to death. Currently, prions are

defined as small transmissible proteinaceous particles that are devoid of nucleic acids

and consist exclusively of the misfolded isoform (PrPSc) of the cellular prion protein

(PrPC) (PRUSINER 1989). Both PrP isoforms share the same primary structure (amino

acid sequence) but differ greatly in their tertiary structure. Thus, while the normal iso-

form, a ubiquitously expressed cell-surface glycoprotein, PrPC (RUDD et al. 2001) is

mainly !-helical, the pathogenic isoform exhibits primarily a "-sheet structure (PAN et

al. 1993).

1.1.2 Historical background of prion research

The history of prion observations is long and began as early as 1730 in the United

Kingdom with the first observation of an endemic disease in sheep, called Scrapie. The

name Scrapie was chosen because diseased animals scraped their bodies against rocks

(DESLYS and PICOT 2002). That Scrapie is transmissible to other sheep was first demon-

strated by two French veterinarians (CUILLÉ and CHELLE 1939), who infected healthy

sheep by inoculation of brain emulsions from sick animals. In humans, a neurodegen-

erative disorder that causes progressive dementia was first described in 1920 and 1921

by two German physicians, Hans Creutzfeldt and Alfons Jakob, whose names were later

used to coin the term “Creutzfeld-Jakob disease” (CREUTZFELDT 1920; JAKOB 1921).

Somewhat later, in 1957, Daniel Carleton Gajdusek and Vincent Zigas described Kuru,

another human neurodegenerative disease that leads to dementia, loss of balance and
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death. But while CJD affected people worldwide, Kuru was observed only among the

Fore people living in the highlands of Papua New Guinea (ZIGAS and GAJDUSEK 1957).

It was not clear if Kuru is a transmitted or genetically inherited disease since only

woman and children fell ill and trials to inoculate diverse animal species failed (DESLYS

and PICOT 2002). The similarity of the histological brain lesions between Scrapie and

Kuru was noticed in 1959 by William Hadlow and led to intracerebral inoculation stud-

ies in primates. Seven years later, these studies showed that Kuru is still transmissible.

In fact, it was transmitted within the Fore people by a ritualistic cannibalism (GAJDUSEK

et al. 1966). Twenty-eight years later, it was shown that CJD is transmissible to chim-

panzees (GIBBS et al. 1994). Until 1982, the molecular structure of the infectious agent

had remained elusive and hypotheses described it as a slow virus or virinoid (DIENER et

al. 1982; PRUSINER 1982), but observations that the Scrapie and CJD agents are ex-

tremely resistant to UV (ultraviolet) and ionizing radiation, which normally destroy nu-

cleic acids (ALPER et al. 1967), led Stanley Prusiner to suggest that the agent could be

exclusively made out of protein. He postulated the “protein-only” hypothesis and named

the agent “prion”, derived from “proteinaceous” and “infectious” (PRUSINER 1982). His

hypothesis later was completed by the proposal that the prion is a conformational iso-

form of the host protein PrPC and promotes the conversion of itself into further PrPSc,

with PrPSc acting as a template (PRUSINER 1991). From this point on, prion research

made rapid advances and Prusiner’s hypothesis gained strong support. The initial isola-

tion and sequencing of the prion protein from infectious tissue (BOLTON et al. 1982)

allowed the identification of Prnp, its encoding gene. Once Prnp was cloned, it became

evident that PrPC was a normal cellular protein encoded by the host (CHESEBRO et al.

1985; OESCH et al. 1985). One year later, Konrad Basler showed that the same host

gene, a single copy gene, encodes PrPC as well as PrPSc (BASLER et al. 1986) and an-

other group demonstrated that the two isoforms consist of the same amino acid se-

quence and post-translational modifications (STAHL et al. 1993). The next milestone in

prion research was the generation of PrP knockout mice. Homozygote knockout mice

were expected to be born unhealthy or even dead, since the single copy gene for PrP is

highly conserved among vertebrates and expressed in the CNS during development

(WEISSMANN and BUELER 2004). Nevertheless, Charles Weissmann generated the first

of several lines of mice devoid of PrPC. All mice were surprisingly viable and showed

no obvious phenotype (BUELER et al. 1992). However, these mice provided the “final

proof” of the “protein-only” hypothesis, because they failed to develop any disease after

inoculation with brain homogenate from Scrapie-sick mice, showing that PrPC is re-

quired for the susceptibility to scrapie (BUELER et al. 1993). In 1994, the establishment

of a cell-free in vitro conversion system gave another hint of the direct conversion of

PrPC into PrPSc. Coincubation of purified radiolabeled PrPC and cold PrPSc led to the

formation of radiolabeled PrPSc (KOCISKO et al. 1994). Further studies on the structural

features of PrPC and PrPSc brought clarity into the conversion and propagation mecha-
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nisms. For instance, using solution phase nuclear magnetic resonance (NMR), the

structures of the cellular prion protein in mice, Syrian hamsters and humans (ZAHN et

al. 2000) as well as those of chickens, turtles, frogs (CALZOLAI et al. 2005), cats, dogs,

pigs, sheeps (LYSEK et al. 2005) and others have been resolved. For PrPSc, however, it

has not yet been possible to elucidate a 3-D structure with high-resolution methods

(WILLE et al. 2002). Although the mammalian prion protein is highly conserved among

species and exhibits an overall similar tertiary protein structure, the amino acid se-

quence differs between species. This minimal diversity often leads to differences in sus-

ceptibility or prolongation of the incubation time for prion infection between different

donor and host species, a phenomenon referred to as the “species barrier” (PRUSINER

1998). Inoculation studies across species have shown that wild type mice cannot be in-

fected with Syrian hamster prions (ShaPrP), whereas transgenic mice expressing ShaPrP

are susceptible to infection (PRUSINER 1997). During the BSE crisis in the 1990s, which

was due to the feeding of contaminated meat and bone meal to cattle in Europe, the

“species barrier” became an interesting subject and a new variant of CJD (nvCJD) was

thought to be transmitted from infected beef to humans (DESLYS and PICOT 2002). 52

cases of nvCJD had been reported by the end of 1999 (ZEIDLER and IRONSIDE 2000).

There is now only evidence of a possible therapy during early stages of human prion

diseases. In prion infected mice, neurodegeneration can be reversed upon PrPC depletion

in neurons (MALLUCCI et al. 2007).

Despite these and other recent advances, there are still many unresolved questions in

prion research. For example, it is not clear how PrPSc reaches the brain after oral entry

in an organism and how it converts PrPC to become PrPSc. Also, the pathogenic mecha-

nisms and physiological function of PrPC remain largely elusive. (AGUZZI and PO-

LYMENIDOU 2004).

1.1.3 Structural features of prion proteins

The Prn gene family consists of two genes in mammals: Prnp, which encodes PrP1 and

downstream of it Prnd, which encodes Dpl (doppel). Both proteins display quite similar

tertiary structures, although they share no more than about 25% amino acid similarity

and likely play different physiological roles (MO et al. 2001). In mammals, PrP is ubiq-

uitously expressed in many cell types, but predominantly found on the cell surface of

neurons and immune cells (COLLINGE 2001), where it is prevalently localized to micro-

domains which act as signaling platforms for glycosylphosphatidylinositol (GPI)- an-

chored proteins like PrP or Thy-1 (STUERMER et al. 2004). During embryogenesis, PrP

mRNA is first detectable in the developing CNS of mice and chicken with increasing

levels until adulthood (HARRIS et al. 1993; MANSON et al. 1992). Structurally the ap-

                                                  
1 From here on PrP signify PrPC



- 19 -

proximately two hundred amino acid containing mature prion protein is composed of

three distinct domains that are highly conserved among vertebrates (Figure 1.1 A): the

flexible amino (N)- terminal tail, consisting of the repetitive region; a central conserved

hydrophobic stretch; and a stable carboxy (C)- terminal globular domain with three !-

helices, two short anti-parallel "-sheets and a GPI-anchor (DONNE et al. 1997). During

disease, the !-helix rich globular domain of PrPC assumes an abnormal "-sheet rich

conformation (PAN et al. 1993). The biosynthesis of PrP follows the typical pathways

known for cell membrane proteins. PrP is synthesized in the rough endoplasmatic re-

ticulum (rER) and posttranslationally modified during its transition through the rER and

the Golgi apparatus. These modifications include cleavage of the N-terminal signal

peptide, addition of two N-linked oligosaccharide chains, formation of a disulfide bond

between two !-helices in the globular domain, and attachment of the GPI-anchor

(HARRIS 1999).

Figure 1.1: Structures of tetrapod and teleost fish PrPs. (A) shows the major structural landmarks of PrP,

beginning with a signal peptide (SP) for membrane targeting, followed by the variable repetitive region

(blue), the hydrophobic domain (HD, red), the globular domain with two "-sheets (green) and three !-

helices (cyan), and finally the GPI anchor. Helix two and three are linked via a disulfide bridge (S-S). N

symbolizes the glycosylation sites; aa, amino acid. (B) Modelled ribbon structure of the human PrP and

predicted structures for fish PrP-1 and -2 (RIVERA-MILLA et al. 2006).

A

B
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Interestingly, all known PrP structures contain highly similar domains and most notably,

the stable globular fold. The PrP amino acid sequence is indeed strongly conserved

within vertebrate classes but highly divergent between different classes, with similarity

scores of only about 30% (RIVERA-MILLA et al. 2006). Despite these differences in pri-

mary sequence, the PrP structures of mammals, birds, reptiles and amphibians show

minimal variation (BILLETER et al. 1997; CALZOLAI et al. 2005; LYSEK et al. 2005). In

fish, two different orthologous PrP loci have been reported, PrP-1 and -2 (RIVERA-

MILLA et al. 2006). Having originated from an ancient genome duplication event in fish,

PrP-1 and -2 differ in their length and amino acid composition but structural models

predict tertiary structures similar to all known PrPs (Figure 1.1 B) (RIVERA-MILLA et al.

2006).

1.1.4 The unknown natural role of PrPC

Although much is known about PrP’s pathogenic properties (1.1.2), the normal function

of the prion protein remains largely elusive. This is partly due to the fact, that Prnp

knock out mice, now available fore fifteen years, show no obvious phenotype (BUELER

et al. 1992). Some mice were reported to show minor abnormalities (COLLINGE et al.

1994; FLECHSIG et al. 2003); however this might be due to genetic background of the

mice utilized rather than because of an indispensable function of PrP. So far, the resis-

tance of PrP deficient mice to prion infection is the only certain PrP “phenotype” ob-

served in these animals (BUELER et al. 1993). However, the presence of highly con-

served PrP structures in a variety of species from fish to humans (1.1.3) strongly sug-

gests an essential physiological role for PrP rather than the evolution of a host protein

that can only trigger prion disease. To date, numerous cellular functions have been pro-

posed for PrP. Because of its location on neuronal cell membranes, it might perform

signaling or cell adhesion roles, similar to cell adhesion molecules (CAMs) (SCHMITT-

ULMS et al. 2001). For example, PrP has been identified as a signaling molecule acti-

vating tyrosine kinases (MOUILLET-RICHARD et al. 2000). Additionally, several interac-

tion partners have been identified using a yeast two-hybrid assay but functional rele-

vance is not yet understood (SPIELHAUPTER and SCHATZL 2001). PrP has also been im-

plicated in promoting neurite outgrowth through direct interaction with NCAMs

(SANTUCCIONE et al. 2005). Furthermore, a neuroprotective signal is though to be trans-

duced by PrP and probably lost during its conversion to PrPSc (CHIARINI et al. 2002) but

on the contrary, in vivo antibody mediated cross-linking of PrP, has been found to in-

duce apoptosis in neurons (SOLFOROSI et al. 2004). Recently it has been shown that ex-

pression of PrP in developmental and adult neuronal progenitor cells increases cellular

proliferation and differentiation and thus could play a role in neurogenesis (STEELE et

al. 2006). Since the PrP repetitive region in the flexible N-terminus has been reported to

bind copper ions (BROWN et al. 1997) it may play a role in copper metabolism by
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stimulating endocytosis of copper-bound PrP from the cell surface (PAULY and HARRIS

1998). In association with copper, PrP has also been implicated to have an enzymatic

function similar to the superoxide dismutase (SOD), which catalyzes the dispropor-

tionation of superoxide to oxygen and hydrogen peroxide (BROWN et al. 1999). Fur-

thermore PrP has been found on the surface of lymphocytes, stimulating their activation

(CASHMAN et al. 1990), and has been reported to trigger signal transduction after anti-

body cross-linking on T-(thymus) cells (STUERMER et al. 2004). However, all these pro-

posed functions do not add up to one common molecular mechanism. The fragmentized

evidence might suggest that PrP could mediate signal transduction which leads either to

a neuroprotective signal of PrP, which is lost after prion infection, or to a toxic signal of

PrPSc (HARRIS and TRUE 2006). In order to understand the molecular mechanism of the

disease, it is important to focus also on the cellular function since disease and function

are “two sides of the same coin”. On this note, it is interesting to mention that transgenic

mice which express a secreted form of PrP are able to accumulate PrPSc after Scrapie

infection but fail to develop neurodegeneration (CHESEBRO et al. 2005). Overall, the

evolutionarily highly conserved structure of PrP might imply a conservation of an im-

portant function in all vertebrates. Therefore, it would be a logical extension of past

research to investigate this conserved function in a simple vertebrate like the zebrafish.

1.2 Zebrafish

1.2.1 The zebrafish as a model organism

The teleost zebrafish (Danio rerio), a tropical fish belonging to the family of Cyprini-

dae, is a useful tool for developmental and genetic studies. Compared to other higher

vertebrate model organisms, the zebrafish possess many advantages. Adult zebrafish

reach a length of no more than 3.8 cm and thus can be kept in fairly large numbers in

adequate space. Zebrafish live for around five years and produce one hundred to five

hundred synchronously developing eggs per spawning. The externally fertilized eggs

can easily be observed due to optical clarity of the chorion and external development

and thus, the embryos can be physically manipulated (NÜSSLEIN-VOLHARD and DAHM

2002). Because of the increasing popularity of zebrafish research, numerous protocols,

mutants, genetic markers and publications are available (SPRAGUE et al. 2006). Zebraf-

ish embryos develop rapidly; the four-cell stage is reached within one hour. The blastula

is formed between two to four hours post fertilization (hpf) and after about 24 hpf the

embryo already exhibits thirty somites, a compartmentalized brain and all the important

organs (KIMMEL et al. 1995). The zebrafish genome is divided into twenty-five chromo-

somes (1n) and is 1.8 giga base pairs (Gb) in size. This is roughly half the size of

tetrapod genomes like mice (3.4 Gb) and humans (3.3 Gb). To date, almost 16,000

genes have been identified in the zebrafish genome (ENSEMBL DATABASE 2007). How-
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ever, compared to tetrapods, teleost fish often possess two orthologous duplicated genes

instead of one. A genome duplication is thought to have occurred in an early fish an-

cestor before the teleost radiation, and led either to a secondary loss of one gene or, in

many cases, to a segregation of functions of the new genes with distinct spatial and

temporal expression patterns. In theory, the new genes partitioned their ancestral func-

tions in two more specifically restricted functions (FORCE et al. 1999). In many cases,

the function of each gene is less complex than the ancestral function and thus easier to

investigate (NÜSSLEIN-VOLHARD and DAHM 2002).

1.2.2 Overview of zebrafish development

The different stages of zebrafish development offer the possibility to address various

requests regarding specific anatomical structures. The development of a zebrafish be-

gins rapidly after fertilization of the egg. Following sweeping cytoplasmatic move-

ments, the first step is the formation of a single cell. About forty minutes after fertiliza-

tion, the first cleavage occurs. Henceforth, cells divide every fifteen minutes. The blas-

tula begins to form after about 2 hpf and the gastrulation at roughly 5 hpf. At the end of

the gastrulation period, cells that later form the epidermis, neural crest and central nerv-

ous system can already be identified (Figure 1.2 A-E).

Figure 1.2:  Important stages of the embryonic development of zebrafish during the first 48 hpf

(HAFFTER et al. 1996).

Between 10 and 24 hpf, somites, neuromeres and primary organs develop and the first

neurons (primary neurons) begin to stretch out their axons. From around 14 hpf on-

wards, the subdivision of the neural keel starts and at 24 hpf, the brain of the zebrafish

embryo can be divided into forebrain, midbrain and hindbrain (Figure 1.2 F, G). During

the pharyngula period, from 24 to 48 hpf, the body axis elongates, the heartbeat be-

comes visible, fins begin to form, and pigmentation occurs (Figure 1.2 H). After 72 hpf

the morphogenesis of organs is completed, the embryos hatch and immediately begin to

swim (KIMMEL et al. 1995).

A B C

D E F
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1.3 Genomic analyses and expression of prion genes

1.3.1 Prnp genomic neighbors in zebrafish

As mentioned before, the zebrafish have two duplicated PrP loci, Prnp-1 and -2 located

on chromosome 10 and chromosome 25, respectively. Comparisons of gene order (syn-

tenic) between mammalian and fish homologous chromosomes reveal that the zebrafish

PrP duplicated regions are organized as a mosaic of different chromosomes. Similar to

mammals, zebrafish have a prion protein related gene (PrP-rel-1 and -2) directly down-

stream to Prnp with some of the typical PrP identifying motives (RIVERA-MILLA et al.

2006), although the relationship with Dpl remains to be clarified. In humans and mice,

the genes downstream of the Prnp locus are Rassf2 (Ras association domain family 2)

and Slc23a1 (solute carrier family 23 member 1). In zebrafish, the Prnp-1 locus is

flanked upstream by slk (STE20-like kinase) and downstream by Rassf2 (Figure 1.3 A)

(PREMZL et al. 2004) whereas unknown genes flank the Prnp-2 locus (Figure 1.3 B).

Nevertheless, according to the Ensembl Web site, the PrP-1 downstream neighbor of

Prnp-1 is Sprn2 (ENSEMBL DATABASE 2007), coding for Shadoo2 (Sho2, PrP-rel-1)), a

PrP related protein (MIESBAUER et al. 2006). Gene homologies upstream of PrP-1 are

not evident at this point from the Ensembl database.

Figure 1.3: Genomic loci of zebrafish (A) PrP-1 on chromosome 10 (Prnp-1) and (B) PrP-2 on chromo-

some 25 (Prnp-2). Modified from Premzl et al. (PREMZL et al. 2004).

Given the differences between the PrP genomic neighborhoods of mammals and fish, it

is likely that the regions have undergone multiple chromosomal rearrangements

(RIVERA-MILLA et al. 2006). Such rearrangements need to be considered when search-

ing intergenic and intronic regions (the region 5' and 3’ of the gene and the intron) for

promoter or regulatory elements (i.e. enhancing- or silencing elements).

1.3.2 Prnp gene organization

In many mammalian species, the promoter region as well as conserved motifs and tran-

scription factor binding sites (cis-elements) of the PrP gene have already been charac-

terized. PrP is among the housekeeping genes (constitutively constant expressed genes)

A

B



- 24 -

that usually exhibit many Sp1 transcription factor binding sites (BAILLY et al. 2004).

Sp1 sites have been shown to act as strong activators for genes (ANDERSON and

FREYTAG 1991). Other conserved features among mammalian PrP promoter regions are

their guanine/cytosine- (G/C) rich stretches, AP-1 and -2 binding sites, four strongly

conserved sequence stretches (motifs 1-4), and the lack of a TATA box, which in many

genes is important for the initiation of transcription (Figure 1.4) (BASLER et al. 1986;

PUCKETT et al. 1991; WESTAWAY et al. 1994a).

Figure 1.4: Characteristic mammalian Prnp promoter region that exhibit four conserved sequence

stretches (motif 1-4) an AP-1 and three Sp-1 transcription factor binding sites and a CCAAT box. Ra: rat,

Mo: mouse, Ha: hamster (SAEKI et al. 1996).

Some differences can be observed in the genetic structure of mammalian prion genes. In

rodent species like rats and mice, Prnp is made of three exons with the last exon coding

for the entire open reading frame (ORF) and the 3’ untranslated region (UTR) (SAEKI et

al. 1996; WESTAWAY et al. 1994a). A three exon structure with a short intron one and a

large intron two is also found in sheep (LEE et al. 1998) and cattle (INOUE et al. 1997),

whereas the mRNA of Syrian hamsters is transcribed alternatively in two or three exons

(LI and BOLTON 1997) and human Prnp exhibits only two exons, with exon two missing

(LEE et al. 1998). For zebrafish PrP, a two-exon human like structure has been reported

(COTTO ET AL. 2005). Using expression studies in transgenic mice, Charles Weissmann’s

group showed that this conserved intron-exon structure is important for transcription.

Three different PrP constructs were designed, the first one contained no introns and was

not expressed, the second one included the first intron and was expressed unspecifically,

and only the whole genomic construct showed tissue-specific expression (FISCHER et al.

1996). Similar results were reported for the bovine prion promoter where intron one is

also required for the expression of a reporter enzyme in a bovine cell culture (INOUE et

al. 1997). Besides eutherian mammals, the Prnp gene has also been analyzed in Marsu-
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pialia (Metatheria), a more primitive infraclass of theria including opossums and walla-

bies. This study showed, that wallabies also exhibit only two exons with some resem-

blances in the G/C content and conserved motifs compared to eutherians (PREMZL et al.

2005). However, for non-mammalian vertebrate species, analyses of the prion protein

promoter are so far unavailable and promoter comparisons between mammals and ze-

brafish are rare. Nevertheless, regulatory sequences in the zebrafish prion promoter re-

gion should be similar enough to those in mammals in order to detect conserved motifs

(ROTHENBERG 2001).

1.3.3 Developmental expression pattern of endogenous zebrafish PrP

During zebrafish development, PrP-1 and -2 show distinct spatiotemporal expression

patterns, indicative of highly restricted, differential gene regulation. Analysis by in situ

hybridization demonstrated that PrP-1 RNA is maternally ubiquitously expressed

around 2.5 hpf (Figure 1.5; A) with decreasing levels after gastrulation whereas PrP-2 is

not detectable at this stage (Figure 1.5; C). At 30 hpf, PrP-1 is only detectable at low

levels (Figure 1.5; B) but PrP-2 exhibits strong expression in the central nervous system

(CNS), notably in the brain, trigeminal ganglion neurons, neuromeres and in some parts

of the peripheral nervous system like Rohon-Beard neurons and lateral line ganglia

(Figure 1.5; D) (MÁLAGA-TRILLO et al. in review by Cell-press).

Analogous experiments in chicken and mouse embryos show PrP expression throughout

the developing CNS (HARRIS et al. 1993; MANSON et al. 1992) comparable to PrP-2.

These results suggest sub-functionalization of PrP-1 and -2, as mentioned in 1.2.1, with

PrP-2 being the ortholog of the PrP of higher vertebrates.

Figure 1.5: Expression pat-

terns of zebrafish PrP-1 (A;

B) and -2 (C; D) at 2.5 hpf

(A; C) and 30 hpf (B; D).

RNA in situ hybridization

detected PrP-1 ubiquitously

distributed early in develop-

ment whereas PrP-2 is late

and neuronal expressed (t,

telencephalon; d, diencepha-

lons; tg, trigeminal ganglion;
nm, neuromeres; llg, lateral line ganglion; rb, Rohon-Beard sensory neurons (MÁLAGA-TRILLO et al. in

review by Cell-press).

A B

C D
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1.4 Targeted PrP expression in zebrafish neurons

1.4.1 PrP loss- and gain-of-function in zebrafish

A powerful method for studying the function of a protein in vivo is to analyze its loss-

and gain-of-function phenotypes by knockdown or overexpression of the gene. Unlike

PrP0/0 mice, which show no obvious phenotype (BUELER et al. 1992), the knockdown of

zebrafish PrP-1 and -2 with modified antisense RNA oligonucleotides (morpholinos)

has revealed important roles in early and late development. The knockdown of PrP-1

causes an early developmental arrest that leads to embryonic death. In contrast, embryos

without PrP-2 reach the larval stages, but possess malformed heads and eyes. Ectopic

overexpression of in vitro synthesized PrP mRNA in zebrafish embryos likewise af-

fected their development, but for both PrP in a similar manner. After asymmetric epi-

boly, embryos develop deformed brains and reduced or fused eyes at later stages (Figure

1.6) (MÁLAGA-TRILLO et al. in review by Cell-press). These results could imply that

PrP-1 and -2 indeed share the same function but under different regulation. But as

RNA/DNA injections into zebrafish embryos need to be performed at stages no later

than the four-cell stage, there is a technical limitation for late and specific overexpres-

sion of PrP-2, as overexpression in early stages is likely to mask later effects. Moreover,

RNA is actively degraded during early development. An alternative for late and specific

expression of PrP could be to place it under the temporal and spatial control of known

regulatory elements, such as the Islet-1 gene enhancers, which target the protein to late

developing neurons.

1.4.2 Islet-1 and its enhancers

The Islet-1 (Isl1) protein belongs to the LIM- (lin-11, Isl1, mec-3) homeodomain tran-

scription factors (LIM-HD TF), a family of genes involved in the regulation of other

Figure 1.6: Ectopic PrP mRNA

overexpression affects normal

zebrafish development. Control

embryos (A, E, I) develop normal

whereas ectopic overexpression of

PrP-1 (B, F, J), PrP-2 (C, G, K)

and PrP-mo (D, H, L) results in

asymmetric epiboly (B-D),

smaller brains (F-H)  and mal-

formed or fused eyes ( J - L )

(MÁLAGA-TRILLO et al. in review

by Cell-press).
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developmentally important genes (homeobox gene family) (SANCHEZ-GARCIA et al.

1993). It was originally identified as a homeobox gene that enhanced the expression of

the insulin gene in the rat pancreas (KARLSSON et al. 1990) but it is also expressed in a

subset of neurons including primary sensory and motor neurons (THOR et al. 1991). For

specific expression of Isl1, three regulatory elements, zCREST1-3 (zebrafish conserved

regulatory element for Isl1 1-3) have recently been identified (Figure 1.7) (HIGASHIJIMA

et al. 2000; UEMURA et al. 2005).

Figure 1.7: Isl1 gene locus and expression examples of zCREST-GFP microinjected zebrafish embryos.

zCREST 3 shows enhancer activity in primary sensory neurons such as trigeminal ganglion cells (A) and

Rohon-Beard neurons (B). zCREST1 drives the expression in primary motor neurons like different cra-

nial motor neurons (C) and spinal motor neurons (D). zCREST2 exhibits a more broad expression pattern

in sensory and motor neurons (A-D). Black box: Isl1 gene; dark grey box: ICP (Isl1 core promoter, 4.1kb)

for the basal expression; light grey boxes: zCREST 1-3 enhancer elements. Modified from Uemura et al.

(UEMURA et al. 2005).

Injections of green fluorescent protein (GFP) fused zCREST constructs (zCREST-GFP)

into zebrafish embryos have revealed the specificity of these Isl1 enhancers. The

roughly 800 bp fragment zCREST1 downstream of the Isl1 gene can drive GFP expres-

sion to primary cranial and spinal motor neurons. zCREST3 (#420 bp), which lays up-

stream of Isl1 and enhances GFP expression in primary sensory neurons, such as tri-

geminal ganglion neurons and Rohon-Beard neurons (UEMURA et al. 2005). Notably,

this expression pattern largely overlaps with the expression pattern observed for PrP-2

in zebrafish embryos (1.3.3). The zCREST2 (#600 bp) enhancer element drives GPF

expression in both sensory and motor neurons (UEMURA et al. 2005). These enhancer

elements, together with temporally regulated promoters such as a heat inducible heat-

shock protein (Hsp) promoter, offer a nice tool for targeted expression of a gene of in-

terest.
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1.5 Objectives

The general aims of this diploma thesis were to identify and characterize the regulatory

sequences driving the expression of PrP-1 and -2 in zebrafish and to gain preliminary

insight into the effects of targeted overexpression of PrP in zebrafish neurons. The ze-

brafish provides an ideal model to investigate the elusive molecular functions of PrP in

a simple vertebrate. Transgenic zebrafish expressing reporter genes such as GFP under

tissue-specific promoters provide an invaluable means to visualize the behavior of dis-

tinct cell populations or organs under genetic manipulations.

In order to characterize the regulatory sequences of PrP in zebrafish, the following spe-

cific aims were undertaken:

(1) Bioinformatics characterization of putative regulatory sequences for PrP using a

genome database (ENSEMBL DATABASE 2007).

(2) Amplification of the corresponding genomic sequences by polymerase chain

reaction (PCR) using whole genomic zebrafish DNA as template.

(3) Cloning of the amplified sequences upstream of the enhanced green fluorescence

protein (EGFP) in a promoterless vector.

(4) Activity tests in order to detect EGFP expression by injection of the cloned con-

structs into zebrafish embryos.

These experiments were designed to help us understand the regulatory basis for the re-

stricted expression patterns of PrP-1 and -2 during development and as preparative work

towards the generation of stable transgenic lines which express for instance mouse PrP

or zebrafish PrP-1 under the control of the promoter/enhancer of PrP-2. Such transgenic

zebrafish will be useful tools to study PrP functional aspects in vivo.

In order to overexpress PrP specifically in neurons, the following aims were pursued:

(1) Identification of promoter/enhancer elements able to drive protein expression

specifically in neurons by bioinformatics search.

(2) Amplification of these promoter/enhancer elements by PCR using whole ge-

nomic zebrafish DNA as template.

(3) Cloning of the promoter/enhancer elements into an EGFP vector.

(4) Activity tests by injection of the cloned constructs into zebrafish embryos in

order to examine the specificity of the expression patterns.

(5) Subcloning of EGFP-tagged PrPs from different vertebrate species downstream

of the neuronal expressing promoter/enhancer elements.

(6) Analysis of the effects of neuronal overexpression of PrP in transient transgenic

zebrafish.

These experiments will help us to characterize the neuronal function of PrP and to over-

come the technical limitation of ectopical overexpression of PrP-2, which masks later
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effects due to early injection (1.4.1). As PrP-2 is expressed late and neuronal in zebra-

fish, overexpression needs to be targeted to developing neurons to investigate their ef-

fects.
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2 Materials2

2.1 Molecular biology

2.1.1 Oligonucleotides

Oligonucleotides were purchased from Operon (Köln, Germany) and used for PCR,

colony PCR and sequencing. Specific restriction sequences for enzyme recognition

were added to allow ligation into the corresponding vector sites.

Table 2.1: Primers used to amplify the genomic sequences up- and downstream of the zebrafish Prnp-1

gene, for sequencing and colony PCR. Restriction sites are highlighted in bold. Small types (gg) are bases

added to prevent the loss of restriction sites during oligosynthesis. f: forward, r: reverse.

Name
Restriction
site added Sequence

PrP1.A1-NdeI-f NdeI 5’- ggCATATGCGGATGTTGTATGTGTGTCTTCAGG

PrP1.A1-NheI-f NheI 5’- ggGCTAGCCGGATGTTGTATGTGTGTCTTCAGG

PrP1.A2-NdeI-f NdeI 5’- ggCATATGAGTCAGCGTGATCTCTGTTGAGCAG

PrP1.A2-NheI-f NheI 5’- ggGCTAGCAGTCAGCGTGATCTCTGTTGAGCAG

PrP1.A3-NheI-r NheI 3’- ggGCTAGCAGGTTGAAGAAGCGTCTCTCCCGCA

PrP1.A3-AgeI-r AgeI 3’- ggACCGGTAGGTTGAAGAAGCGTCTCTCCCGCA

PrP1.in-NheI-r NheI 3’- ggGCTAGCGGGAACAGTCTTGCTTACAGTGCCT

PrP1.in-AgeI-r AgeI 3’- ggACCGGTGGGAACAGTCTTGCTTACAGTGCCT

PrP1.in-NdeI-r NdeI 3’- ggCATATGGGGAACAGTCTTGCTTACAGTGCCT

PrP1.out-NdeI-f NdeI 5’- ggCATATGTTTTACACAACAGATGCCCTTTCAGCC

PrP1.B1-NheI-r NheI 3’- ggGCTAGCCTTCTCATCACACTGGGCACGGTCG

PrP1.B2-NdeI-f NdeI 5’- ggCATATGGCAGCCCTACTACAGATACAGCACC

PrP1.B2-NheI-r NheI 3’- ggGCTAGCGGTGCTGTATCTGTAGTAGGGCTGC

PrP1.A1/1-NheI-r NheI 3’- ggGCTAGCGACTGCATCCATACATCTCTGC

PrP1.2/A3-NdeI-f NdeI 5’- ggCATATGGCAGAGATGTATGGATGCAGTC

PrP1.A1/A3mid-NdeI-f NdeI 5’- ggCATATGGTTCAGTTACATTCAGTTTGG

PrP1.A1/A3mid-NheI-r NheI 3’- ggGCTAGCGATGAGTTGTCATAAGCTGTC

PrP1.4/A3-NdeI-f NdeI 5’- ggCATATGGACAGCTTATGACAACTCATC

PrP1.A1/A3-seq-f - 5’- CTTCTCACACTTCAGCCTCTACATC

PrP1.A2/in-seq-f - 5’- TAGCCTTATCCTTCGTGGCATAC

PrP1.B2/B1-seq-r - 3’- GGCTCCAGGACCCAGATTGGTGC

                                                  
2 Unless otherwise stated Milli-Q water was used for all media, buffers and solutions.



- 31 -

Table 2.2: Primers used to amplify the genomic sequences up- and downstream of the zebrafish Prnp-2

gene, for sequencing and colony PCR. Restriction sites are highlighted in bold. Small types (gg) are bases

added to prevent the loss of restriction sites during oligosynthesis. f: forward, r: reverse.

Name
Restriction
site added Sequence

PrP2.A1-f - 5’- GCTATTCCACCATCTGCGTCTGTTC

PrP2.A2-f - 5’- CCACTTCATGTGATGGAGCACAATGC

PrP2.A2-r - 3’- GCATTGTGCTCCATCACATGAAGTGG

PrP2.A3-f - 5’- GTACAGGTATGCAGTTGCAGCAAGC

PrP2.A3-NdeI-f NdeI 5’- ggCATATGGTACAGGTATGCAGTTGCAGCAAGC

PrP2.A3-r - 3’- GCTTGCTGCAACTGCATACCTGTAC

PrP2.A3-NheI-r NheI 3’- ggGCTAGCGCTTGCTGCAACTGCATACCTGTAC

PrP2.A4-f - 5’- CACAACTGACAAATAGTCGCAGGCA

PrP2.A4.2-Nde-f NdeI 5’- ggCATATGGGTGTTTACGACATCACTTAGAAGGCAGC

PrP2.A4-r - 3’- TGCCTGCGACTATTTGTCAGTTGTG

PrP2.A4-NheI-r NheI 3’- ggGCTAGCTGCCTGCGACTATTTGTCAGTTGTG

PrP2.A5-f - 5’- GTCGCGCATCCAAGGGACAACAATC

PrP2.A5-NdeI-f NdeI 5’- ggCATATGGTCGCGCATCCAAGGGACAACAATC

PrP2.A6-r - 3’- GCTGTTTTAAGCGAGTCCTCTCTTG

PrP2.A6-NheI-r NheI 3’- ggGCTAGCGCTGTTTTAAGCGAGTCCTCTCTTG

PrP2.A7-f - 5’- GATGCTGGAGATTTGTTCAGCCACAG

PrP2.A7-NdeI-f NdeI 5’- ggCATATGGATGCTGGAGATTTGTTCAGCCACAG

PrP2.A7-r - 5’- CTGTGGCTGAACAAATCTCCAGCATC

PrP2.A7-NheI-r NheI 5’- ggGCTAGCCTGTGGCTGAACAAATCTCCAGCATC

PrP2.in-r - 3’- CCACAAGAGCCAGACAGAGCAATAG

PrP2.in.2-NheI-r NheI 3’- ggGCTAGCCCTCATCATTTAATCTTCCAGATGTGG

PrP2.out-f - 5’- CGTTCGTTAAATGTCCTCCACTGTTGG

PrP2.B3-f - 5’- CCATGACCTTACGCTGACAGAGAAC

PrP2.B3-r - 3’- GTTCTCTGTCAGCGTAAGGTCATGG

PrP2.B2-f - 5’- CCGATTTGTGGCGAATCGTTAAAGTTTGCG

PrP2.B2-r - 3’- CGCAAACTTTAACGATTCGCCACAAATCGG

PrP2.B1-r - 3’- GTACCTTCTAAACCGCTCTCAGTGAC

PrP2.A4/A6-seq-r - 3’- GTATGTTGTATACTGTAAACG
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Table 2.3: Primers used to amplify the genomic sequences of the zebrafish Islet-1 enhancers and the

Hsp70 promoter region, for sequencing reactions and colony PCR. Restriction sites are highlighted in

bold. Small types (gg) are bases added to prevent the loss of restriction sites during oligo synthesis. f:

forward, r: reverse.

Name
Restriction
site added Sequence

zCREST1-AseI-f AseI 5’- gATTAATCTGAGTGGACCTGGCCACAGTCAAT

zCREST1-AseI-r AseI 3’- gATTAATGTCTTGGAATGAAACAGACCATTTT

zCREST2-AseI-f AseI 5’- gATTAATGTGCAGCTTTAGACATTTAAAATTG

zCREST2-AseI-r AseI 3’- gATTAATCAGCACCATAATTCACCACGGTGTG

zCREST3-NdeI-f NdeI 5’- gCATATGGTAACAGGATGTGACACGTCGTCTG

zCREST3-NdeI-r NdeI 3’- gCATATGGCCTGCTGCTGGTGTCATTTACTGG

zCREST2-NdeI-f NdeI 5’- ggCATATGGTGCAGCTTTAGACATTTAAAATTG

zCREST2/3-f - 5’- CGTGGTGAATTATGGTGCTGGTAACAGGATGTGACACGTC

zCREST2/3-r - 3’- GACGTGTCACATCCTGTTACCAGCACCATAATTCACCACG

ZF-Hsp70-Chr3-f - 5’- CAATCCGTCAGATTCTGGAGTGCATTACAGC

ZF-Hsp70-Chr3-r - 3’- GTAGGTGGTGCCCAGGTCAATGCCAATAGCG

ZF-Hsp70-Chr8-f - 5’- GATCCTTCAGGGGTGTCGCTTGGTGATTTCC

ZF-Hsp70-Chr8-r - 3’- GTAGGTGGTGCCCAGGTCAATGCCAATAGCG

ZF-Hsp70Chr8-AseI-f AseI 5’- ggATTAATGATCCTTCAGGGGTGTCGCTTG

ZF-Hsp70Chr8-NheI-r NheI 3’- ggGCTAGCGTAGGTGGTGCCCAGGTCAATG

Table 2.4: General primers, provided from the manufacture where the corresponding vectors were ob-

tained or purchased from Operon (Köln, Germany). f: forward, r: reverse.

Name Vector Sequence

M13-f pCRII-TOPO 5’- GTAAAACGACGGCCAG

M13-r pCRII-TOPO 3’- GTCATAGCTGTTTCCTG

pEGFP-N1-r pEGFP-C1 3’- GCCCTTGCTCACCATGGTGG

pEGFP CMV-r pEGFP-C1 3’- GGCTATGAACTAATGACCCCG

pEGFP Ori-f pEGFP-C1 5’- GTGGATAACCGTATTACCGC

2.1.2 Vectors

Name Source

pCRII-TOPO Invitrogen (Karlsruhe, Germany)

pEGFP-C1 BD Biosciences Clontech (Mountain View, CA, USA)

pDsRed-Monomer-N1 BD Biosciences Clontech (Mountain View, CA, USA)
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2.1.3 Kits

Name Source

Quick Ligation
 
Kit NEB (Frankfurt am Main, Germany)

Topo TA Cloning
 
Kit Invitrogen (Karlsruhe, Germany)

QIAprep Spin Miniprep Kit Qiagen (Hilden, Germany)

GeneJET Plasmid Miniprep Kit MBI-Fermentas (St. Leon-Roth, Germany)

peqGOLD Plasmid Miniprep Kit PEQLAB (Erlangen, Germany)

QIAquick PCR Purification Kit Qiagen (Hilden, Germany)

QIAquick Gel Extraction Kit Qiagen (Hilden, Germany)

2.1.4 Enzymes

Name Source

REDTaq DNA Polymerase (1u/!l) Sigma-Aldrich (Deisenhofen, Germany)

BshTI (AgeI) (10u/!l) MBI-Fermentas (St. Leon-Roth, Germany)

EcoRI (10u/!l) MBI-Fermentas (St. Leon-Roth, Germany)

NdeI (10u/!l) MBI-Fermentas (St. Leon-Roth, Germany)

NheI (10u/!l) NEB (Frankfurt am Main, Germany)

VspI (AseI) (10u/!l) MBI-Fermentas (St. Leon-Roth, Germany)

Calf Intestine Alkaline Phosphatase
(1u/!l)

MBI-Fermentas (St. Leon-Roth, Germany)

T4 DNA Ligase (5u/!l) MBI-Fermentas (St. Leon-Roth, Germany)

T4 DNA Ligase (1-3u/!l) Promega (Mannheim, Germany)

2.1.5 Buffers for molecular biology

6 x DNA loading buffer for agarose gels 0,25% (w/v) bromophenol blue

0,25% (w/v) xylene cyanol FF

15% (w/v) Ficol (type 400) in water

50 x TAE buffer 2 M Tris acetate

1 M glacial acetic acid

0,5 M EDTA

pH 8

1 x TAE buffer 0,04 M Tris acetate

0.02 M glacial acetic acid

0,0001 M EDTA

Ethidium bromide solution 1 x TAE

0.005 % (v/v) ethidium bromide
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2.1.6 Other molecular biology reagents

Name Source

6 x DNA loading buffer PEQLAB (Erlangen, Germany)

dNTPs PEQLAB

Lambda HindIII Digest PEQLAB

peqGOLD 100bp DNA-Ladder PEQLAB

peqGOLD 1kb DNA-Ladder PEQLAB

peqGOLD Ladder-Mix PEQLAB

2.1.7 Internet tools

Tool Source

ClustalW http://www.ch.embnet.org/software/ClustalW.html

Ensembl http://www.ensembl.org

National center for biotechnology informa-

tion
http://www.ncbi.nlm.nih.gov/

NEBcutter V2.0 http://tools.neb.com/NEBcutter2/index.php

NetPrimer http://www.premierbiosoft.com/netprimer/index.html

Reverse complement http://bioinformatics.org/sms/rev_comp.html

The Zebrafish Model Organism Database http://zfin.org
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2.2 Organisms, buffers, media, equipment

2.2.1 Organisms

Name Source

E. coli strain; chemically competent cells
TOP10F’ / TOP10 Invitrogen (Karlsruhe, Germany)

Neuro-2a (N2a) cell line (ATCC CCL-131);

cell line derived from mouse neuroblastoma
Kindly provided by LS Bürkle (University of Konstanz, Germany)

Zebrafish wt (wild type) Maintained at the TFA (University of Konstanz, Germany)

2.2.2 Media and antibiotics

Bacteria cell culture media

LB (Luria-Bertani-Broth)    1% (w/v) bacto tryptone

0,5% (w/v) bacto yeast extract

   1% (w/v) NaCl

pH 7.0, autoclaved

LB agar    1% (w/v) bacto tryptone

0,5% (w/v) bacto yeast extract

   1% (w/v) NaCl

1.5% (w/v) bacto agar

pH 7.0, autoclaved

SOC (Invitrogen)    2% (w/v) bacto tryptone

0.5% (w/v) bacto yeast extract

 10 mM NaCl

2.5 mM Kcl

10 mM MgCl2

10 mM MgSO4

20 mM glucose

pH 7.4, autoclaved

N2a cell culture media

1 x MEM with Earle’s salts, L-glutamine, P/S
(penicillin/streptomycin)

10% (v/v) FCS

0.06 mg/ml penicillin

0.1   mg/ml streptomycin

2 mM L-Glutamine
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Zebrafish media

Embryo medium E3      5 mM NaCl

0.17 mM KCl

0.33 mM CaCl2

0.33 mM MgSO4

0.5% methylene blue

autoclaved

Antibiotics Stock solution Working solution

Ampicillin 50 mg/ml 0.1 mg/ml

Kanamycin 50 mg/ml 0.05 mg/ml

Penicillin 6 mg/ml 0.06 mg/ml

Streptomycin 10 mg/ml 0.1 mg/ml

2.2.3 Solutions and buffers

Zebrafish handling

Injection solution 0.15 M KCl

33% (v/v) 0.5% Phenol red in DPBS

NaPO4 buffer 0.4M NaH2PO4

0.4M Na2HPO4

10 x PBS 95.5 g/l PBS Dulbecco

4% PFA in PO4 4% (w/v) PFA

0.1M NaPO4 buffer

pH 7.4

4% PFA in PBS 4% (w/v) PFA

1x PBS

pH 7.4

PBS-T (permeabilization solution) 1 x PBS

0.1% (v/v) Triton X-100

PBS-DT 1 x PBS

0.1% (v/v) Triton X-100

   1% (v/v) DMSO

Blocking solution PBS-DT

10% goat serum

Mowiol mounting medium  35% (w/v) Mowiol

 50% (v/v) 2M Tris-Hcl (pH 8)

 25% (v/v) Glycerin

0.8% (w/v) Thymerosal

30 x Pronase 30% (w/v) Pronase E/Actinase E

pH 7
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1 x Pronase 1 x Pronase

Embryo medium E3

SDS-PAGE

Separating gel buffer 1.5 M Tris-HCl pH 8.8

0.4% (w/v) SDS

Stacking gel buffer 1 M Tris-HCl pH 6.8

0.8% (w/v) SDS

10 x running buffer (Lämmli buffer) 0.25 M Tris-HCl

2 M Glycine

1% (w/v) SDS (sodium dodecyl sulfate)

pH 8.3

1 x running buffer (Lämmli buffer) 10% (v/v) 10x running buffer

6 x protein loading buffer    10% (v/v) 2-mercaptoethanol

6.67% (w/v) SDS

     3% (v/v) 1M Tris-HCl

  0.1% (v/v) Bromophenol blue

Western blot

1 x Blotting buffer   0.2 mM Tris-HCl

0.15 M Glycine

25% (v/v) Methanol

10 x PBS 95.5 g/l PBS Dulbecco

Blocking solution 1 x PBS

5% (w/v) Non-fat milk powder

Stripping solution 1% (v/v) SDS solution

1 x PBS
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2.2.4 Antibodies

Primary antibodies Dilution Source

Monoclonal mouse anti-acetylated tubulin

IgG (Catalog number: T7451) 1:500 (IF) Sigma-Aldrich (Deisenhofen, Germany)

Monoclonal mouse anti-GFP IgG (Catalog

number: 11814460001) 1:2000 (WB) Roche (Mannheim, Germany)

Polyclonal rabbit anti-DsRed (living colors)

(Catalog number: 632496) 1:2000 (WB) Clontech (Saint-Germain-en-Laye, France)

Secondary antibodies Dilution Source

Polyclonal donkey anti-mouse IgG (H+L)
Cy3 1:1000 (IF)

Jackson ImmunoReasearch (Newmarket, Eng-
land)

Polyclonal goat anti-mouse IgG (H+L) HRP 1:10000 (WB) Jackson ImmunoReasearch

Polyclonal goat anti-rabbit IgG (H+L) HRP 1:10000 (WB) Jackson ImmunoReasearch

2.2.5 Protein size marker

Name Source

Precision Plus Protein all blue standards Bio-Rad (München, Germany)

2.2.6 Chemicals

Name Source

0.05% Trypsin with 0.02 % EDTA Invitrogen (Karlsruhe, Germany)

1 x MEM (minimal essential medium) with
Earle’s salts, without L-glutamine

Invitrogen (Karlsruhe, Germany)

Acrylamid/Bisacrylamid Roth (Karlsruhe, Germany)

Ammoniumpersulfat (APS) Sigma-Aldrich (Deisenhofen, Germany)

Calcium chloride (CaCl2) Riedel-de-Häen (Seelze, Germany)

Cur guard tonic Dupla (Grafschaft-Gelsdorf, Germany)

Dimethyl sulfoxide (DMSO) Sigma-Aldrich (Deisenhofen, Germany)

Dulbecco’s phosphate-buffered saline
(D-PBS)

Invitrogen (Karlsruhe, Germany)

ECL-Solutions (SuperSignal west pico) Perbio science (Bonn, Germany)

EDTA (ethylenediaminetetraacetic acid) Roth (Karlsruhe, Germany)

Ethidium bromide Sigma-Aldrich (Deisenhofen, Germany)

FCS (fetal calf serum) Invitrogen (Karlsruhe, Germany)

Glycine Roth (Karlsruhe, Germany)

Goat serum Sigma-Aldrich (Deisenhofen, Germany)

Isopropanol Fisher Scienific (Schwerte, Germany)

L-Glutamine Invitrogen (Karlsruhe, Germany)

Lipofectamine transfection reagent Invitrogen (Karlsruhe, Germany)

Magnesium sulfate (MgSO4) Merck (Darmstadt, Germany)

Methylene blue Merck (Darmstadt, Germany)
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Milk powder (Rapilait) Migros (Zürich, Switzerland)

Mowiol 4-88 Hoechst (Frankfurt, Germany)

N,N,N’,N’-Tetramethyl-ethylenediamine
(TEMED)

Serva (Heidelberg, Germany)

NEEO Agarose Roth (Karlsruhe, Germany)

Paraformaldehyde (PFA) Riedel-de-Häen (Seelze, Germany)

Phenol red solution 0.5% in DBPS Sigma-Aldrich (Deisenhofen, Germany)

Phosphate-buffered saline (PBS) dulbecco Biochrom AG (Berlin, Germany)

Phosphate-buffered saline (PBS) sterile Invitrogen (Karlsruhe, Germany)

Ponceau S Sigma-Aldrich (Deisenhofen, Germany)

Potassium chloride (KCl) Fluka (Buchs, Switzerland)

Pronase E Sigma-Aldrich (Deisenhofen, Germany)

SDS (sodium dodecyl sulfate) Serva (Heidelberg, Germany)

Sodium azide (NaN3) Merck (Darmstadt, Germany)

Sodium chloride (NaCl) Merck (Darmstadt, Germany)

Sodium phosphate dibasic (Na2HPO4) Merck (Darmstadt, Germany)

Sodium phosphate monobasic (NaH2PO4) Merck (Darmstadt, Germany)

TRIS (Tris(hydroxymethyl)-aminomethane Sigma-Aldrich (Deisenhofen, Germany)

Triton X-100 Sigma-Aldrich (Deisenhofen, Germany)

Vaseline Mainland Pharmazeutische Fabrik (Frankfurt, Germany)

Water conditioner Original-Bio-Natural (Essen, Germany)

Bromophenolblue Merck (Darmstadt, Germany)

"-Mercaptoethanol Sigma-Aldrich (Deisenhofen, Germany)
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2.2.7 Laboratory equipment

2.2.7.1 Molecular biology

Name Specifications Manufacturer

PCR thermal cycler DNA Engine PTC-200

DNA Engine DYAD PTC-0220

Genetic Technologies (Miami, FL, USA)

2.2.7.2 Electrophoresis and gel documentation

Name Specifications Manufacturer

Electrophoresis power supplies Consort E831 (for DNA)

PS500X (for SDS-PAGE)

EPS 500/400 (for WB)

Consort (Turnhout, Bellgium)

Hoefer Pharmacia Biotech (San Fransisco,
CA, USA)

Electrophoresis units PerfectBlue Gel System Mini (for
DNA)

SE 250 (for SDS-PAGE)

TE22 (for WB)

PEQLAB (Erlangen, Germany)

GE healthcare (München, Germany)

Hoefer Pharmacia Biotech (San Fransisco,
CA, USA)

Gel imager Gel Doc 1000 Bio-Rad (München, Germany)

Integration Control Unit Integration Control Unit Bio-Rad (München, Germany)

Printer UP-860 CE Sony (Köln, Germany)

UV screen 366nm Bachofer (Reutlingen, Germany)

Video monitor WV-BM 900 Panasonic (Hamburg, Germany)

2.2.7.3 Microscopy

Name Specifications Manufacturer

Cold light sources KL 1500 LCD

KL 1500 electronic

Zeiss (Göttingen, Germany)

Fluorescence microscope Axioplan 2 imaging Zeiss (Göttingen, Germany)

Fluorescence stereomicroscope MZ FLIII Leica (Bensheim, Germany)

Inverted microscope Axiovert 25 Zeiss (Göttingen, Germany)

Laser scanning microscope Axiovert 200M Zeiss (Göttingen, Germany)

Laser scanning module LSM 510 Zeiss (Göttingen, Germany)

Stereomicroscopes Stemi 2000-C

Stemi SV 11

Zeiss (Göttingen, Germany)
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2.2.7.4 Plastic ware

Name Specifications Manufacturer

Cell culture dishes, sterile 145mm

100mm
Greiner Bio-One (Frickenhausen, Ger-
many)

Cell culture plates 12-well Sigma-Aldrich (Deisenhofen, Germany)

Cell culture tubes, sterile
Polystyrene, round, 12ml

Greiner Bio-One (Frickenhausen, Ger-
many)

Polypropylene tubes, sterile conical, 50ml

conical, 15ml
Greiner Bio-One (Frickenhausen, Ger-
many)

Reaction tubes 2 ml, 1.5 ml, 0.5 ml Eppendorf (Wesseling-Berzdorf, Germany)

Reaction tubes (PCR) Thermo tubes 0.2 ml PEQLAB (Erlangen, Germany)

Tissue culture flasks 75 cm
2

TPP (Trasadingen, Switzerland)

2.2.7.5 Glassware

Name Specifications Manufacturer

Cover glasses Cover glasses Roth (Karlsruhe, Germany)

Glass capillaries TW100F-4 WPI (Berlin, Germany)

Glass pasteur pipettes Glass pasteur pipettes Brand (Wertheim, Germany)

Microscope slides Microscope slides Menzel (Braunschweig, Germany)

2.2.7.6 Electrical equipment

Name Specifications Manufacturer

Digital camera AxioCam HRm Zeiss Zeiss (Göttingen, Germany)

Film processor SRX-201 Konica Minolta (München, Germany)

Freezer -86°C freezer

Comfort -20°C

Forma Scientific (Waltham, MA, USA)

Liebherr (Biberach an der Riss, Germany)

Incubation shaker HT-Z52 Infors-HT (Bottmingen, Swiitzerland)

Incubators B 6060

BK 500

Heraeus (Fellbach, Germany)

Magnet stirrer RCT Ikamag (Staufen, Germany)

Micromanipulator Micromanipulator Bachofer (Reutlingen, Germany)

Microwave oven Privileg 7032 Privileg (Fürth, Germany)

pH meter PH-meter 766 calimatic Buddeberg (Mannheim, Germany)

Scales AE163

1265MP

Mettler Toledo (Giessen, Germany)

Sartorius (Göttingen, Germany)

Thermomixer Thermomixer 5436 Eppendorf (Wesseling-Berzdorf, Germany)

Transjector 5240 Eppendorf (Wesseling-Berzdorf, Germany)

UV/VIS Spectrophotometer DU 530 life science Beckman Coulter (Krefeld, Germany)

Vortex VF2 Ikamag (Staufen, Germany)

Water preparation unit Milli-Q, Q-Gard 3 Millipore (Schwalbach, Germany)
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2.2.7.7 Centrifuges

Name Specifications Manufacturer

Centrifuges Biofuge pico

Multifuge 4 KR

Centrifuge 5424

Centrifuge 5402

Heraeus (Fellbach, Germany)

Eppendorf (Wesseling-Berzdorf, Germany)

Rotor for centrifuge 5402 F-45-18-11 Eppendorf (Wesseling-Berzdorf, Germany)

Rotor for centrifuge 5424 FA-45-24-11 Eppendorf (Wesseling-Berzdorf, Germany)

Rotor for centrifuge biofuge pico 75003328 Heraeus (Fellbach, Germany)

Rotor for centrifuge multifuge4 KR 75006475 Heraeus (Fellbach, Germany)

2.2.7.8 Others

Name Specifications Manufacturer

Film Hyperfilm GE healthcare (München, Germany)

Laboratory gloves Nitril Examination Gloves

Safeskin Powder-free latex
gloves

VWR (Darmstadt, Germany)

Kimberly-Clark (Koblenz, Germany)

pH indicator test stripes Neutralit Merck (Darmstadt, Germany)

Pipettes (I) Pipetman P1000

Pipetman P200

Pipetman P20

Pipetman P10

Gilson (Villieres le Bel, France)

Pipettes (II) Research variable 5000

Research variable 1000

Research variable 200

Research variable 20

Research variable 10

Research variable 2.5

Eppendorf (Wesseling-Berzdorf, Germany)

2.2.8 Software

Software Supplier

Adobe Photoshop CS Adobe systems GmbH (München, Germany)

Axio Vision Zeiss (Göttingen, Germany)

EndNote 8.0 Thomson ISI ResearchSoft (Stamford, CT, USA)

Microsoft Excel 2004 Microsoft Deutschland GmbH (Unterschleißheim, Germany)

Microsoft PowerPoint 2004 Microsoft Deutschland GmbH (Unterschleißheim, Germany)

Microsoft Word 2004 Microsoft Deutschland GmbH (Unterschleißheim, Germany)
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3 Methods

3.1 Molecular Methods

3.1.1 Primer design

In order to amplify DNA fragments using the polymerase chain reaction (PCR; 3.1.2)

and for sequencing reactions, short, synthetic DNA oligonucleotides are required to

prime the synthesis of a new DNA strand. The primers used in this study were manually

designed on the basis of existing DNA sequences (exported as FASTA text files from

Ensembl or the genbank NIH genetic sequence database; ENSEMBL DATABASE 2007,

GENBANK NIH GENETIC SEQUENCE DATABASE 2007), followed by an improvement of

the conditions through an automated analysis using the Internet tool NetPrimer (Figure

3.1) (PREMIER BIOSOFT NETPRIMER).

The strength of the binding between two complementary DNA strands depends strongly

on the G/C content (guanine and cytosine are joined by three hydrogen bonds whereas

adenine and thymine form only two) and on the length of the molecules involved. Ac-

cordingly, the primers used in this study were optimized to fulfill the following re-

quirements:

- A length of not less than 18 nucleotides and no longer than 30 nucleotides.

- The G/C content should be around 50%.

- Nucleotides were not allowed to occur more than twice in a row.

- The primer should begin and end with either G or C to enhance adhesion.

- No repetitive sequences should occur in the primer.

Figure 3.1: Interface of the free Inter-

net tool NetPrimer (Premier Biosoft).

The given information about the se-

lected primer helped to estimate how

well the primer will associate with the

DNA template.
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As bases at the 5’-end of the primer are less critical for annealing, specific restriction

sites for further cloning of the PCR products were added at this end. Selected primers

were ordered from Operon (Köln, Germany). Before opening, tubes were shortly centri-

fuged at 16,060 x g for one minute to ensure that all lyophilized primers reside at the

bottom of the tube. Subsequently, the lyophilizate was resuspended with sterile Milli-Q

water and adjusted to a concentration of 100 !M. This stock solution was further diluted

to the final working solution of 20 !M.

3.1.2 PCR (Polymerase chain reaction)

The polymerase chain reaction (PCR) allows for the in vitro production of a multitude

of identical copies of a specific DNA fragment from minute quantities of source DNA

(PEAKE 1989). The working principle is the cyclic repetition of targeted DNA synthesis

(Table 3.1), which is carried out in an automated thermal cycler and begins with the

denaturation of the double-stranded DNA template at 94°C.

Table 3.1: Thermal profile of the PCR reaction. Annealing temperatures and elongation times were ad-

justed for each experiment.

Cycle Temperature [°C] Duration [s] Repetition

Initial denaturation 94°C 180 s -

Denaturation
Annealing
Elongation

94°C
55°C -65°C
72°C

30 s
30 s
30 s to 180 s

30 cycles

Final elongation 72°C 300  s -

End of program 4°C ! -

Depending on the melting temperature of primers used (3.1.1), the temperature then

decreases to 50°C-65°C, allowing the hybridization of primers with the complementary

sequence in order to start the amplification reaction. A thermostable polymerase then

elongates the new complementary strand at 72°C (the optimal temperature for most

thermostable polymerases used) by inserting single dNTPs at the primer’s free 3’OH-

ends. These steps are repeated 30 times and the amount of amplified DNA fragments is

exponentially increased. The contents of the PCR mixture are given in table 3.2.

Substance Volume [!l]

Template DNA (~3 ng/!l) 1 !l

10 x reaction buffer 2!l

dNTPs (10mM) 0.5 !l

forward primer (20!M) 0.3 !l

reverse primer (20!M) 0.3 !l

Thermostable polymerase (1u/!l) 1!l

Milli-Q water 14.9 !l

Table 3.2: Contents of the PCR reaction mixture. Prepa-

ration took place on ice in 0.2 ml reaction tubes to final

volumes between 20!l and 50!l. Volumes here are

given for a final size of 20 !l and were adjusted for

other volumes.
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As the PCR product is a fragment of a defined length, the analysis and purification was

performed by agarose gel electrophoresis (3.1.4), thus PCR products were isolated for

further cloning.

3.1.3 Restriction digest

In order to prepare DNA for cloning or to verify cloned inserts (analytical digest), PCR

products and plasmids were digested with specific restriction endonucleases (2.1.4).

For analytical purposes, 1 !g of DNA was mixed with 1 !l of the corresponding 10 x

reaction buffer, five units (u) of the desired restriction enzyme and adjusted to a final

volume of 10 !l in a 1.5 ml reaction tube. Samples were then incubated at 37°C for one

to two hours and analyzed by agarose gel electrophoresis (3.1.4).

For preparative digests, typically 5 to 10 !g of DNA were digested overnight with the

corresponding 10 x reaction buffer and an appropriate amount of restriction enzyme

according to the manufacturer’s recommendations in a total volume of up to 40 !l at

37°C.

Synchronous double digests with two restriction endonucleases were performed only if

the conditions fit together. Otherwise the digest was carried out consecutively.

3.1.4 Agarose gel electrophoresis

Agarose gel electrophoresis was performed to analyze PCR products, ligations and re-

striction digests by size, to estimate concentrations of DNA by comparison to known

molecular weight markers and to purify DNA. Under physiological conditions, DNA

carries one negative charge per nucleotide and thus migrates in an electric field from the

cathode to the anode. Therefore, the shortest DNA fragment covers the longest distance.

A 50 ml, 0.5 to 1% (w/v) agarose gel was freshly made by boiling agarose in 1 x Tris-

Acetate-EDTA (TAE) buffer. Upon cooling down to about 60°C, 0.0005 !l/ml ethidium

bromide (EtBr) was added to later visualize the DNA, as EtBr intercalates in dou-

blestranded DNA and fluoresces when excited at 302 nm. The mixture then was poured

into a gel tray and a comb was plunged into the gel to create sample pockets. When the

gel became solid, the gel without the comb was transferred to an electrophoresis unit

filled with 0.0005 !l/ml EtBr in 1 x TAE buffer. EtBr was added to prevent a leakage of

EtBr out of the gel because it migrates in the electric field in the opposite direction as

DNA. The samples, completed with 6 x loading buffer and 6 !l of a molecular weight

marker in order to determine the size of the DNA fragments, were pipetted into the

pockets. A voltage between 80 and 120 V was applied and the gel was allowed to run

for approximately 30 min until the smallest fragment of the molecular weight marker

reached the very end of the gel. In order to detect and document the DNA, the gel was

illuminated with a UV (ultraviolet) lamp.
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3.1.5 Gel extraction

Gel extraction was performed to isolate and purify the DNA fragments from an electro-

phoresis gel (3.1.4). Gels were transferred onto an UV screen and the fragments of in-

terest were cut out of the gel using a razor blade and transferred to reaction tubes. The

DNA fragments were extracted from the gel slice with a Gel Extraction kit (Qiagen),

following the manufacturers protocol.

3.1.6 Topo cloning

The Topo cloning kit (Invitrogen) provides a fast method to insert Taq (Thermus aq-

uaticus) polymerase amplified PCR products into a special vector. This vector (pCRII-

Topo) is modified with a single 3’-thymidine overhang and a covalently bound topoi-

somerase to insert the PCR products. For the cloning, 2 !l of fresh PCR products, 0.5 !l

of salt solution (1.2 M NaCl, 0.06 M MgCl2), to enhance the DNA uptake during trans-

formation, and 0.5 !l Topo vector were mixed well and incubated at room temperature

for thirty minutes. Afterwards the samples were chilled on ice and transformation was

immediately performed (3.1.8).

3.1.7 Sequencing

Shotgun-sequencing reactions were run by the Sequence laboratories (Seqlab, Göttin-

gen, Germany). Normally, 0.6 !g Topo vector including the cloned PCR products were

sent to the company along with one forward (M13-f) or reverse primer (M13-r), in a

final volume of 7 !l. Sequences were retrieved from an online sever and analyzed using

ClustalW and other sequence analysis tools mentioned in 2.1.7 and 2.2.8.

3.1.8 Ligation

The ligation reaction was used to insert the DNA fragment of interest into a plasmid.

Vector and inserts were first linearized with restriction endonucleases (3.1.3) to produce

compatible ends, and then ligated with T4 DNA ligase (an enzyme, originally isolated

from bacteriophage T4), which catalyzes the formation of phosphodiester bonds be-

tween juxtaposed 5’-phosphate and 3’ hydroxyl groups.

Prior to ligation, vectors were first dephosphorylated with calf intestine alkaline phos-

phatase (CIAP), an enzyme that catalyzes the release of 5’- and 3’- phosphate termini to

avoid self-ligation of the vector ends. 50 to 200 ng of this vector DNA and a 3-fold in-

creased molar ratio of insert DNA were mixed together with 10 x ligation buffer and

five units T4 DNA ligase and adjusted to a final volume of 10 !l with Milli-Q water.

The molecular weight of 1 !g DNA was determined as Mpmol = 1520.1 x Nbp
-0.9997. The

reaction ran overnight in a thermal cycler (Table 3.3) for optimal ligation conditions.
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Table 3.3: Thermal profile of the ligation reaction.

Cycle Temperature [°C] Duration [min] Speciality

Ligation 24°C 15 min -

23°C 120 min -

22°C 120 min -

22°C 15 min
Decreasing temperature at
0.5°C every 15 min for 35
times.

4°C ! -

Although T4 DNA ligase (Fermentas) is most active at 22°C, the optimal reaction tem-

perature needs to be balanced with the melting temperature of the sticky ends of the

plasmid and the DNA fragment being ligated. The shorter the overhang is, the lower the

temperature has to be chosen. Following incubation, the enzyme was normally heat-

inactivated for 10 min at 65°C and chilled on ice to cool down. 5 !l of the reaction were

used to transform chemically competent E. coli cells (3.1.9).

3.1.9 Transformation of chemically competent bacteria

Transformation is the process during which competent cells, in this case chemically

competent E. coli bacteria (Invitrogen), take up extra-chromosomal DNA. 25 !l of fro-

zen chemically competent cells, thawed on ice, were added to 5 !l of the ligation reac-

tion (3.1.8) or 3 !l of the topo cloning reaction (3.1.6) and incubated on ice for thirty

minutes. During this time, divalent cations permeabilize the cell walls of bacteria and

the DNA, which attach to the cell wall and enter the cell during a brief heat shock of 45

s at 42°C. After the heat shock, cells were immediately transferred on ice and 200 !l of

SOC medium (super optimal broth catabolite repression) at room temperature was

added. The tubes were horizontally shaken (200 rpm) at 37°C for one hour to allow re-

covery of the cells and phenotypic expression of antibiotic resistances. Cells were then

centrifuged for one minute at 16,060 x g, the supernatant was discarded and the cells in

the remaining SOC medium resuspended. Approximately 50 !l of bacteria resuspension

was plated out on a prewarmed selective LB (luria bertani) agar plate with either the

antibiotic ampicillin or kanamycin and incubated overnight at 37°C to allow the growth

of colonies.

3.1.10  Colony PCR

In order to find correctly ligated bacterial clones (positive clones), an adequate amount

of colonies were picked using an inoculation loop from the agarose plate and directly

transferred to a PCR reaction mixture (Table 3.2). The PCR (3.1.2) was conducted with

specific primers (3.1.1) to determine if a colony contained the plasmid of interest. Dur-

ing the PCR denaturation step, cells are broken up and the DNA released for amplifica-
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tion. The PCR product was analyzed in an agarose gel (3.1.4) and any colony which

resulted in an amplification product of the expected size was assumed to contain the

correct plasmid. Positive colonies were then picked again for a preparatory overnight

culture (3.1.11).

3.1.11  Overnight culture

For long-term storage and to obtain plasmid DNA (3.1.13), 5 ml LB media containing

an appropriate selective antibiotic were inoculated with picked positive colonies or al-

ternatively with 20 !l bacteria from a dimethyl sulfoxide (DMSO) bacteria stock

(3.1.12) and incubated in a shaker (200 rpm) at 37°C overnight or at least eight hours.

3.1.12  Maintenance of bacterial stocks

To maintain bacteria for further plasmid preparations (3.1.13), 500 !l 10% DMSO

stocks were stored in a -80°C freezer. DMSO protects the bacterial cells from freezing

damage due to ice formation.

3.1.13  Plasmid preparation

In order to obtain DNA constructs for further cloning, restriction digest, sequencing or

even for injection into zebrafish embryos (3.2.3), small scale plasmid DNA preparation

from a 5 ml overnight culture (3.1.11) was conducted using various kits and following

the instructions of the manufacture (Qiagen, MBI-Fermentas, Peqlab). The volume of

buffer used to eluate the vector DNA from the miniprep columns was always 60 !l and

the obtained concentrations for Topo-constructs were between 0.2 and 0.5 !g/!l and for

the pEGFP constructs 0.2 to 0.3 !g/!l, respectively.

3.1.14  Determination of DNA concentration

DNA concentration was measured in a quartz cuvette using an UV/VIS spectropho-

tometer at 260 nm and a dilution of 1:100 DNA in Milli-Q water. Milli-Q water served

also as blank. An absorption of 1.0 corresponds to a DNA concentration of 0.05 !g/!l,

hence the concentration of the samples results from: c [!g/!l] = A260 x 0.05 x dilution.
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3.2 Zebrafish

3.2.1 Zebrafish care

The adult zebrafish (Danio rerio, wild type) were kept in swarms (males and females)

in several tanks at a temperature of 28°C. The care and feeding of adults, the cleaning of

the tanks, water changes and breeding was completely in the hands of our collaborators

at the animal facility (TFA) of the University of Konstanz.

3.2.2 Raising fish

In order to collect eggs for microinjection, a male and a female zebrafish were kept

separated overnight in a two-liter acrylic mating container, which contained a small

bundle of plastic grass as a barrier in order to reduce aggression (Figure 3.2). The ze-

brafish pair was maintained under the same water-, temperature- and light-cycle condi-

tions under which they are normally kept. To keep the water clean, 500 !l Cur tonic and

500 !l water conditioner were added to each container. The boxes also contained two

removable inner grids (Figure 3.2 A), which separated the male and the female from

each other during the night. The upper grid was removed the next morning to allow the

fish to mate (Figure 3.2 B). The first eggs were laid and fertilized five to sixty minutes

after removal of the upper grid and the lower grid now prevented the eggs from being

eaten by allowing them to sink to the bottom of the container.

  

Figure 3.2: (A) Zebrafish mating container with two grids (arrows) that separate male and female and (B)

only one grid (arrow) to separate the fertilized eggs from male and female.

 After mating, eggs were collected in a 145 mm Petri dish with pre-warmed E3 medium

after pouring the water from the mating container through a plastic tea strainer.  The fish

normally laid between one hundred and three hundred eggs which were immediately

prepared for microinjection (3.2.3.2).

 A B
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3.2.3 Microinjection into zebrafish embryos

3.2.3.1 Preparation of DNA

Plasmid DNA for injection was prepared using a Miniprep kit (3.1.13) and obtained at a

concentration of roughly 0.3 !g/!l. Injection of high amounts of DNA often leads to

abnormal or dead embryos; therefore the DNA was diluted with Milli-Q water, 0.225 M

KCl solution and Phenol red to a concentration of 60 ng/!l or less. Phenol red (final

concentration 0.05%) acted as a non-toxic injection tracer and helped to visualize the

injected volume, which depended on the concentration and was normally a bolus of

about 1/3 to 1/5 of the total cell diameter, which corresponds approximately to 2 - 5 nl.

The salt solution (final concentration: 0.05 M) maintained physiological conditions.

Under these circumstances, the total amount of microinjected DNA was around 0.1 to

0.3 ng per injection. From this microinjection solution, 4 !l were loaded into a glass

capillary needle (Figure 3.3; A) with filament, using a pipette with a gel-loader tip. The

capillary’s tip was broken off before injection to give an opening of an approximated

diameter of 1 to 10 !m.

3.2.3.2 Preparation of embryos

For each microinjection, twenty to one hundred embryos between the one- to four-cell

stage from a mating couple were selected under a stereomicroscope and transferred to a

microinjection plate with a pipette. The microinjection plate consists of six grooves,

which holds the slippery and buoyant eggs stable during the injection procedure. The

grooves in which the eggs get trapped contain a slope at one side to give access to the

needle and a vertical wall on the opposite side to resist the pressure of the needle. Water

remaining on the plate was removed before injection.

3.2.3.3 The microinjection procedure

The microinjection apparatus consists of a stereomicroscope to monitor the procedure, a

micromanipulator that holds the glass capillary needle, and a pneumatic microinjector

with an air compressor (Figure 3.3; B). The injection of DNA into embryos was carried

out with a pressure from 100 hPa to 600 hPa over a period of  0.1 to 6.0 s. The pressure

and time used for the injection depended on the diameter of the needle used: for thinner

needles, more pressure was necessary to inject the accurate concentration of DNA. In-

jections were carried out at the earliest cleavage stages not exceeding the four-cell stage

to reduce mosaicism. Where possible, injections were targeted directly at the forming

cell, as this increases the chance for DNA to reach the nucleus and thus leads to a higher

frequency of transgenic fish. Following injection, the embryos were collected again in a

Petri dish by flooding the plate with pre-warmed E3 medium and were then allowed to

develop at 28°C. Dead embryos were removed and E3 medium was changed regularly

to keep the embryos healthy and to protect them from fungi and other parasites.
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Figure 3.3: (A) Microinjection needle with filament (arrow) and phenol red solution. (B) Apparatus for

microinjections into zebrafish embryos with stereomicroscope, micromanipulator (arrow) and microin-

jector.

3.2.4 Microscopy

3.2.4.1 Fixation

EGFP expression in embryos was controlled at various times after fertilization under a

fluorescence stereomicroscope (MZ FLIII, Leica). Embryos with interesting patterns

were collected in a reaction tube and chilled on ice for thirty minutes to anaesthetize. In

order to preserve the embryos, the tissues were fixed overnight at 4°C in freshly de-

frosted 4% paraformaldehyde (PFA, in phosphate-buffered saline (PBS) or PO4). It was

important to use fresh PFA to prevent background staining. The PFA fixes tissues by

cross-linking of proteins. The next day, embryos were washed three times in PBS for

five minutes each to remove the PFA. Subsequently, embryos for glycerin mounts

(3.2.4.4.1) were brought carefully in two steps (30% and 50% glycerin in PBS) into

70% glycerin in PBS. The water-glycerin mix acts as an optical reagent, the refraction

index of which is between those of water and oil and thus comparable with the glass

slide. Furthermore, glycerin exhibits almost no intrinsic fluorescence. Embryos for

Mowiol mounts (3.2.4.4.2) were left in PBS.

A

)

B
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Tweezers

Chorion

Yolk sac

3.2.4.2 Dechorionation

The acellular chorion surrounds, as a protective cover, the developing zebrafish until

approximately 50 hpf. If embryos were needed prior to this age, they were gently

dechorionated, either before or after fixation, by disrupting the chorion with tweezers

(Figure 3.4) or with the enzyme pronase.

Figure 3.4: Dechorionation of zebrafish embryos with tweezers.

Pronase is a mixture of endo- and exo peptidases that cleaves almost any peptide bond.

Hence, it can completely digest the chorion, which is composed of a protein fiber ma-

trix. For dechorionization, embryos were pipetted in a 0.5 mg/ml pronase solution in

E3-medium at 37°C and incubated for five to ten minutes. After that, three washing

steps with prewarmed (28°C) E3 medium were carried out to remove the enzyme.

3.2.4.3 Zebrafish immunostaining

To mark specific neuronal tissue, embryos were stained using a monoclonal antibody

against acetylated alpha tubulin. The first cytoskeletal elements that appear in neurons

are microtubules, which are made up of alpha- and beta tubulin. But unlike other cells

exhibiting normal tubulin, in neurons a part of the tubulin is modified with acetyl

groups, which is targeted by the antibody.

After overnight fixation (3.2.4.1) in 4% PFA in PO4, embryos were washed three times,

five minutes each in 1 ml PBS containing Triton-X 100 (PBS-T) and washed once in

PBS-T with DMSO (PBS-TD) to permeabilize cell membranes for antibody treatment.

To minimize unspecific antibody binding, embryos were then incubated for five hours

in 10% goat serum in PBS-DT while shaking at room temperature. The blocking solu-

tion was discarded and 250 !l primary anti-acetylated tubulin antibody, diluted 1:500 in

blocking solution, was added and incubated overnight at 4°C. The next day, the primary

antibody solution was removed and embryos were washed again thrice, five minutes

each with 1 ml PBS-TD before the appropriate secondary antibody (donkey, anti-

mouse) coupled to a red fluorescence dye (Cy3) and diluted 1:1000 in blocking solution
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was added. Incubation period was once again overnight at 4°C. Subsequently, embryos

were washed again three times in 1 ml PBS-T prior to mounting in Mowiol (3.2.4.4.2).

3.2.4.4 Mounting

Mounting, the last and a very essential part of preparing zebrafish embryos, was carried

out in different ways. Depending on the manner of microscopy and the kind of cells that

one wants to observe, whole or flat mounts, either in glycerin or mowiol, were con-

ducted.

3.2.4.4.1 Whole and flat mounts

Whole mounting implies that the whole embryo, fixed, dechorionated and including the

yolk, is placed in the optic media (70% glycerin in PBS) between a glass slide and a

cover slip (Figure 3.5; A). In order to prevent the embryo from getting squeezed, small

plastillin beads were used as spacers between the slides. The beads also allowed the

rotation of the embryo to get a look from different perspectives.

Figure 3.5: Zebrafish embryos embedded between glass slides in a whole- (A) and flat (B) mount for

microscopy.

Flat mounting was carried out to better focus on specific cellular details (Figure 3.5; B).

Therefore, the embryo was separated from its yolk sac and flattened on a cover slip after

dechorionation. The second coverslip above the embryo was spaced with Vaseline dots

instead of plastillin beads and pressed down until it touched the embryo. The remaining

space was filled with 70% glycerin in PBS.

All embryos prepared in this manner were visualized and documented using a fluores-

cence microscope (Axioplan 2 imagin, Zeiss) and a monochrome digital camera (Axio-

Cam HRm, Zeiss).

3.2.4.4.2 Mowiol mounts

For higher magnifications and for immuno stained embryos, the mounting was con-

ducted in Mowiol. Mowiol is a polyvinyl alcohol (PVA) that hardens during drying and

has good anti-fade characteristics. Flat mounts were prepared as described above but the

second coverslip was spaced with small pieces of cut coverslip and the embedding me-

A B
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dia was Mowiol instead of glycerin. Embryos were embedded by orientating them in a

dorsal or lateral position within a small drop of Mowiol. After approximately twenty

minutes of drying, another drop of Mowiol was placed onto the embryo and covered

with the second coverslip.

Embryos prepared in this way were visualized and documented like the glycerin mounts

but also with a laser-scanning microscope (Axiovert 200, LSM 510 laser module, Zeiss)

for documenting specific cellular patterns (not shown).

3.3 Cell culture

3.3.1 N2a cell culture

The adherent Neuro-2a (N2a) cell line is derived from a mouse neuroblastoma. The

cells were maintained in minimal essential medium (MEM) completed with heat-

inactivated fetal calf serum (FCS), L-glutamine and the antibiotics penicillin and strep-

tomycin (P/S) in 75 cm2 cell culture flasks at 37°C in 5% CO2.

3.3.2 Passaging of N2a cells

As N2a cells double every 24 hr, cells were grown until confluence and then subcul-

tured every two or three days in 1:4 or 1:6 dilutions into a new cell culture flask. All

work with cells was performed in a laminar flow hood. For subculturing, old medium

was aspirated and cells washed once with 10 ml sterile PBS to remove cell debris. After

that, the cells were dissociated from the flask bottom with 0.05% trypsin and 0.02%

EDTA (ethylenediaminetetraacetic acid) in Hank’s salt solution. Trypsin is a serine

protease that was used to cleave extracellular adhesion proteins from adherent N2a

cells, and EDTA is a chelating agent that reversibly binds ions like Ca2+, which are es-

sential for cell adhesion. Subsequently, the cell homogenate was filled up to 10 ml with

MEM3, transferred to a 15 ml Falcon tube and centrifuged for five minutes at 154 x g.

The supernatant was aspirated and the cell pellet resuspended with a sterile pipette in 6

ml MEM. Any potentially remaining trypsin was inactivated by the FCS contained in

MEM. For the new culture, 1 or 1.5 ml (according to a 1:4 or 1:6 split) of the cell sus-

pension was transferred into new 13.5 or 14 ml MEM in a cell culture flask. The density

and general condition of the cells were controlled using an inverted microscope (Ax-

iovert 25, Zeiss).

                                                  
3 MEM supplemented with FCS, L-glutamine and P/S if not otherwise stated
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3.3.3 Transient transfection of N2a cells

To further test whether genomic fragments up- and downstream of the zebrafish prion

genes exhibit promoter activity, the corresponding constructs were transiently trans-

fected into N2a cells. One day prior to transfection, cells were subcultured (3.3.2) and

150 !l of the 6 ml cell suspension (corresponding to approximately 2-6 x 104 cells) in

MEM were transferred into each well of a 12-well plate and supplemented with 850 !l

MEM each. Cells were allowed to grow 24 hr at 37°C in 5% CO2 until they reached

approximately 80% of confluence. The next day, 1 !g of the construct and 1 !g of the

co-transfection construct (as a control for efficiency) were mixed per experiment. The

mixture was pipetted into 100 !l MEM (without any supplements) each and completed

with 100 !l MEM (without any supplements) plus 4% transfection agent (Lipofec-

tamine). After an incubation period of twenty minutes, during which the cationic

liposomes of the Lipofectamine reagent were bound to the negatively charged vector

DNA, the mixture was spread over the cells. Through the interaction of the liposome-

vector complexes with the cell membrane of N2a cells, the vector DNA entered the

cells. After an incubation of two hours at 37°C in 5% CO2, the transfection medium was

aspirated and instead 1 ml MEM was added. Now the cells were allowed to grow for 24

hr (37°C, 5% CO2). During this time, the DNA was transported to the nucleus, tran-

scribed and the protein expressed.

3.3.4 Harvesting of N2a cells for Western blot

To harvest the cells after transfection (3.3.3), the medium was aspirated and 1 ml MEM

(without any supplements) plus 5 mM EDTA were added for five to ten minutes. The

floating cells were resuspended through pipetting and transferred into reaction tubes. To

transfer all cells, wells were rinsed once with 500 !l cold PBS, which was then also

transferred to the corresponding reaction tube. Tubes were centrifuged for one minute at

2096 x g at 4°C and the supernatant discarded. To remove chemicals and serum, cells

were washed thrice with cold PBS, always followed by one minute centrifugation at

2096 x g at 4°C. Finally, the cell pellet was resuspended in 50 !l PBS.

3.4 Protein analysis

3.4.1 SDS-PAGE

In order to separate proteins according to their molecular mass, SDS (sodium dodecyl

sulfate) PAGE (polyacrylamid gel electrophoresis) was performed. SDS is an anionic

detergent that denaturizes and negatively coats proteins, thus masking positive protein

charges and linearizing the proteins so that they can be separated in an electric field due

to their molecular mass. The discontinuous SDS-PAGE consists of two different gel
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systems: The upper one concentrated the proteins together in one sharp band whereas

the lower one subsequently separated by mass.

For the gel, two 10 x 8 cm glass slides were cleaned with 70% ethanol, rinsed once with

Milli-Q water and clamped together with two 0.1 cm spacers in between. The slides

were fit into a vertical holder with rubber seal to avoid leakage of the gel. The gel solu-

tions were mixed (Table 3.4) and finally, ammonium persulfate (APS) as polymeriza-

tion initiator (source of free radicals) and tetramethylethylenediamine (TEMED) as

catalyst were pipetted into the solution. Roughly 5 ml of separating gel was poured di-

rectly in between the glass slides and covered with isopropanol to flatten the gel surface.

Table 3.4: SDS-PAGE separating and stacking gel mixtures for two gels at different percentages (sepa-

rating gel). Numbers display volumes in ml.

Separating gel (10 ml) 10% 12% Stacking gel (6 ml)

Milli-Q water 4.0 3.3 4.1

Separating gel buffer pH 8.8 2.6 2.6 -

Stacking gel buffer pH 6.8 - - 0.81

Rotiphorese 30 % acrylamide/bisacrylamide 3.3 4.0 1.0

10 % (w/v) APS 0.1 0.1 0.06

TEMED 0.01 0.01 0.01

After polymerization of the gel, where the containing acrylamid/bisacrylamid formed a

stable network, the isopropanol was removed and the upper part of the glass slides

rinsed multiple times with Milli-Q water. APS and TEMED were added to the stacking

gel solution and about 3 ml was poured onto the separating gel. A comb was plunged

into the gel to create sample pockets. After polymerization of the stacking gel, the comb

was removed and gels were either stored in a wet chamber at 4°C or directly clamped

into a vertical gel electrophoresis unit.

In order to prepare the samples for SDS-PAGE, 10 !l of 6 x protein loading buffer with

SDS, 2-mercaptoethanol (ME) and bromophenol blue were added to the 50 !l N2a cell

suspension (3.3.4). The samples were heated at 95°C for five minutes to denaturize the

proteins. ME was used to reduce disulfide bonds in proteins and bromophenol blue as

negatively charged dye that migrates ahead of the proteins. The electrophoresis chamber

was filled with 1 x running buffer and sample pockets were rinsed with the same buffer.

20 !l of the samples were applied to the pockets. In one pocket, 8 !l of a prestained

molecular weight marker were added to monitor the separating process and later as effi-

ciency control for Western blot (3.4.2). Empty pockets were filled with 8 !l 6 x protein

loading buffer. Current was applied and the samples were allowed to enter the stacking

gel at 110 V. For the separating gel, 130 V were applied. When the front of the loading

dye reached the bottom of the gel, electrophoresis was stopped and the gel removed



- 57 -

from the glass slides. The stacking gel was discarded and the separating gel transferred

to a nitrocellulose membrane for Western blot analyses (3.4.2).

3.4.2 Western Blot

In a Western blot (immunoblot), proteins are electrically transferred from a gel onto a

support membrane and one can detect and identify distinct proteins from a protein mix-

ture with specific antibodies.

3.4.2.1 Wet-blotting

Prior to wet-blotting, six sheets of filter paper the size of the gel, one nitrocellulose

membrane the same size and two sponges were moistured in 1 x blotting buffer. A

sandwich was arranged with the membrane and the SDS-gel in the middle, surrounded

by three layers of filter paper and one sponge on each side. Air bubbles were carefully

removed by smoothing over the sponges. The sandwich was clamped into a sieve and

inserted into a wet blot chamber with the membrane on the side of the anode. In order to

vertically transfer the proteins from the gel onto the membrane, the chamber was filled

with cold 1 x blotting buffer and a current of 90 V was applied for three hours at 4°C.

The molecular weight marker on the membrane served as control for efficiency. To

visualize whether the proteins were transferred to the membrane, the membrane was

reversibly stained with 0.1 % Ponceau S solution. Thereafter, the membrane was

washed thrice in 1x PBS to remove the staining.

3.4.2.2 Immuno detection

Prior to antibody incubation, the membrane was blocked in 20 ml 5% milk powder in

1 x PBS (blocking solution) for one hour at room temperature4. The milk-proteins at-

tached to any remaining sticky spot on the membrane in order to avoid unspecific bind-

ing of the antibodies. After blocking, the membrane was briefly washed with 1 x PBS.

Subsequently, the membrane was incubated in a dilution of the primary antibody (2.2.4)

in 20 ml 1% milk powder in 1 x PBS for one hour at room temperature or overnight at

4°C. To detect the primary, unmarked antibody that was bound to the target protein, the

membrane then was incubated in a 1:10000 dilution of the secondary, horseradish per-

oxidase (HRP) conjugated antibody (2.2.4) in 1% milk powder in 20 ml 1 x PBS for one

hour at room temperature. Used antibody solutions were stored with sodium azide

(NaN3) at 4°C in order to inhibit fungal or bacterial growth. But because NaN3 also in-

hibits the reporter enzyme HRP, intensive washing steps with 1 x PBS in between these

two antibody incubations were important. After antibody treatment, the membrane was

washed again in 1 x PBS prior to the start of the reporter enzyme reaction with “En-

                                                  
4 All washing and incubation steps for Western blot were conducted on a shaker.
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hanced Chemiluminescent (ECL) solution”. Therefore, 750 !l of a luminol solution was

activated with 750 !l of a hydrogen peroxide solution (oxidizing agent) and spread over

the membrane. Under the presence of the catalyst HRP, luminol reacted with hydrogen

peroxide under extinction of a blue light. Membranes were incubated for one minute

before chemiluminescence was detected using a photographic film (Hyperfilm). After

one to ten minutes exposure in a darkroom, the film was chemically processed with an

automatically film processor machine (Konica).

3.4.2.3 Western blot stripping and re-probing

Following chemiluminescent detection of the first protein, it is possible to remove the

antibodies and detect another protein with a second set of specific antibodies. Therefore,

the membrane was washed in 15 ml 1% SDS in 1 x PBS for two hours at room tem-

perature. As the proteins were denaturized by SDS, the antibodies lost the specific

binding and dissolved from the proteins that were bound to the membrane. Three

washing steps with 1 x PBS followed before the membrane was again blocked and in-

cubated with the second set of antibodies as described (3.4.2.2).
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4 Results

4.1 Analyses of the zebrafish prion protein promoter region

4.1.1 Bioinformatics analyses and amplification of PrP intergenic regions

In order to identify the regulatory sequences of the zebrafish prion protein gene, the

Prnp-1 and -2 gene and the sequences adjacent to these genes were searched for in the

Ensembl zebrafish genome database (ENSEMBL DATABASE 2007). Ensembl is an open

source Web site that displays the genomes and related biological information of various

species (BIRNEY et al. 2004). A search with the basic local alignment search tool

(BLAST) for the known zebrafish Prnp-1 (GenBank accession number: NM001013297)

and Prnp-2 (GenBank accession number: NM001013298) DNA sequences were run on

Ensembl. Prnp-1  was found to be located on chromosome 10 at the location

15,938,997-15,942,796 and Prnp-2 at position 2,825,253-2,832,937 on chromosome 25

in the zebrafish genome (Figure 4.1).

Figure 4.1: Screenshots of the zebrafish Prnp-1 (A) and Prnp-2 (B) gene loci from the Ensembl Web

site. Prnp-1 (prnprs1, black circle) was found to be located on chromosome 10 at location 15,938,997-

15,942,796. The downstream gene adjacent to Prnp-1 is Sprn2, coding for Shadoo2; upstream is an

unknown gene (black arrows). Prnp-2 (prnprs3, grey circle) was found on chromosome 25 at location

2,825,253-2,832,937. The genes adjacent to Prnp-2 (grey arrows) are unknown loci (ENSEMBL DATABASE

2007).

A B
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The corresponding genomic sequences, as well as the sequences for the coding region

and for the 5’- and 3’-untranslated regions (UTRs), were exported as FASTA format

text files and the exon/intron structure of the Prnp genes was inferred from analysis of

this data (Figure 4.2). The Prnp-1 gene is composed of an 88 bp exon one and an 2322

bp exon two separated by a 1659 bp intron. Prnp-2 exhibits a 3841 bp intron, which

disjoins the 65 bp exon one from the 2411 bp exon two. The next step was the analysis

of the genes adjacent to the Prnp genes, as the intergenic regions (as well as the introns)

between Prnp and its neighboring genes are likely to contain the promoter and

regulatory regions (1.3.1). For the Prnp-1 locus, the upstream neighbor gene

(ENSDART00000091016) is a predicted gene locus, coding for an unknown protein at

location 15,917,590-15,937,218 (Figure 4.1 A). The 1779 bp intergenic sequence

between these two genes, containing putative promoter and/or regulatory regions, was

exported in the FASTA format directly from the Ensembl Web site. Similarly the 4476

bp region between Prnp-1 and the downstream gene coding for Shadoo2 (Sho2; PrP-rel-

1, GenBank accession number: NM_001007780) was located at position 15,946,865-

15,947,272. The Prnp-2 gene (Figure 4.1 B) was analyzed in the same way, and the

7750 bp and 12,202 bp intergenic regions between a predicted upstream gene locus

(GENSCAN00000003507 at position 2,840,687-2,840,995), Prnp-2, and a predicted

downstream gene locus (FGENESH00000080298 at position 2,811,060-2,813,051)

were extracted from the Ensembl Web site. On the basis of these DNA sequences,

 

Figure 4.2: Schematic representation of the genomic loci, exon/intron structure of Prnp-1 (A, C) and -2

(B) and positions of designed primers. The PrP-1-fragment A1/A3 was subdivided into four smaller

fragments (1-4) (C). Graying boxes left and right of the genomic loci symbolize the adjacent genes. Black

boxes are untranslated regions (UTRs), grey boxes indicate the coding region. Arrows symbolize selected

primers and black bars the corresponding amplified DNA fragments. E1, exon one; E2, exon two.

A

B

C
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specific primers were designed (2.1.1 and 3.1.1) to amplify the corresponding Prnp

intergenic regions and intron fragments5 using PCR, from whole genome zebrafish

DNA (kindly provided by Dr. Málaga-Trillo). The fragments were chosen around 2000

bp since this fragment-size is still small enough to clone easily and long enough to not

run the risk of interrupting putative promoter regions. The optimal primer annealing

temperatures were determined by performing a gradient PCR with different annealing

temperatures. Additionally, different dilutions of genomic DNA, 1:10, 1:50 and 1:100,

were tested and the best amplification results were obtained with the 1:50 dilution (not

shown). The PCR products were analyzed by agarose gel electrophoresis, extracted

from the gel and initially cloned into a pCRII-Topo vector (Invitrogen) in order to

maintain bacterial clones with the sequences, for subcloning (4.1.2) and sequencing.

Sequencing was conducted with all obtained clones for the purpose of verifying the

sequences of the PrP genomic fragments. Inconsistencies between the sequences

provided by Ensembl and the fragments amplified were evident mainly for the Prnp-2

gene locus, but also minor discrepancies for the Prnp-1 gene locus were observed. The

PrP2-A2/A3 and PrP2-A4/A6 genomic fragments (Figure 4.2), which were partially

incomplete in the Ensembl database (identified as “N’s”), were now completely

sequenced (for the sequence see appendix 6.1.2). Due to the complexity of whole

genome DNA amplification and to incorrectly assembled sequences in the Ensembl

Web site (which inevitably led to incorrect primer design) only the most importantly,

but not all PrP genomic fragments were amplified in this study. Table 4.1 presents an

overview of the PrP genomic fragments identified, the predicted sizes calculated from

the Ensembl sequences and the effectively obtained size.

DNA fragment Predicted size [bp] Amplified size [bp]

PrP1-A1/A3 1909 1905

PrP1-A2/in 1780 1841

PrP1-out/B2 2013 -

PrP1-B2/B1 1957 1575

PrP2-A1/A2 2268 -

PrP2-A2/A3 1948 1153

PrP2-A3/A4 1503 1506

PrP2-A4/A6 2025 1300

PrP2-A5/A7 1567 1543

PrP2-A7/in 2403 2028

PrP2-out/B3 2290 -

PrP2-B3/B2 2452 -

PrP2-B2/B1 1886 -

                                                  
5 ‘Prnp intergenic region and intron fragments’ will generally be termed ‘PrP genomic fragments’ in the

following text.

Table 4.1: PrP intergenic regions and

intron fragments amplified with PCR

from whole genome zebrafish DNA.

Given are the predicted sizes calculated

from the Ensembl Web site sequences

and the effectively amplified sizes of

the fragments in base pairs (bp). Bars

indicate missing fragments.
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As Prnp-1 represents a much smaller gene locus than Prnp-2, only one fragment was

amplified for each region of the Prnp-1 locus: the upstream intergenic region (PrP1-

A1/A3), the intron (PrP1-A2/in) and the second part of the downstream intergenic re-

gion (PrP1-B2/B1). For Prnp-2, three fragments of the upstream intergenic region

(PrP2-A2/A3, -A3/A4, -A4/A6), two fragments of the intron sequence (PrP2-A5/A7 and

-A7/in), but no fragments of the downstream region were amplified.

4.1.2 Cloning of PrP fragment-pEGFP constructs

In order to identify those PrP genomic fragments, that contain promoter and/or regula-

tory elements and thus are able to drive EGFP expression in zebrafish, the obtained

fragments were subcloned from the pCRII-Topo vector into the pEGFP-C1 vector (BD

Biosciences Clontech) (Figure 4.3). To this end, the vector’s internal cytomegalovirus

(CMV) promoter was first cut out of the vector using the restriction enzymes AseI and

NheI yielding a promoterless vector (pEGFP-C1#CMV) with the corresponding restric-

tion ends. In order to ensure cloning of full-length fragments into the

pEGFP-C1#CMV vector, the sequences of the PrP genomic fragments were checked for

internal AseI and NheI restriction sites. Since AseI sites appeared in every PrP-genomic

fragment sequence, a different enzyme which produces compatible ends (NdeI) was

chosen as an alternative. Thus, NdeI and NheI were used to design primers for sub-

cloning into the corresponding restriction sites of the promoterless EGFP vector. Cloned

upstream of EGFP, the PrP genomic fragments (containing putative promoter elements)

should be able to drive EGFP expression in transgenic zebrafish. For the fragment PrP2-

A2/A3, another cloning strategy was chosen since a NdeI site was included in the

fragment’s sequence and an AseI site appeared once in the first ~400 nucleotides from

the 5’ end. Hence, the sequence was cut at the AseI site regardless of the few 5’

nucleotides that were lost with this restriction. All cloned PrP-genomic fragment

constructs are listed in table 4.2 including their primers, target vectors, and fragment

sizes. In the case of Prnp-1, a tandem construct composed of the intergenic fragment

Figure 4.3: pEGFP-C1 vec-

tor (BD Biosciences Clon-

tech) and schematically rep-

resentation of the insertion

site for the PrP intergenic

regions and intron fragments

instead of the cytomegalovi-

rus (CMV) promoter in order

to test their ability to drive

EGFP expression.
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PrP1-A1/A3 and the intron fragment PrP1-A2/in was cloned later (pEGFP-PrP1-

A1/A3+A2/in) in order to test a combined regulation of these fragments (4.1.4.1).

Additionally, the PrP1-A1/A3 fragment was subdivided into four smaller fragments in

order to exclude inhibitory regulatory elements affecting promoter activity in this

sequence (4.1.4.1) (pEGFP-PrP1-A1/A3-1, -2, -3 and -4) (Figure 4.2; C).

Table 4.2: PrP-1 and -2 genomic fragments, cloned in a promoterless pEGFP-C1 (4731bp) vector in

order to detect promoter activity. Shown are the primers used for amplifying the corresponding fragment,

the target vector and the size of the fragment being cloned.

Construct Primer Target vector Size [bp]

pEGFP-PrP1-A1/A3
PrP1.A1-NdeI-f

PrP1.A3-NheI-r
pEGFP-C1"CMV 1905

pEGFP-PrP1-A2/in
PrP1.A2-NdeI-f
PrP1.in-Nhe-r

pEGFP-C1"CMV 1841

pEGFP-PrP1-B2/B1
PrP1.B2-NdeI-f
PrP1.B1-NheI-r

pEGFP-C1"CMV 1575

pEGFP-PrP1-A1/A3+A2/in
PrP1.A2-NheI-f

PrP1.in-AgeI-r
pEGFP-PrP1-A1/A3 3752

pEGFP-PrP1-A1/A3-1
PrP1.A1-NdeI-f

PrP1.A1/1-NheI-r
pEGFP-C1"CMV 996

pEGFP-PrP1-A1/A3-2 PrP1.2/A3-NdeI-f
PrP1.A3-NheI-r

pEGFP-C1"CMV 931

pEGFP-PrP1-A1/A3-3 PrP1.A1/A3.mid-NdeI-f
PrP1.A1/A3.mid-NheI-r

pEGFP-C1"CMV 808

pEGFP-PrP1-A1/A3-4
PrP1.4/A3-NdeI-f

PrP1.A3-NheI-r
pEGFP-C1"CMV 515

pEGFP-PrP2-A2/A3
PrP2.A2-f

PrP2.A3-NheI-r
pEGFP-C1"CMV 1153

pEGFP-PrP2-A3/A4
PrP2.A3-NdeI-f
PrP2.A4-NheI-r

pEGFP-C1"CMV 1506

pEGFP-PrP2-A4/A6
PrP2.A4.2-NdeI-f
PrP2.A6-NheI-r

pEGFP-C1"CMV 1373

pEGFP-PrP2-A5/A7
PrP2.A5-NdeI-f

PrP2.A7-NheI-r
pEGFP-C1"CMV 1543

pEGFP-PrP2-A7/in.2
PrP2.A7-NdeI-f
PrP2.in.2-NheI-r

pEGFP-C1"CMV 2028

4.1.3 Preliminary titration tests of DNA amounts for microinjection

In order to overexpress gene products in zebrafish embryos, a DNA construct encoding

the gene of interest has to be microinjected at the one- to four-cell stage of the embryos.

However, the injection of high amounts of circular DNA into zebrafish embryos often
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produces abnormal or dead embryos. On the other hand, insufficient concentrations of

DNA lead to embryos that express none or barely the transgenic protein. Therefore, the

amount of DNA involves a trade-off between an effectively expressed transgene and the

survival rate of embryos (NÜSSLEIN-VOLHARD and DAHM 2002). Published data con-

cerning the amount of DNA used for microinjections varies widely, ranging from 2.5

pg/embryo (KOSTER and FRASER 2001) to 30 pg/embryo (INBAL et al. 2006), and 30

ng/!l (BERNARDOS and RAYMOND 2006) to 350 ng/!l (NÜSSLEIN-VOLHARD and DAHM

2002). In order to find the best concentration for the present experiments, the pEGFP-

C1 vector and the pEGFP-zCR3 construct (4.2.2) were chosen as controls. Approxi-

mately 2 - 5 nl/embryo DNA solution were microinjected at different concentrations

(ranging from 12 ng/!l to 330 ng/!l) into zebrafish embryos. Both constructs were sepa-

rately microinjected into eggs from several zebra-fish pairs in order to exclude batch

variations in egg quality. Embryos were allowed to develop until 24 hpf. Then, numbers

of dead and living embryos from uninjected and injected embryos were counted and

compared. The total number of surviving uninjected embryos was set at 100%. The re-

sults showed a decrease in the survival rate with an increase of the microinjected DNA

amount. Based on this preliminary data, the lowest concentrations of microinjected

DNA (12 ng/!l and 33 ng/!l) gave the highest survival rates (Figure 4.4).

Figure 4.4: Diagrams of the zebrafish embryo survival rate at 24 hpf, microinjected with different con-

centrations of vector DNA. (A) pEGFP-C1, (B) pEGFP-zCREST3 microinjected embryos. The survival

rate decreased in both experiments with an increase of the DNA amount. The total number of surviving

uninjected (non-inj.) embryos was set at 100%.

In spite of these results, the best EGFP expression without high background staining

and malformed embryos was obtained at a concentration of 67 ng/!l since with lower

DNA amounts, embryos showed none or very little EGFP expression (not shown).

Therefore, all subsequent experiments were performed using a DNA concentration of

about 67 ng/!l.

A   B
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Figure 4.5: Dorsal view of the heads of zebrafish embryos at 48 hpf

microinjected with the PrP-1 genomic fragment constructs. The

pEGFP-C1 vector as positive control (A) showed strong and random

EGFP expression whereas the negative control, the pEGFP vector

without promoter (pEGFP-C1$CMV) (B) displayed only background

expression (arrows). EGFP expression under the PrP1-fragments (C-

E) was not observed and restricted to the background expression. The

columns display fluorescence images (left), Normarski images (cen-

ter) and the overlay of fluorescence and Normaski images (right).

 A pEGFP

 B pEGFP$CMV

 C A1/A3

 D A2/in

 E B2/B1

4.1.4 In vivo expression of EGFP under the control of PrP genomic

fragments

4.1.4.1 EGFP expression driven by PrP-1 genomic fragments

The three primarily cloned PrP-1 constructs (PrP1-A1/A3, -A2/in and -B2/B1) de-

scribed in 4.1.2, were microinjected into zebrafish embryos at the one- to four-cell stage

in order to monitor EGFP expression under the control of promoter and/or regulatory

elements present in the cloned PrP genomic fragments. Embryos were allowed to de-

velop until 48 hpf before they were fixed and analyzed under a fluorescence micro-

scope. The pEGFP-C1 vector was microinjected as a positive control: Under the strong

CMV promoter, EGFP

was in a mosaic pattern

and randomly expressed

throughout the embryo

(Figure 4.5-4.7; A). The

religated promoterless

pEGFP vector (pEGFP-

C1#CMV) served as a

negative control and

showed weak, meander-

s h a p e d  E G F P

background expression in

the brain (Figure 4.5 and

4.6; B) and expression in

blood cells (Figure 4.7;

B). For all microinjected

PrP-1 fragments (Figure

4.5-4.7; C-E), only this

s p o r a d i c  E G F P

background expression

but no specific EGFP

expression above back-

ground level by the PrP

genomic fragments could

be observed.  The

expression seemed to be

rather unspecific, because

the religated pEGFP-

C1#CMV construct
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produced similar EGFP expression patterns. The observed weak background expression

suggested that the vector sequence itself harbors some promoter activity. Thus it was

 A pEGFP

 B pEGFP$CMV

 C A1/A3

 D A2/in

 E B2/B1

 A pEGFP

 B pEGFP$CMV

 C A1/A3

 D A2/in

 E B2/B1

Figure 4.6: Lateral view of

the heads from embryos at 48

hpf microinjected with the

PrP-1 genomic fragments.

The pEGFP-C1 control vec-

tor (A)  showed strong and

random EGFP expression

whereas  the  pEGFP-

C 1$CMV construct ( B ),

displayed only background

expression (arrow). EGFP

expression under the PrP1-

fragments (C-E) above back-

ground expression was not

observed. The columns dis-

play fluorescence images

(left), Normarski images

(center) and the overlay of

fluorescence and Normaski

images (right).

Figure 4.7: Lateral view of

the trunks from embryos at

48 hpf. The pEGFP-C1 con-

trol vector (A) showed strong

and random EGFP expression

whereas  the  pEGFP-

C1$CMV construct (B) dis-

played EGFP background

expression in blood cells

(arrow). EGFP expression

under the PrP-1 genomic

fragments (C-E) above back-

ground level was not ob-

served For image columns

see Figure 4.6.
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Figure 4.8: Images of zebrafish embryos at 8 hpf microinjected with

the PrP-1 fragments. Strong EGFP expression was observed under the

CMV promoter (A) (arrows), the negative control (B) (pEGFP-

C1$CMV) and the PrP-1 fragments (C-E) showed no EGFP expres-

sion. The columns display fluorescence images (left), Normarski

images (center) and the overlay of fluorescence and Normaski images

(right).

not possible to identify significant promoter activity of the PrP-1 genomic fragments.

Since previous experiments showed that PrP-1 is preferentially expressed at early em-

bryonic stages (around 2.5 hpf) (1.3.3), it could be possible that the EGFP expression

driven by the PrP-1 genomic fragments took place and ceased too early to be detected in

o u r  p r e l i m i n a r y

observations, usually

carried out at 48 hpf. To

test this scenario, em-

bryos were monitored

hourly for expression of

the pEGFP-C1 control

vector from 3 hpf until 12

hpf. As embryonic

transcription in zebrafish

does not start before 3

hpf (KANE and KIMMEL

1993; MARTIN et al.

2001), CMV promoter

driven EGFP expression

could be observed the

earliest at 5 hpf, in 3% of

t h e  m i c r o i n j e c t e d

embryos. At 6 hpf, 25%

of the microinjected

embryos and at 7 hpf,

nearly 50% of the

microinjected embryos

showed EGFP expression

(not shown). In contrast,

embryos microinjected

with the PrP genomic

expression in the

period

 C A1/A3

 A pEGFP

 B pEGFP$CMV

 C A1/A3

 D A2/in

 E B2/B1

Figure 4.9: Sche-

matic representation

of the PrP-1 ge-

nomic regions cho-

sen for the new five

constructs to test

expression ability.

PrP1-A1/A3 was subdivided into four smaller fragments (A1/A3-1 to -4) and a tandem construct con-

sisting of A1/A3 and the intron A2/in was built (PrP1-A1/A3+A2/in).
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Figure 4.10: Dorsal view of the heads of zebrafish embryos at 48 hpf,

microinjected with the pEGFP-C1 (A) and the pEGFP$CMV (B)

controls. pEGFP$CMV microinjected embryos showed the same

EGFP background expression as the PrP-1 tandem construct (con-

sisting of the upstream region before the transcription start site

(A1/A3) and the intron (A2/in)) (C) and the four small PrP1-A1/A3

fragments (PrP1-A1/A3-1  to 4) (D-G) injected embryos. EGFP ex-

pression was only observed in PrP-1-A1/A3-2 and -4 injected em-

bryos in the brain (arrows) (E, G). A-B, fluorescent (right) and over-

lay images (left); C-G, fluorescence images (left), Normarski images

(center) and the overlay of fluorescence and Normaski images (right).

   D A1/A3-1

   A pEGFP

    E A1/A3-2

    F A1/A3-3

    G A1/A3-4

  B pEGFP$CMV

   C A1/A3+A2/in

fragments showed no EGFP expression in the period between 3 hpf and 12 hpf. Repre-

sentative embryos at 8 hpf were fixed and documented (Figure 4.8). The pEGFP-C1

microinjected embryos (Figure 4.8 A) showed strong expression in embryonic cells in

contrast to the embryos injected with the PrP genomic fragments (Figure 4.8 C-E) and

the promoterless control vector (Figure 4.8 B), which showed no EGFP expression. To

further examine the PrP-1

genomic fragments for

their ability to drive

EGFP expression, five

other constructs were

cloned and tested. The

PrP1-A1/A3 genomic

fragment was subdivided

into  four  smal ler

fragments and a tandem

construct out of PrP1-

A1/A3 and -A2/in was

built (Figure 4.9). As

others (FI S C H E R  et al.

1996; INOUE et al. 1997)

have reported that prion

promoters are only active

in association with the

first intron, which

p robab ly  con t a in s

regulatory elements

(1.3.2), a new construct

including the fragment

upstream of the PrP-1

transcription start site and

the intron was cloned and

analyzed. Unfortunately,

like the initially tested

PrP genomic fragments,

only background expres-

sion was detected in

embryos at 48 hpf

(Figure 4.10-4.12; C), as

well as in embryos at

A pEGFP

B pEGFP$CMV

C A1/A3

D A2/in

E B2/B1



- 69 -

A pEGFP  B pEGFP$CMV

C A1/A3+A2/in

D A1/A3-1

E A1/A3-2

F A1/A3-3

G A1/A3-4

Figure 4.11: Lateral view of

the heads of zebrafish em-

bryos at 48 hfp microinjected

with the pEGFP-C1 (A) and

the pEGFP$CMV (B) con-

trols, the PrP-1 tandem con-

struct (C) and the four small

fragments of the PrP1-A1/A3

construct (PrP1-A1/A3-1 to

4) (D-G). The tandem con-

struct ( C )  and the PrP1-

A1/A3-1 (D) and -3 (F) con-

structs exhibited only back-

ground expression as seen for

pEGFP-C1$CMV (B). Minor

EGFP expression in the brain

was seen in embryos injected

with the PrP1-A1/A3-2 (E)

and -4  (G)  constructs (ar-

rows). A-B, fluorescent

(right) and overlay images

(left); C-G, fluorescence

images (left), Normarski

images (center) and the

overlay of fluorescence and

Normaski images (right).

A pEGFP B pEGFP$CMV

C A1/A3+A2/in

D A1/A3-1

E A1/A3-2

F A1/A3-3

G A1/A3-4

Figure 4.12: Lateral view of

the trunks of zebrafish em-

bryos at 48 hpf, microinjected

with the pEGFP-C1 (A) and

the pEGFP$CMV (B) con-

trols, which showed the same

EGFP background expression

in blood cells as embryos

microinjected with the PrP-1

tandem construct (C) and the

four small PrP1-A1/A3 frag-

ments (PrP1-A1/A3-1 to 4)

(D-G). EGFP expression was

observed in PrP-1-A1/A3-2

and -4 microinjected embryos

in notochord cells (arrow) (E)

and in Rohon-Beard neurons

(arrow) (G). For image col-

umns see Figure 4.11.
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Figure 4.13: Images of zebrafish embryos at 8 hpf microinjected with

the pEGFP-C1 vector (A) and the pEGFP$CMV control (B), the PrP-

1 tandem fragment (C) and the divided fragments of PrP1-A1/A3-1 to

-4 (D-H). EGFP expression was seen, although not as strong as in the

positive control (A), in embryos miccroinjected with the PrP1-A1/A3-

4 construct (arrows) (G, H). A-B, fluorescent (right) and overlay

images (left); C-G, fluorescence images (left), Normarski images

(center) and the overlay of fluorescence and Normaski images (right).

D A1/A3-1

E A1/A3-2

F A1/A3-3

G A1/A3-4

H A1/A3-4

A pEGFP   B pEGFP$CMV

C A1/A3+A2/in

8 hpf (Figure 4.13; C). Because the PrP-1 fragment upstream of the transcription start

site (PrP1-A1/A3) contains nearly 1000 bp, it is likely that not only a promoter but also

regulatory elements are present in this sequence. For instance, this fragment could har-

bor gene silencing binding motives, which would prevent EGFP expression in our as-

says. In order to sort out a possible promoter from silencing elements, the PrP1-A1/A3

fragment was subdivided

into four (PrP1-A1/A3-1

to -4) smaller fragments

(Figure 4.9). These PrP

genomic fragments were

tested in embryos at 48

hpf (Figure 4.10-4.12; D-

G), and 8 hpf (Figure

4.13; D-F) respectively.

Interestingly, EGFP was

not expressed in most

embryos at 8 hpf (Figure

4.13; D-G) (except for

the fragment PrP1-

A1/A3 -4) but slightly

expressed  in  the

telencephalon (Figure

4.10; E) and in notochord

cells (Figure 4.12; E) of

pEGFP-PrP1-A1/A3-2

microinjected embryos at

48 hpf. In embryos at 48

hpf microinjected with

the pEGFP-PrP1-A1/A3-

4  construct, EGFP

expression was best

observed in the brain

(Figure 4.11; G) and

Rohon-Beard neurons

(Figure 4.12; G) and in

embryos at 8 hpf

randomly in embryonic

cells (Figure 4.13; G, H).

The two PrP genomic
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Figure 4.14: Schematic pres-

entation of the Prnp-1 gene

locus and the regions found to

contain regulatory regions

(green; PrP1- A1/A3-2 and

-4). The other PrP-genomic sequences showed no promoter activity (crossed) or were not tested (nt).

fragments further upstream (PrP1-A1/A3-1 and -3) were neither able to drive expression

in embryos at 8 hpf (Figure 4.13; D, F) nor in embryos at 48 hpf (Figure 4.10-4.12; D,

F). Based on this data, it is likely that the promoter for PrP-1 is contained within the 500

bp sequence upstream of the transcription start site found in the PrP-genomic fragment

PrP1-A1/A3-4. The PrP genomic fragment ~900 bp downstream of the transcription

start site (PrP1-A1/A3-2) must contain regulatory elements like at least the promoter

and one or part of one silencing binding motive that have to be examined (Figure 4.14).

4.1.4.2 EGFP expression under the control of PrP-2 genomic fragments

In order to test the intergenic sequences around the Prnp-2 locus for promoter and/or

regulatory elements, the same strategy as for Prnp-1 was carried out. Since the Prnp-2

(~40 kb) gene locus is almost twice the size as the Prnp-1 locus, three constructs from

the sequence upstream of the transcription start site and two constructs from the intron

were obtained and tested in zebrafish embryos for their ability to drive EGFP expres-

sion. Embryos, microinjected with the PrP-2-intergenic fragment constructs, were al-

lowed to develop until 48 hpf, fixed and analyzed. Immediately striking was the expres-

sion pattern observed in embryos, microinjected with the PrP2-A4/A6 construct (Figure

4.15, 4.17, 4.18; E) whose sequence lies directly upstream of the transcription start site;

and embryos, microinjected with the PrP2-A5/A7 construct (first part of the intron)

(Figure 4.15, 4.17, 4.18; F). Both showed conspicuous EGFP expression in contrast to

the embryos microinjected with the other PrP-2 constructs, which exhibit only the me-

ander-shaped EGFP background expression pattern in the brain (Figure 4.15 and 4.17;

C, D, G) and EGFP background expression in blood cells (Figure 4.18; C, D, G) as seen

for the PrP-1 genomic fragments and the promoterless control vector (Figure 4.15, 4.17,

4.18; B). Intense EGFP expression was observed for the PrP2-A4/A6-fragment in tri-

geminal ganglion neurons (Figure 4.15 and 4.17; E) and in Rohon-beard neurons (Fig-

ure 4.18; E). Embryos microinjected with the PrP2-A5/A7-fragment showed EGFP ex-

pression in the brain (Figure 4.15 and 4.17; F) and in a reticulated manner along the

entire embryo (Figure 4.18; F). Therefore, the intron likely contains regulatory ele-

ments, which generate this expression pattern. Nevertheless, the PrP-2 promoter and

regulatory elements sufficient to drive expression to neurons are present in the roughly

1400 bp sequence upstream of the transcription start. These results were verified with

C A2/A3

  B pEGFP$CMV

D A3/A4

E A4/A6

F A5/A7

A pEGFP
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Figure 4.15: Dorsal view of the

heads of zebrafish embryos at

48 hpf, microinjected with the

PrP-2 genomic fragments. Most

constructs (C, D, G) exhibited

only background expression as

seen in the pEGFP$CMC con-

trol (B) but embryos microin-

jected with the PrP2-A4/A6

construct showed strong EGFP

expression in trigeminal gan-

glion neurons (arrows) (E). The

pEGFP-C1 vector shows ran-

dom expression (A). A-B, fluo-

rescent (right) and overlay im-

ages (left); C-G, fluorescence

images (left), Normarski images

(center) and the overlay of

fluorescence and Normaski

images (right).

B pEGFP$CMV

 C A2/A3

 D A3/A4

 E A4/A6

 F A5/A7

 G A7/in

 A pEGFP

microinjections of the pEGFP-PrP2-A4/A6 construct into embryos at younger stages at

24 hpf (Figure 4.19) where the same expression pattern with expression in trigeminal

ganglion cells (Figure 4.19; A, B) and Rohon-Beard neurons (Figure 4.19; C) was ob-

served. These data demonstrate, that the ~1400 bp intergenic sequence, immediately

upstream of the transcription start site of Prnp-2 contains the promoter and an enhancer

element which drives the expression in neural tissue like trigeminal- and Rohon-Beard

neurons. The first part of the intron (~1500bp) probably contains regulatory elements

that eventually modulated the background expression (Figure 4.16).

G A7/in

regions (green; PrP2-A4/A6 and PrP2-A5/A7). The other PrP-2-genomic sequences showed no promoter

activity (crossed) or were not tested (nt).

Figure 4.16: Schematic pres-

entation of the Prnp-2 gene

locus and the regions found

to contain regulatory
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Figure 4.18: Lateral view of

the trunks of zebrafish em-

bryos at 48 hpf microinjected

with the PrP-2 genomic

fragments. In some embryos

(C, D, G) only background

expression was seen but

EGFP was strongly expressed

in Rohon-Beard neurons

(arrows) in embryos mi-

croinjected with the PrP2-

A4/A6 construct (E) and in a

reticulated manner (arrows)

in embryos microinjected

with the first part of the in-

tron (PrP2-A5/A7) (F). For

image columns see   figure

4.17.

Figure 4.17: Lateral view of

the heads of zebrafish em-

bryos at 48 hpf microinjected

with the PrP-2 genomic

fragments. Most constructs

(C, D, G) exhibited only

background expression but

embryos injected with the

PrP2-A4/A6 cons t ruc t

showed strong EGFP expres-

sion in trigeminal ganglion

neurons (arrow) (E) and in

embryos microinjected with

the first intron fragment,

(PrP2-A5/A7) EGFP expres-

sion was observed in some

structures in the brain (arrow)

(F). A-B, fluorescent (right)

and overlay images (left); C-

G, fluorescence images (left),

Normarski images (center)

and the overlay of fluores-

cence and Normaski images

(right).

 B pEGFP$CMV

C A2/A3

D A3/A4

E A4/A6

F A5/A7

G A7/in

A pEGFP

B pEGFP$CMV

C A2/A3

D A3/A4

E A4/A6

F A5/A7

G A7/in

A pEGFP
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4.1.5 Expression of the pEGFP-PrP genomic fragments in N2a cells

In order to corroborate the results from the expression assays in zebrafish embryos, the

same PrP-1 and -2 genomic fragment constructs were transiently transfected into mouse

neuroblastoma N2a cells. As a transfection efficiency control, the pDsRed-monomer-N1

vector, which expresses the red fluorescent DsRed-monomer protein under the strong

CMV promoter, was co-transfected. This positive control vector, mixed with the con-

struct of interest prior to transfection, will enter the cell in similar amounts and thus can

act as indicator for an effective transfection. The uniform expression of both constructs

after transfection was controlled using fluorescence microscopy (not shown). Addition-

ally, SDS-PAGE and Western blot analyses were performed using the monoclonal GFP

antibody (2.2.4) against the 27 kDa EGFP and the polyclonal DsRed antibody (2.2.4)

against the 27 kDa DsRed protein (Figure 4.20). As a positive control, the pEGFP-C1

vector was transfected, which showed a strong band at 27 kDa and smaller bands that

present partial degradation of the protein in N2a cells. As expected, the pEGFP-C1

vector without the CMV promoter (pEGFP-C1#CMV), serving as negative control,

showed no expression. In agreement with the results obtained using zebrafish embryos,

none of the PrP-1 constructs exhibited EGFP expression (Figure 4.20; A). However, this

result is not surprising, as PrP-1 seems to feature a more complex promoter structure

than PrP-2 (4.1.1 and 4.1.4), which might be specific for expression in zebrafish and not

functional in mouse cells. In contrast, N2a cells transfected with the pEGFP-PrP2-

A4/A6 construct exhibit significant levels of expression (Figure 4.20; B). This result is

consistent with the results from the zebrafish studies, where strong EGFP expression

was also visible in pEGFP-PrP2-A4/A6 microinjected zebrafish embryos.

Figure 4.19: PrP2-A4/A6

microinjected embryos at

24 hpf. EGFP expression

was seen in trigeminal

ganglion neurons (arrows)

in the dorsal (A) and lateral

view (B) of the head and in

Rohon-Beard neurons

(arrows) in the trunk (C).

The columns display fluo-

rescence images (left),

Normarski images (center)

and the overlay of fluores-

cence and Normaski im-

ages (right).

 A A4/A6 dorsal

 B A4/A6 lateral

 C A4/A6 trunk
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Figure 4.21: Schematic representation of the insertion site for EGFP between the signal peptide (SP,

claret-red) and the PrP core protein including the repetitive domain (blue), the hydrophobic stretch (HD,

red) and the GPI-anchor. Globular domain: green, "-sheets; cyan, !-helices. Modified from Rivera-

Milla et al. (RIVERA-MILLA et al. 2006).

 

 

4.1.6 Cloning of expression constructs with the zebrafish PrP-2 promoter

Having identified the zebrafish neuronal regulatory elements, it is now possible to gen-

erate transgenic fish that express EGFP-tagged prion proteins from different species

under the zebrafish PrP promoters. To this end, zebrafish PrP-1, PrP-2 and mouse PrP

were subcloned into the EGFP-PrP2-A4/A6 construct. Therefore, the entire EGFP was

restricted (NheI/EcoRI) and replaced with previously cloned PrP-EGFP constructs

Figure 4.20: Western

blot analyses of the

pEGFP-PrP-1 (A) and

pEGFP-PrP-2 ( B )

genomic fragments

after transfection into

N2a cells. Expression

of EGFP through the

fragments were de-

tected using the mono-

clonal anti-GFP anti-

body (first row) and

the CMV promoter

driven DsRed cotrans-

A

B

fection control vector expression using the

polyclonal anti-DsRed antibody (second

row). +, positive control (pEGFP-C1); -,

negative control (pEGFP-C1#CMV). The

smaller bands in the positive control

showed partially degraded EGFP. Cells

transfected with the PrP2-A4/A6 construct

showed a clear band of expressed and

detected EGFP at 27 kDa (arrow) (B).

EGFP expression of PrP1-A1/A3-2 and -4

transfected cells was not detected (arrows)

(A). (EGFP 27 kDa; DsRed 27 kDa)
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(SCHROCK, Diploma thesis 2006). These EGFP-PrP constructs contained EGFP inserted

between the leader sequence (signal peptide), which is cut off post-translationally, and

the core-GPI-anchor sequence (containing the repetitive domain, the hydrophobic

stretch and the stable globular domain) of zebrafish and mouse PrPs (Figure 4.21).

Table 4.3: Cloned pEGFP constructs that drive EGFP-tagged PrP expression under the zebrafish PrP-2

promoter fragment (PrP2-A4/A6).

Construct
Previously cloned
start vector

Target vector Size [bp]

pEGFP-PrP2-A4/A6-PrP-1 pEGFP-PrP-1 pEGFP$CMV-PrP2-A4/A6 856 (CR3), 146(L), 1677(C)

pEGFP-PrP2-A4/A6-PrP-2 pEGFP-PrP-2 pEGFP$CMV-PrP2-A4/A6 856 (CR3), 221(L), 1485(C)

pEGFP-PrP2-A4/A6-PrP-Mo PEGFP-PrP-Mo pEGFP$CMV-PrP2-A4/A6 1373 (A4/A6), 107 (L), 660 (C)

The constructs obtained (table 4.3) will now used for activity tests in zebrafish embryos

and for the generation of stable transgenic zebrafish lines.
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4.2 Targeted overexpression of PrP in zebrafish neurons

4.2.1 Amplification of the Islet-1 enhancers

One of the major goals of our work is to understand the function of PrP in the nervous

system, and whether this function (or the lack of it) is in any way related to the neuronal

death observed during prion disease. Overexpressing EGFP-tagged PrP in zebrafish

neurons in vivo can approach answering these questions. In order to target and overex-

press the protein in neurons, three enhancer elements that normally regulate the expres-

sion of the zebrafish Islet-1 transcription factor (1.4.2) in neurons, zCREST1, zCREST2

and zCREST3 (zebrafish conserved regulatory element for Isl1 1-3) (UEMURA et al.

2005) were chosen. Based on publicly available sequences (GenBank Accession num-

bers: AB158303, AB158304, AB158305), primers that include the appropriate restric-

tion sites for sub-cloning (AseI or NdeI) were designed (2.1.1 and 3.1.1) and the

zCREST enhancer elements amplified using PCR from whole genomic zebrafish DNA.

A gradient PCR was performed in order to determine the optimal primer annealing tem-

peratures. Fortunately, all annealing temperatures tested, yielded comparable product

amounts. Additionally, different dilutions of the genomic DNA, 1:10, 1:50 and 1:100

were tested and the clearest amplification results were obtained for the 1:50 dilution

(Figure 4.22).

 

To maintain the amplified zCREST sequences for subcloning (4.2.2) and sequencing,

the PCR products were analyzed by agarose gel electrophoresis, extracted from the gel

and primarily cloned into a pCRII-Topo vector (Invitrogen). The cloned enhancer se-

quences were verified by shotgun sequencing.

A

B

C

Figure 4.22: The gradient

PCR for the amplification

of (A)  zCREST1, ( B )

zCREST2 and ( C )

zCREST3 was analyzed on

a 1% (w/v) agarose gel.

The primer annealing tem-

peratures were chosen at

50°C, 55°C, 60°C and

65°C and yielded in com-

parable product amounts.

Different dilutions of the

genomic DNA (10, 1:10;

50, 1:50; 100, 1:100)
represented increasing amounts of products. Predicted sizes: zCREST1, 886 bp; zCREST2,

683 bp; zCREST3: 856 bp.
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4.2.2 Cloning of pEGFP-zCREST constructs

In order to drive the expression of EGFP (and later PrP-EGFP) in neurons, the

zCREST1, -2 and -3 sequences were subcloned upstream of the cytomegalovirus

(CMV) promoter (AseI restriction site) in the pEGFP-C1 vector (BD Biosciences Clon-

tech) (Figure 4.23).

 

Because all enhancers drive expression into different subsets of neurons (1.4.2), a tan-

dem construct composed of zCREST2 and 3 was also cloned (zCREST2/3). For an

overview, all pEGFP-zCREST constructs are listed in table 4.4. In addition, zCREST3

was subcloned into the pDsRed-monomer-N1 vector (BD Biosciences Clontech), which

was later introduced as a control (4.2.5).

Table 4.4: pEGFP constructs with the Islet-1 enhancers used in order to target the CMV promoter driven

EGFP expression specifically to the corresponding neuronal cells. Shown are the primers used for ampli-

fication of the appropriate enhancer, the target vector and the size of the enhancer being cloned.

Construct Primer Target vector Size [bp]

pEGFP-zCR1
zCREST1-AseI-f
zCREST1-AseI-r

pEGFP-C1 886

pEGFP-zCR2
zCREST2-AseI-f
zCREST2-AseI-r

pEGFP-C1 638

pEGFP-zCR3
zCREST3-NdeI-f
zCREST3-NdeI-r

pEGFP-C1 856

pEGFP-zCR2/3
zCREST2-NdeI-f

zCREST3-NdeI-r
pEGFP-C1 1494

pDsRed-monomer-N1-zCR3
zCREST3-NdeI-f
zCREST3-NdeI-r

pDsRed-monomer-N1 856

Figure 4.23: pEGFP-C1

vector (BD Biosciences

Clontech) with representa-

tion of the insertion site for

the zCREST enhancer

sequences upstream of the

cytomegalovirus (CMV)

promoter (AseI restriction

site) and the insertion site

for the PrP-EGFP fusion

constructs.
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Figure 4.24: Dorsal views of the heads of zebrafish embryos at 24

hpf, microinjected with the pEGFP-zCR constructs. The pEGFP con-

trol (A) shows random expression. pEGFP-zCR1 microinjected em-

bryos (B) showed strong expression in the fore- (telen- and dien-

cephalon), mid- and hindbrain. In the pEGFP-zCR2 microinjected

embryos (C), expression was seen in the brain as well as in trigeminal

ganglion neurons (arrow) and in pEGFP-zCR3 microinjected embryos

(D) only in trigeminal ganglion neurons (arrows). The tandem-

construct pEGFP-zCR2/3 (E) showed an expression pattern compara-

ble to that of pEGFP-zCR2 solely. d, diencephalon; h, hindbrain; m,

midbrain; t, telencephalon; tg, trigeminal ganglion neurons. The col-

umns display fluorescence images (left), Normarski images (center)

and the overlay of fluorescence and Normaski images (right).

 A pEGFP

 B zCR1

 C zCR2

 D zCR3

 E zCR2/3

h m   d t

h m   d t

4.2.3 Expression pattern studies of the pEGFP-zCREST constructs in

zebrafish embryos

The pEGFP-zCREST (pEGFP-zCR) constructs were microinjected into zebrafish em-

bryos and EGFP expression was monitored using a fluorescence stereomicroscope. As

expression could be observed for all constructs, embryos were fixed and embedded for

more detailed analyses. When solely under the control of the CMV promoter, strong,

random and mosaic EGFP expression was seen throughout the embryo at 24 hpf (Figure

4.24 and 4.25; A). In

contrast,  under the

regulation of zCREST1

(zCR1), expression of

EGFP was enhanced in

the forebrain, midbrain

and hindbrain (Figure

4.24; B), possibly in

cranial motor neurons as

described by Uemura et

al. (UEMURA et al. 2005).

Lateral views of the trunk

showed expression in the

spinal chord and in motor

neurons (Figure 4.25; B).

On the other hand,

injections of the pEGFP-

zCREST3 (pEGFP-zCR3)

construct resulted in

strong expression in

trigeminal ganglion

neurons, their axons

(Figure 4.24; D and 4.26;

B) and Rohon-Beard

neurons and their axons,

dorsal to the spinal cord

(Figure 4.25; D and 4.26;

C). These results fit

perfectly with published

data, where zCR3 driven

expression was also

observed in trigeminal
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Figure 4.25: p E G F P - z C R

transgenic zebrafish embryos at

24 hpf. The pictures show lat-

eral views of the trunk. The

control vector pEGFP ( A )

showed random expression.

pEGFP-zCR1 microinjected

embryos (B) displayed expres-

sion in the spinal chord (sc), in

the notochord (nc) and in motor

neurons (arrow). In embryos

microinjected with pEGFP-

zCR2 (C), expression was ob-

served in notochord cells (nc)

and Rohon-Beard neurons (ar-

row). The pEGFP-zCR3 (D)

and the tandem construct (E)

also drove expression into Rohon-Beard neurons (arrows). The columns display fluorescence images

(left), Normarski images (center) and the overlay of fluorescence and Normaski images (right).

  A pEGFP

  E zCR2/3

  D zCR3

  C            zCR2

  B zCR1
   sc   nc

  sc    nc

sc

  sc nc

Figure 4.26: Detailed views of

the cranial motor neurons of a

zCR2 microinjected embryo at

24 hpf (A), the trigeminal gan-

glion neurons (B) (tg) and Ro-

hon-Beard neurons (C) after

injection of zCR3 into embryos

at 24 hpf. VII, facial nerve; V,

trigeminal nerve; IV, trochlear

nerve; III, oculomotor nerve. A,

B display fluorescence images

(left), Normarski images (cen-

ter) and the overlay of fluores-

cence and Normaski images

(right); C shows z-stack fluo-

rescent images.

  A zCR2

  B zCR3

  C zCR3

ear eye

VII

V

  IV  III

tg
eye

ganglion neurons and Rohon-Beard neurons (UEMURA et al. 2005). Also consistent with

the data from Uemura et al. is the expression pattern observed for the zCREST2 (zCR2)

construct, which drove EGFP expression in both, sensory neurons (such as trigeminal

ganglion neurons) and cranial motor neurons in the fore-, mid- and hindbrain (Figure

4.24; C). A more detailed view of the cranial motor neurons at 24 hpf is shown in figure

4.26 (A), where expression of the zCR2 construct can be seen in the facial (VII), tri-

geminal (V), trochlear (IV) and oculomotor (III) nerve neurons. Lateral views of the

trunk display EGFP expression in notochord cells and Rohon-Beard neurons (Figure

4.25; C). As expected, the tandem construct including zCR2 and -3 showed expression
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patterns comparable to zCR2 with EGFP expression in the brain, trigeminal ganglion

cells (Figure 4.24; E) and Rohon-Beard neurons (Figure 4.25; E). Experiments with

embryos at 48 hpf represented the same expression patterns for the zCR constructs as

seen at 24 hpf (not shown). These experiments showed, that pEGFP-zCR3 worked best

and drove EGFP expression into neurons similar to those where zebrafish PrP-2 is natu-

rally expressed (trigeminal ganglion neurons, Rohon-beard neurons) (MÁLAGA-TRILLO

et al. in review by Cell-press). Thus, all of the following steps were conducted with this

construct.

4.2.4 Cloning of pEGFP-zCREST-PrP constructs

To examine the consequences of targeted overexpression of EGFP-tagged PrPs in ze-

brafish neurons, the PrP sequences from representative vertebrate species were sub-

cloned into the pEGFP-zCR3 vector. The Isl-1 zCR3 enhancer drives protein expression

directly in sensory neurons such as trigeminal ganglion and Rohon-Beard neurons

(4.2.3). Therefore, the pEGFP-zCR3 construct was used to target the overexpression of

EGFP-tagged PrPs. The pEGFP-PrP constructs, where EGFP is in between the leader

sequence and the core-GPI-anchor sequence of PrPs (4.1.6), were previously cloned in

this lab (Figure 4.27) (SCHROCK, Diploma thesis 2006).

 

Figure 4.27: (A) Schematic representation of the insertion site for EGFP (green) between the signal pep-

tide (SP) and the core protein (including the repetitive domain (blue) and the  hydrophobic stretch (HD,

red)). (B) In the PrP2(L+GPI) construct, the core sequence up to the GPI-anchor is absent. Globular do-

main: green, "-sheets; cyan, !-helices. Modified from Rivera-Milla et al. (RIVERA-MILLA et al. 2006).

For subcloning, the entire ‘PrP-leader-EGFP-core-GPI’ sequence was cut out of the

pEGFP vector using NheI and EcoRI and inserted into the appropriate restriction sites in

the pEGFP-zCR3 construct. The PrP sequences for zebrafish (PrP-1 and -2), mouse

(PrP-mo), chicken (PrP-chk) and Xenopus laevis (PrP-xe) were subcloned into pEGFP-

zCR3. As a negative control, a pEGFP-zCR3-PrP2 construct (pEGFP-zCR3-

PrP2(L+GPI)) (Figure 4.27; B), featuring only the leader sequence (L) and the GPI an-

chor for PrP-2 without the core sequence was subcloned from a previously cloned con-

struct (SCHROCK, Diploma thesis 2006). Three constructs with pEGFP-zCR2/3 and ze-

brafish PrP-1, -2 and mouse PrP were also cloned, but not further analyzed because the

zCR3-PrP constructs gave optimal results (Table 4.5).

A

B
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Table 4.5: Constructs for targeted overexpression of PrP in zebrafish neurons. Previously cloned pEGFP-

PrP constructs with PrP in between the leader (L) and the core (C) sequence (SCHROCK, Diploma thesis

2006) were subcloned into pEGFP-zCREST enhancer constructs. Shown are the start and target vectors

and the size of inserts.

Construct Previously cloned start vector Target vector Size [bp]

pEGFP-zCR3-PrP-1 pEGFP-PrP-1 pEGFP-zCR3 856 (CR3), 146(L), 1677(C)

pEGFP-zCR3-PrP-2 pEGFP-PrP-2 pEGFP-zCR3 856 (CR3), 221(L), 1485(C)

pEGFP-zCR3-PrP-mo pEGFP-PrP-m pEGFP-zCR3 856 (CR3), 107(L), 660(C)

pEGFP-zCR3-PrP-chk pEGFP-PrP-chk pEGFP-zCR3 856 (CR3), 129(L), 713(C)

pEGFP-zCR3-PrP-xe pEGFP-PrP-xe pEGFP-zCR3 856 (CR3), 126(L), 547(C)

pEGFP-zCR3-PrP2(L+GPI) pEGFP-PrP-2 GPI only pEGFP-zCR3 856 (CR3), 221(L), 183(GPI)

pEGFP-zCR2/3-PrP-1 pEGFP-PrP-1 pEGFP-zCR2/3 1494 (CR2/3), 146(L), 1677(C)

pEGFP-zCR2/3-PrP-2 pEGFP-PrP-2 pEGFP-zCR2/3 1494 (CR2/3), 221(L), 1485(C)

pEGFP-zCR2/3-PrP-mo pEGFP-PrP-m pEGFP-zCR2/3 1494 (CR2/3), 107(L), 660(C)

4.2.5 Expression studies of the pEGFP-zCREST3-PrP constructs in

zebrafish embryos

In order to analyze the effect of overexpressed PrP in neurons, the cloned constructs

(4.2.4) were microinjected into zebrafish embryos at the one- to four-cell stage and em-

bryos were allowed to develop until 24 and 48 hpf. The phenotype of zebrafish embryos

at 48 hpf, microinjected with the different pEGFP-zCR3-PrP constructs was rather

striking. As expected, the control zCR3 transgenic fish without tagged PrP strongly ex-

pressed EGFP in trigeminal ganglion neurons (Figure 4.28; A), as well as in Rohon-

Beard neurons and their axons (Figure 4.30; A). In contrast, embryos microinjected with

the pEGFP-zCR3-PrP constructs for zebrafish PrP-1 (Figure 4.28 and 4.30; C), zebraf-

ish PrP-2 (Figure 4.28 and 4.30; D), mouse (Figure 4.28 and 4.30; E), chicken (Figure

4.28 and 4.30; F), and Xenopus (Figure 4.28 and 4.30; G) PrP consistently lacked PrP-

EGFP expression in neurons. As weak background PrP-EGFP expression could be seen

in blood-, myoseptum- and epithelia cells (Figure 4.28-4.30), these results hinted at pos-

sible neurotoxic effects of enhanced PrP expression in these neurons. Background ex-

pression in blood cells (Figure 4.30) was probably due to a promoter activity of the

pEGFP vector (4.1.4). Alternatively, PrP overexpression might be not tolerated in neu-

rons leading to an inhibition of expression or protein degradation. In order to control if

the observed phenotypes exist only because of the neuronal overexpressed PrPs and to

exclude expression inhibiting effects of the tagged EGFP, the PrP-2 construct contain-

ing only the leader and GPI-anchor sequence without the PrP-2 core (pEGFP-zCR3-

PrP2(L+GPI)) (Figure 4.27;B), was also microinjected. Since this construct was ex-

pressed, even if weaker, in the expected neurons (Figure 4.28 and 4.30; B), an impair-

ment of the correct biosynthesis pathway and processing of the EGFP-tagged PrPs can

be ruled out.
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Figure 4.29: EGFP-

tagged PrP chicken,

expressed at the

plasma membrane of

epithelia cells in the

caudal fin of a trans-

genic zebrafish at 48

hpf. Fluorescence image (left), Normarski image (center) and the overlay of fluorescence and Normaski

image (right).

A zCR3

B zCR3-         PrP2(L+GPI)

Figure 4.28: EGFP-tagged

PrP transgenic zebrafish at 48

hpf. Dorsal pictures of the

heads display in the controls:

pEGFP-zCR3 microinjected

zebrafish ( A )  and PrP-2

transgenic fish without the

PrP core sequence (pEGFP-

PrP2(L+GPI)  (B); a clear

EGFP expression in trigemi-

nal ganglion neurons (ar-

rows). The EGFP-tagged PrP

transgenic fish (C-G) lacked

EGFP expression in the ex-

pected neurons. The columns

display fluorescence images

(left), Normarski images

(center) and the overlay of

fluorescence and Normaski

images (right).

C zCR3-PrP1

D zCR3-PrP2

E zCR3-PrPmo

F zCR3-PrPchk

G zCR3-PrPxe

 zCR3-PrPchk
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In order to further examine the assumption of possible toxic effects of PrP overexpres-

sion in neurons, co-injections of the pEGFP-zCR3-PrP constructs together with a

pDsRed-monomer-zCR3 construct, used as an expression control, were conducted. Both

constructs were mixed together at the same concentration and microinjected into early

zebrafish embryos. In theory, both constructs reach the same nucleus and thus are ex-

pressed in a similar manner in the same cells. If DsRed is not expressed in EGFP-PrP

coinjected embryos in trigeminal ganglion- and Rohon-Beard neurons, a loss or reduc-

tion of these neuronal structures as a result of PrP toxicity could have occurred. On the

other hand, pDsRed expression in neuronal structures of EGFP-PrP coinjected embryos

could showed that neurons were not impaired because of PrP overexpression and PrP

expression is rather shut down. To test the specificity of the pDsRed-zCR3 control con-

struct to target DsRed expression into neurons, the pDsRed vector and the “neuronal”

pDsRed-zCR3 construct were microinjected into zebrafish embryos. Neuronal expres-

sion in trigeminal ganglion cells and Rohon-Beard neurons was clearly seen in pDsRed-

zCR3 transgenic zebrafish (Figure 4.31 and 4.32; B), whereas the CMV promoter

driven pDsRed control vector shows strong and random DsRed expression in epithelia

and notochord cells among others (Figure 4.31 and 4.32; A). Because the injection of

many different constructs into zebrafish embryos is very time-consuming, all the fol-

lowing experiments

Figure 4.30: Lateral views of

the trunk (ex. (A), dorsal

view) of pEGFP-zCR3-PrP

microinjected zebrafish at 48

hpf. The controls pEGFP-

zCR3 (A) and pEGFP-zCR3-

PrP-2(L+GPI) (B) microin-

jected embryos displayed

strong EGFP expression in

Rohon-Beard neurons (ar-

rows). In contrast, pEGFP-

zCR3-PrP microinjected

embryos (C-G) showed no

detectable neuronal EGFP

expression above background

level. The columns display

fluorescence images (left),

Normarski images (center)

and the overlay of fluores-

cence and Normaski images

(right).

A zCR3

B zCR3-PrP2(L+GPI)

C zCR3-PrP1

D zCR3-PrP2

E zCR3-PrPmo

F zCR3-PrPchk

G zCR3-PrPxe
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Figure 4.31: Dorsal view of the heads of zebrafish embryos at 48

hpf coinjected with pEGFP-zCR3-PrPs and pDsRed-zCR3. The

microinjected control pDsRed vector (A) showed random expres-

sion. DsRed expression was directed by zCR3 to trigeminal gan-

glion neurons (arrows) (B). (C-E) show the coinjected embryos. No

EGFP expression was seen in PrP-1 (C) and PrP-2 (D) microin-

jected embryos whereas weak expression was detected in the tri-

geminal ganglion neurons of mouse PrP microinjected embryos (E).

In contrast, zCR3 driven DsRed expression was displayed in all

coinjected embryos in the trigeminal ganglion neurons (arrows).

co., coinjection with pDsRed-zCR3. The columns display in A and

B fluorescence images (left), Normarski images (center) and the

overlay of fluorescence and Normaski images (right), C-E represent

the EGFP fluorescence image (left), the pDsRed fluorescence image

(center) and the overlay of both fluorescence and Normaski images

(right).

A pDsRed-monomer

B pDsRed-zCR3

C pEGFP-zCR3-PrP1 co.

D pEGFP-zCR3-PrP2 co.

E pEGFP-zCR3-PrPmo co.

were restricted to the most interesting constructs, which were zebrafish PrP-1, -2 and

mouse PrP. As before, no EGFP-PrP expression could be observed in EGFP-tagged PrP

and DsRed coinjected zebrafish (Figure 4.31 and 4.32; C-E), except for the mouse PrP

transgenic fish, which showed little expression in a trigeminal ganglion (Figure 4.31;

E). Remarkably, the

coinjected embryos indeed

showed strong DsRed

expression in trigeminal

ganglion neurons and

Rohon-Beard neurons,

indicating that the zCR3-

PrP targeted neurons are

still present and not lacked

due to toxic overexpression

of PrPs, but do not express

the targeted EGFP-tagged

PrPs. Since the EGFP and

DsRed constructs without

PrP could be successfully

targeted and expressed in

neurons, these results sug-

gest that overexpression of

the PrP-core sequences is

specifically inhibited in

these neurons. In view of

the fact that weak

expression could be

observed in the mouse PrP

microinjected embryos,

PrPs from different species

may not equally affect

neurons or PrP indeed is

expressed and expression is

shut down after a certain

time. Our analyses showed

tha t  t a rge t ed  P rP

expression was absent at 48

hpf, raising the question

whether PrP expression
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Figure 4.32: Lateral view of

the trunks of coinjected em-

bryos at 24 hpf. The pDsRed

microinjected control ( A )

showed random DsRed expres-

sion mainly in notochord cells

(nc). In contrast, pDsRed-zCR3

(B)  microinjected embryos

showed expression mainly in

Rohon-Beard neurons (arrows).

The pDsRed-zCR3 and pEGFP-

zCR3-PrP coinjected embryos

(C-E) showed DsRed expres-

sion in Rohon-Beard neurons

(arrows) but no EGFP-tagged

PrP expression. co., coinjection

with   pDsRed-zCR3.  The  col-

 A pDsRed-monomer

 B pDsRed-zCR3

 C pEGFP-zCR3-PrP1 co.

 D pEGFP-zCR3-PrP2 co.

 E pEGFP-zCR3-PrPmo co.

  nc

took place at earlier stages and was then inhibited or it never took place. To distinguish

between these two scenarios, the coinjection experiments were repeated and younger

embryos at 24 hpf were analyzed. Interestingly, zebrafish PrP-2 and mouse PrP trans-

genic embryos at 24 hpf exhibit EGFP-tagged PrP expression in trigeminal ganglion

neurons (Figure 4.33; E, F) and Rohon-Beard neurons (Figure 4.34; E, F) similar to the

zCR3 and PrP2(L+GPI) microinjected controls (Figure 4.33, 4.34; B, C). Furthermore,

expression of EGFP and DsRed is mostly observed in the same cells. Notably, embryos

microinjected with the PrP-1 construct lacked EGFP expression although they expressed

the pDsRed construct (Figure 4.33, 4.34; D).   These results suggest that neuronally tar-

geted PrP overexpression is developmentally downregulated. The reasons for this re-

main unclear but could be related to regulatory processes specific to neuronal differen-

tiation, and do not exclude the possibility of PrP overexpression being neurotoxic at

these stages. However, since PrP was successfully overexpressed in neurons despite

others having reported that PrP overexpression is pathogenic (WESTAWAY et al. 1994b),

further studies with neuronal markers were carried out to analyze the morphology of

PrP overexpressing neurons (4.2.6).

umns display in A and B fluorescence images (left), Normarski images (center) and the overlay of fluo-

rescence and Normaski images (right), C-E represent the EGFP fluorescence image (left), the pDsRed

fluorescence image (center) and the overlay of both fluorescence and Normaski images (right).
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Figure 4.33: Dorsal view of the

heads of zebrafish embryos at

24 hpf. (A)  pDsRed control.

The pDsRed-zCR3 control (B)

displayed expression of DsRed

in trigeminal ganglion neurons

(arrows). (C-F) show the coin-

jected embryos. Unlike em-

bryos at 48 hpf (Figure 4.31),

these embryos indeed showed

EGFP-PrP expression in tri-

geminal ganglion neurons (ar-

rows; E, F) except for PrP-1

(D), which showed no expres-

sion. The control construct PrP-

2(L+GPI) (C) showed DsRed

and EGFP expression in tri-

geminal ganglion neurons. The

columns display in A and B

fluorescence images (left),

Normarski images (center) and

the overlay of fluorescence and

Normaski images (right), C-F

represent the EGFP fluores-

cence image (left), the pDsRed

fluorescence image (center) and

the overlay of both fluorescence

and Normaski images (right).

Figure 4.34: Lateral view (B, F

dorsal) of the trunks of coin-

jected embryos at 24 hpf. The

pDsRed control (A) showed

random DsRed expression

mainly in notochord cells (nc).

In contrast, pDsRed-zCR3 mi-

croinjected embryos ( B )

showed expression mainly in

Rohon-Beard neurons (arrow).

The pDsRed-zCR3 and pEGFP-

zCR3-PrP coinjected embryos

( C - F )  showed DsRed and

EGFP-tagged PrP expression in

Rohon-Beard neurons (arrows),

except for PrP-1 (D) , which

showed no EGFP expression.

For image columns see   figure

4.35.

 A pDsRed-monomer

 B pDsRed-zCR3

 F pEGFP-zCR3-PrPmo co.

 D pEGFP-zCR3-PrP1 co.

 E pEGFP-

          zCR3-PrP2 co.

 C pEGFP-zCR3-

          PrP2(L+GPI) co.

 A pDsRed-monomer

 F pEGFP-zCR3-PrPmo co.

  D pEGFP-zCR3-PrP1 co.

 E pEGFP-zCR3-PrP2 co.

 C pEGFP-zCR3-
          PrP2(L+GPI) co.

 B pDsRed-zCR3
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Figure 4.35: Schematic repre-

sentation of axon tracts in em-

bryos 48 hpf (A; C) and 24 hpf

(B; D) in dorsal (A; B) and

lateral (C; D) view. ac, anterior

commissure; dlt, dorsal longitu-

dinal tract; pc, posterior com-

missure; poc, postoptic com-

missure; tg, trigeminal ganglion

neurons.

4.2.6 Neuronal staining of EGFP-tagged PrP overexpressing transgenic

zebrafish

The complex formation and connection of axon tracts in the zebrafish can easily be

visualized using either antibodies against axonal cell-surface proteins or cytoskeletal

proteins like acetylated tubulin, or through labeling axons by injection of horseradish

peroxidase (HRP), and have been described extensively (CHITNIS and KUWADA 1990;

ROSS et al. 1992; WILSON et al. 1990). Microtubules are the first cytoskeletal elements

that appear in all neurons, and are made up of !- and "-tubulin. In contrast to non-

neuronal tissue, neuronal !-tubulin is posttranslationally modified with acetyl groups

(CAMBRAY-DEAKIN and BURGOYNE 1987). Since a neurotoxic effect of PrP overexpres-

sion on neurons cannot be excluded, the appearance and formation of axon tracts in ze-

brafish embryos that overexpress EGFP-tagged PrP compared to wild type (wt) em-

bryos were analyzed using a monoclonal antibody against acetylated !-tubulin

(PIPERNO and FULLER 1985) and a fluorescent secondary antibody (Cy3) (2.2.4). As a

control, uninjected wt embryos that develop normally were used to identify variances in

axon tracts or neuronal development compared to transgenic fish. In order to exclude

neuronal impairments due to microinjection or the strong expression of membrane tar-

geted proteins, pEGFP-zCR3 and PrP2(L+GPI) acted as additional controls. All main

axon tracts (bundle of axons coursing together in the central nervous system) were

stained in 24 hpf and 48 hpf embryos using the antibody mentioned above. The same

tracts present after 24 hpf were also visible after 48 hpf but much broader and accompa-

nied by additional new tracts (Figure 4.35). The axons of zCR3 expressing neurons (tri-

geminal ganglion neurons, Rohon-Beard neurons) were also stained. The immuno

stained embryos in these experiments showed the same EGFP-PrP expression patterns

 A uninjected

A B

DC
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Figure 4.36: Dorsal views of the heads of pEGFP-zCR3-PrP mi-

croinjected zebrafish embryos at 24 hpf stained with antibodies

against acetylated tubulin. The uninjected (A) control embryos, the

pEGFP-zCR3 (B) and PrP-2(L+GPI) (C) microinjected embryos

showed no differences in the main axon tracts compared to PrP

microinjected embryos (D-F). EGFP-PrP microinjected embryos

showed expression in trigeminal ganglion cells (arrows), except

for PrP-1 (D). The columns in A display fluorescence images

(left), Normarski images (center) and the overlay of fluorescence

and Normaski images (right), B-F represent the EGFP fluores-

cence image (left), the pDsRed fluorescence image (center) and

the overlay of both fluorescence and Normaski images (right).

as mentioned in 4.2.5. At 24 hpf, embryos showed EGFP-PrP2 and EGFP-PrP-mo ex-

pression in trigeminal ganglion neurons (Figure 4.36 and 4.37; E, F) and Rohon-Beard

neurons (Figure 4.38; E, F) similar to the controls (pEGFP-zCR3 and pEGFP-

PrP2(L+GPI); Figure 4.36 - 4.38; B, C). PEGFP-zCR3-PrP1 microinjected embryos

showed no (Figure 4.36

and 4.37; D) or minimal

expression (Figure 4.38; D)

in the expected neurons.

Embryos at 48 hpf showed

no EGFP-PrP expression

(Figure 4.39-4.41; D-F). In

contrast, the control

embryos, microinjected

either with pEGFP-zCR3

or pEGFP-PrP2(L+GPI)

showed EGFP expression

in trigeminal ganglion

neurons (4.39 and 4.40; B,

C) and Rohon-Beard

neurons (4.41; B, C),

although much weaker in

PrP2(L+GPI) than in zCR3

transgenic embryos. For

both stages, 24 and 48 hpf,

no conspicuous differences

between the main axon

tracts of wt and transgenic

embryos  cou ld  be

o b s e r v e d .  I n  P r P

overexpressing embryos,

all axon tracts exist in the

same manner as in the

controls. Little variations

are due to monitoring

technique and to normally

occurring differences in

developing embryos.

Therefore, neuronally

t a r g e t e d  P r P

A uninjected

B zCR3

C zCR3-PrP2(L+GPI)

D zCR3-PrP1

E zCR3-PrP2

F zCR-PrPmo
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 A uninjected

 B zCR3

 C zCR3-PrP2(L+GPI)

 D zCR3-PrP1

 E zCR3-PrP2

 F zCR3-PrPmo

 A uninjected

 B zCR3

C       zCR3-PrP2(L+GPI)

   D zCR3-PrP1

 E zCR3-PrP2

 F zCR3-PrPmo

Figure 4.37: Lateral views of

the heads of pEGFP-zCR3-PrP

microinjected zebrafish em-

bryos at 24 hpf stained with

antibodies against acetylated

tubulin. The uninjected ( A )

control embryos, the pEGFP-

zCR3 (B) and PrP-2(L+GPI)

(C) microinjected embryos

showed no differences in the

main axon tracts compared to

PrP microinjected embryos (D-

F). EGFP-PrP microinjected

embryos showed expression in

trigeminal ganglion cells (ar-

rows), except for PrP-1 (D).

The columns in A display fluo-

rescence images (left), Normar-

ski images (center) and the

overlay of fluorescence and

Normaski images (right), B-F

represent the EGFP fluores-

cence image (left), the pDsRed

fluorescence image (center) and

the overlay of both fluorescence

and Normaski images (right).

Figure 4.38: Lateral views of

the trunks of pEGFP-zCR3-PrP

microinjected zebrafish em-

bryos at 24 hpf stained with

antibodies against acetylated

tubulin. The uninjected ( A )

control embryos, the pEGFP-

zCR3 (B) and PrP-2(L+GPI)

(C) microinjected embryos

showed no differences in the

main axon tracts compared to

PrP microinjected embryos (D-

F). EGFP-PrP microinjected

embryos showed expression in

Rohon-Beard neurons (arrows),

except for PrP-1 (D). For image

columns see   figure 4.33.
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Figure 4.39: Dorsal views of

the heads of pEGFP-zCR3-PrP

microinjected zebrafish embryos

at 48 hpf stained with antibodies

against acetylated tubulin. The

uninjected (A) control embryos,

the pEGFP-zCR3 (B) and PrP-

2(L+GPI) (C) microinjected

embryos showed no differences

in the main axon tracts com-

pared to PrP microinjected em-

bryos (D-F) . No EGFP-PrP

expression was detected in PrP

microinjected embryos but in

trigeminal ganglion neurons of

zCR3 (arrows) ( B )  and

PrP2(L+GPI) (arrows) ( C )

transgenic embryos. The col-

umns in A display fluorescence

images (left), Normarski images

(center) and the overlay of fluo-

rescence and Normaski images

(right), B-F represent the EGFP

fluorescence image (left), the

pDsRed fluorescence image

(center) and the overlay of both

fluorescence and Normaski

images (right).

  A uninjected

  B zCR3

  C zCR3-         PrP2(L+GPI)

  D zCR3-PrP1

  E zCR3-PrP2

F zCR3-PrPmo

overexpression does not appear to affect axogenesis. Similar in vivo PrP overexpression

experiments have been carried out in Xenopus pituitary cells and no mutated cell struc-

ture or malfunctioning could be observed (VAN ROSMALEN and MARTENS 2006a). Fur-

thermore, overexpression of PrP in a stroke rat model showed a neuroprotective func-

tion of PrP rather than a neurotoxic one (SHYU et al. 2005) and mice motorneurons that

overexpress PrP displayed better survival after facial nerve section than wt mice

(COULPIER et al. 2006). Nevertheless, it is remarkable that embryos after 24 hpf ex-

pressed EGFP-tagged PrP and embryos at 48 hpf did not.
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Figure 4.40: Lateral views of

the heads of pEGFP-zCR3-PrP

microinjected zebrafish em-

bryos at 48 hpf stained with

antibodies against acetylated

tubulin. The uninjected control

embryos (A), the pEGFP-zCR3

( B )  and PrP-2(L+GPI) (C)

microinjected embryos showed

no differences in the main axon

tracts compared to PrP mi-

croinjected embryos (C-F). No

EGFP-PrP expression was de-

tected in PrP microinjected

embryos (D-F) but in trigeminal

ganglion neurons of zCR3 (ar-

rows) ( B )  and PrP2(L+GPI)

arrows) (C) transgenic em-

bryos. The columns in A dis-

play fluorescence images (left),

Normarski images (center) and

the overlay of fluorescence and

Normaski images (right), C-F

represent the EGFP fluores-

cence image (left), the pDsRed

fluorescence image (center) and

the overlay of both fluorescence

and Normaski images (right).

 A uninjected

 B zCR3

 C zCR3-PrP2(L+GPI)

 D zCR3-PrP1

 E zCR3-PrP2

 F zCR3-PrPmo

 A uninjected

 B zCR3

 C zCR3-PrP2(L+GPI)

 D zCR3-PrP1

 E zCR3-PrP2

 F zCR3-PrPmo

4.2.7 

Figure 4.41: Lateral views of

the trunks of pEGFP-zCR3-PrP

microinjected zebrafish em-

bryos at 48 hpf stained with

antibodies against acetylated

tubulin. The uninjected ( A )

control embryos, the pEGFP-

zCR3 (B) and PrP-2(L+GPI)

(C) microinjected embryos

showed no differences in the

main axon tracts compared to

PrP microinjected embryos (D-

F). No EGFP-PrP expression

was detected in PrP microin-

jected embryos but in Rohon-

Beard neurons of zCR3 (ar-

rows) ( B )  and PrP2(L+GPI)

(arrows) (C) transgenic em-

bryos. For image columns see

figure 4.36.
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4.2.8 Amplification of the zebrafish Hsp70 promoter

Because the developmental expression of zebrafish PrPs is not only spatially but also

temporally regulated (natural occurring PrP-2 has a expression peak at 30 hpf (1.3.3))

the zebrafish heat shock protein 70 (Hsp70) promoter was cloned as a heat inducible

promoter for a temporally regulated expression of the pEGFP-zCR3-PrP constructs.

 

Furthermore, the zebrafish Hsp70 promoter is more likely to exhibit less background

staining compared to the strong viral CMV promoter. Primers with the appropriate re-

striction sites (NdeI and NheI) for cloning into the pEGFP-C1#CMV vector were de-

signed on the basis of available sequences (HALLORAN et al. 2000) (GenBank Acces-

sion number: AF158020). The Hsp70 promoter was amplified by means of gradient

PCR (Figure 4.42) as described (4.1.2; 4.2.1) and cloned into the pCRII-Topo vector.

Table 4.6: Instead of the CMV promoter, the temporally adjustable Hsp70 promoter was cloned into the

pEGFP-C1 vector. Shown are the corresponding primers to amplify the promoter, the target vector and

the size of the insert.

Construct Primer Target vector Size [bp]

pEGFP-ZF-Hsp70Prom ZF-Hsp70-Chr8-NdeI-f

ZF-Hsp70-Chr8-NheI-r

pEGFP-C1"CMV 1591

For EGFP expression, the vector was subcloned into the pEGFP-C1#CMV vector as

described (4.1.2). Table 4.6 displays the data for this construct.

4.2.9 GFP expression through the heat-inducible Hsp70 promoter in

zebrafish

The family of heat shock proteins comprises proteins that are expressed in all organisms

under normal conditions, often acting as chaperones. Some members of this family are

specialized for expression under stress conditions, as for instance the Hsp70 family,

which is highly expressed during thermal stress (KREGEL 2002). To test the cloned

Hsp70 promoter for its ability to express the EGFP, zebrafish embryos were microin-

jected with the pEGFP-ZF-Hsp70Prom construct and allowed to develop at 28°C

Figure 4.42: The gradient PCR of

the amplification of the ZF-Hsp70

promoter was analyzed on a 1%

(w/v) agarose gel. The clearest band

was obtained for an annealing tem-

perature of 65°C. Predicted size:

1591 bp.
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Figure 4.43: pEGFP-ZF-Hsp70 promoter microinjected zebrafish

embryos at 31 hpf. Embyos were rised together at 28°C until 30 hpf.

Half of the embryos stayed at 28°C (A, head dorsal view; C, head

lateral view; E trunk) whereas the other half was heat shocked for

one hour at 37°C (B, head dorsal view; D , head lateral view; F

trunk). Only weak EGFP expression was observed after heat shock

(arrows). hr, hour hs, heat shock. The columns display fluorescence

images (left), Normarski images (center) and the overlay of fluores-

cence and Normaski images (right).

 A 28°C

 B 1 hr hs 37°C

 C 28°C

 D 1 hr hs 37°C

 E 28°C

 F 1 hr        hs 37°C

before applying for one hour a 37°C heat shock at 30 hpf. It was recently reported that

the Hsp70 gene is expressed naturally during normal development of zebrafish in the

lens from 28 to 38 hpf (BLECHINGER et al. 2002). In order to see this natural expression,

zebrafish embryos were chosen at 30 hpf. At this time, one half of the embryos were

heat shocked for one hour at 37°C in order to initiate EGFP expression, whereas the

other half was further incubated at 28°C as a control. Blechinger et al. described that the

Hsp70 gene is expressed throughout the embryo after one hour of heat shock at 37°C

(BLECHINGER et al. 2002). But the preliminary results were inconsistent with these data.

No EGFP expression was visible in the lens at 31 hpf without heat shock (Figure 4.43;

A, C, E) and only weak

expression was seen

immediately after one hour

at 37°C (Figure 4.43; B, D,

F). Since no data were

available about the time

that is necessary to

visualize expression of

EGFP after heat shock,

additional rounds of

experiments with time

series and with older

embryos were performed.

After 46 hpf at 28°C

without heat shock, the

embryos clearly showed

natural EGFP expression in

the lens (Figure 4.44; A).

After one hour heat shock

at 37°C with embryos at 50

hpf, the embryos were kept

again at 28°C and EGFP

expression was monitored

at 51 hpf (not shown), 52,

53, 55 and 72 hpf. Con-

sistent with the previous

data, no EGFP expression

was visible after one hour

heat shock (not shown),

and no up regulation was
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 A 28°C, 46 hpf

 B 1 hr hs 37°C, 52 hpf,
        1 hphs

 C 1 hr hs 37°C, 53hpf,
        2 hphs

 D 1 hr hs 37°C, 55hpf,
        5 hphs

 E 1 hr hs 37°C, 72hpf,
        24 hphs

Figure 4.44: Images of the

heads (lateral view) from

pEGFP-ZF-Hsp70 promoter

microinjected zebrafish em-

bryos. (A) 46 hpf, rised at 28°C

without heat shock, (B) 52 hpf,

one hour post heat shock (hphs)

at 37°C, (C) 53 hpf, 2 hphs at

37°C, (D)  55 hpf, 5 hphs at

37°C, (E)  72 hpf, 24 hphs at

37°C. EGFP expression was

observed in the lens of 46 hpf

and 52 hpf embryos (arrows)

and up regulated expression

was seen from 53 hpf until 72

hpf in the entire embryo. The

columns display fluorescence

images (left), Normarski images

(center) and the overlay of

fluorescence and Normaski

images (right).

visible at one hour post heat shock (hphs) (Figure 4.44; B). However, 2 hphs, increased

EGFP expression throughout the whole embryo were seen, which were stable until 72

hpf (Figure 4.44; C, D, E). Remarkably, no mosaic pattern, as normal for DNA injection

(3.2.3.3) was observed in these embryos. In order to use this promoter for PrP expres-

sion, additional rounds of experiments to optimize the heat shock procedure and to

establish the entire system needs to be performed.
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5 Discussion and perspectives

During this diploma thesis, fundamental steps towards the generation of PrP transgenic

zebrafish were undertaken by analysis, including the cloning and testing, of the pro-

moter/regulatory regions of zebrafish PrP-1 and -2. The intergenic regions of both genes

were found to contain a common regulatory element (core promoter), which drives ex-

pression to trigeminal ganglion and Rohon-Beard neurons. For PrP-1, finer dissection of

this fragment showed that it likely contains an additional repressor or silencing element,

which restricts endogenous PrP-1 expression to very early stages.

In addition, zebrafish neuronal enhancers (zCREST) were successfully cloned and used

to examine the effect of targeted EGFP-PrP transgene expression in zebrafish neurons

and to gain insight into the developmental function of PrP in the CNS. Interestingly,

EGFP-PrPs were efficiently overexpressed in zebrafish neurons at 24 hpf but this ex-

pression was apparently lost by 48 hpf. Co-injections and immunohistochemical analy-

sis showed no evidence of major morphological defects in these neurons. Therefore, a

negative effect, which leads to the downregulation of neuronal PrP expression in older

embryos cannot be excluded. Whether such effect is indicative of PrP neurotoxicity

remains to be further investigated.

5.1 Identification and use of the zebrafish prion protein

promoters

This study constitutes the first functional characterization of the zebrafish PrP-1 and -2

promoter/enhancer regions. A BLAST search in the Ensembl database discloses a loca-

tion for Prnp-1 on chromosome 10 and for Prnp-2 on chromosome 25, both gene loci

being composed of two exons. The Prnp-1 and -2 intergenic and intronic regions were

amplified, cloned into a promoterless pEGFP vector and characterized.

5.1.1 Regulation of the PrP-1 gene

For the Prnp-1 gene locus, one fragment upstream of the transcription start site, the in-

tron and a downstream fragment were analyzed. The sequence able to drive EGFP ex-

pression in zebrafish embryos is contained within the ~900 bp directly upstream of the

transcription start site. Two sub-fragments of this sequence produced EGFP expression

in embryos at 48 hpf. The shorter 515 bp fragment (PrP1-A1/A3-4) drove EGFP ex-

pression in the brain, in trigeminal ganglion- and in Rohon-Beard neurons. Addition-

ally, this fragment was able to drive expression in embryos in a mosaic pattern at only 8

hpf (75%-epiboly stage). A longer fragment containing the 515 bp plus an additional
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416 bp more of the upstream sequence (PrP1-A1/A2-2) showed minor EGFP expression

restricted to notochord cells of embryos at 48 hpf. Interestingly, these expression assays

did not recapitulate the endogenous expression pattern of PrP-1, which is expressed

ubiquitously at high levels around 2.5 hpf (Málaga-Trillo et al. in review by Cell-press).

However, early or maternal gene expression cannot easily be assayed using DNA mi-

croinjection because transcription in the zebrafish embryo does not start before 3 hpf

(KANE and KIMMEL 1993). Additionally, physically microinjected DNA has to enter the

nucleus and to integrate into the zebrafish genome before transcription is able to start.

On the other hand, the expression patterns obtained after microinjection of PrP-1 con-

structs are consistent with the endogenous expression pattern of PrP-2, which is de-

tected in the brain, in trigeminal ganglion neurons, neuromeres, lateral line ganglia and

Rohon-Beard neurons (Málaga-Trillo et al. in review by Cell-press). Therefore, PrP-1

and PrP-2 probably contain similar promoter regions which led to these similar expres-

sion patterns.

5.1.2 Regulation of the PrP-2 gene

From the Prnp-2 gene locus, three fragments upstream of the transcription start site and

two fragments of the intron were analyzed. The intergenic fragment PrP2-A4/A6, which

contained the 1373 bp directly upstream of the transcription start site, was found to be

capable of driving EGFP expression in trigeminal ganglion neurons and Rohon-Beard

neurons of zebrafish embryos at 24 and 48 hpf. This expression pattern is consistent

with the natural distribution of PrP-2 transcripts during development, implying that this

fragment already contains a core promoter together with enhancer elements for neuronal

expression. The ability of the PrP2-A4/A6 construct to drive EGFP expression was also

verified by transient transfection into N2a cells. Additionally, weak EGFP expression

was seen in embryos microinjected with the construct containing the first part of the

intron (PrP2-A5/A7), hence it is likely that intronic enhancer elements contribute to the

transcriptional regulation of PrP-2 as described by similar studies in mammals (FISCHER

et al. 1996, INOUE et al. 1997). To find out whether the PrP-2 intron contains regulatory

sequences, it would be necessary to fuse it to a promoter sequence, as done for PrP-1.

However, until now it has not been possible to clone this construct. For the bovine in-

tron one, the presence of a TATA box has been recently described (HAIGH et al. 2007)

and preliminary bioinformatics analyses with the PROSCANv1.7 database predicted

also a region of promoter activity by the presence of a TATA box within the intron

fragment of PrP-2 (not shown).

These results showed that the promoter/enhancer sequences of both zebrafish Prnp

genes are able to drive EGFP expression in similar neuronal structures even though they

display distinct natural expression patterns. Therefore, both Prnp-1 and -2 regulatory
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regions contain neuronal enhancers, which nevertheless result in restricted expression

patterns possibly due to the presence of additional cis-elements. This is in agreement

with the idea that the two proteins share the same function but under different regula-

tions since they are both able to rescue the PrP-1 knockdown phenotype (Málaga-Trillo

et al. in review by Cell-press). Since zebrafish Prnp-1 and -2 originated in an ancient

genome duplication event, it stands to reason that they once shared the same genomic

structure, including promoter/enhancer regions. However, after multiple gene rear-

rangements (RIVERA-MILLA et al. 2006) it is conceivable, that the promoter/enhancer

regions of Prnp-1 incorporated changes during evolution which resulted in a divergent

expression pattern. For instance, an additional repressor or silencing element could be

responsible for the early-restricted expression of PrP-1. This would explain why, al-

though no EGFP expression was observed after injection of the construct containing the

full 1905 bp fragment (PrP1-A1/A3) upstream of the transcription start site, the smaller

515 bp (PrP1-A1/A3-4) and even the 931 bp (PrP1-A1/A3-2) sub-constructs were able

to drive EGFP expression. However, to test the hypothesis of the existence of an addi-

tional repressor or silencing element, it would be helpful to clone the genomic fragment,

which contains the putative PrP-1 repressor/silencing-element, upstream of the CMV or

PrP-2 promoter in order to test this construct for expression in zebrafish embryos. In

addition, bioinformatics analyses of the sequences for known motifs could be done.

5.1.3 Towards the generation of stable PrP zebrafish lines

Having cloned and characterized the promoter/enhancer sequences of zebrafish Prnp-1

and -2, it is now possible to generate stable transgenic zebrafish lines. The constructs

required for this, expressing mouse PrP and zebrafish PrP-1 and -2, have already been

cloned. Transgenic zebrafish expressing reporter genes (such as EGFP or lacz) under

the control of tissue specific promoters/enhancers are often used to simplify the obser-

vation of given cells and tissues during development. In our lab, two stable transgenic

lines were previously used to visualize neuronal development upon PrP morpholino

antisense RNA treatment (LUNCZ, diploma thesis 2006). The Islet-1 transgenic line,

expressing GFP stable under a the Islet-1 promoter/enhancer in cranial motorneurons

(HIGASHIJIMA et al. 2000); and the POU transgenic line, that expresses GFP stable in

retinal ganglion cells and mechano-sensory hair cells of the lateral line and inner ear

(XIAO et al. 2005). Stable transgenic zebrafish that express a reporter gene under the

PrP promoter/enhancer would allow the investigation of the exact expression pattern of

PrP during development and into adulthood. Furthermore, the specific effect of genetic

manipulations, e.g. morpholino knock down on neurons, could be observed live without

additional staining procedures on fixed embryos. Another great advantage of generating

stable PrP transgenic fish would be the overexpression of mammalian PrPs. Since until

now only mammals are known to be affected by prion disorders, overexpression of
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mammalian PrPs, as for instance mouse PrP in zebrafish, under the regulation of a ze-

brafish promoter/enhancer, would allow further investigations of the mechanisms that

lead to disease. In addition, the verification of the prion hypothesis would be possible:

since the zebrafish, as a non-mammalian vertebrate should not be accessible to prion

infection, a stable transgenic zebrafish that expresses mouse PrP could be infected with

PrPSc. Moreover, transgenic expression of PrP-1 under the promoter/enhancer of PrP-2

would answer the question as to whether PrP-1 and -2 share the same function under

restricted regulation or if they adopt different functions.

5.2 Neuronal targeted overexpression of prion proteins from

different species in zebrafish

Most of the current work in our group is aimed at analyzing PrP loss- and gain of func-

tion phenotypes in zebrafish. Due to the technical limitation of having to microinject

zebrafish embryos in the one- to four-cell stage, it was not yet possible to produce a

PrP-2 gain of function phenotype of specific late and neuronal overexpressed PrP.

Therefore, the goal of this subproject was to produce zebrafish that in vivo overexpress

EGFP-fused PrP in zebrafish neurons in order to understand the function of PrP-2 in the

nervous system. To this end, specific enhancer elements, which normally regulate the

neuronal expression of the Islet-1 gene in zebrafish, were amplified, cloned and tested.

5.2.1 Analysis of the zCREST neuronal enhancers

Three different enhancers (zCREST (zCR) 1, -2 and -3) of the Islet-1 gene, which drive

expression in different subsets of neurons have already been described (HIGASHIJIMA et

al. 2000; UEMURA et al. 2005). Here, they were preliminary cloned upstream of the

CMV promoter to regulate EGFP expression after microinjection into zebrafish em-

bryos at 24 hpf. The expression patterns obtained were largely consistent with the pub-

lished data (UEMURA et al. 2005). EGFP expression driven by zCR1 was seen within

the brain and attributed to cranial motor neurons, while zCR2 drove expression into

cranial motorneurons and sensory neurons like trigeminal ganglion neurons. The ex-

pression pattern achieved with the zCR3 enhancer, which shows strong expression

mainly in trigeminal ganglion- and Rohon-Beard neurons, correlated at best with the

PrP-2 expression pattern known from previous experiments (1.3.3; Málaga-Trillo et al.

in review by Cell-press). Thus, constructs that express EGFP-PrP fusion proteins from

different species, driven by the zCR3 enhancer, were cloned.

5.2.2 Targeted overexpression of PrPs in developing neurons

In order to generate zebrafish embryos that neuronal overexpress PrP, driven by the

zCR3 enhancer, the EGFP-PrP constructs were microinjected into zebrafish embryos.



- 100 -

Preliminary results from embryos at 48 hpf, microinjected with the EGFP-tagged PrPs

showed no expression in the expected structures. This observation raised the possibility

that the constructs used were not efficiently expressed or processed. However, these

EGFP-tagged PrPs were previously cloned in our lab and successfully used in expres-

sion studies with Drosophila Schneider-2 (S2) cells (SCHROCK, Diploma thesis 2006).

In addition, control embryos microinjected with either only zCR3 driven EGFP or a

EGFP-PrP construct without the PrP-core (pEGFP-zCR3-PrP2(L+GPI)),exhibited

EGFP expression in the expected subsets of neurons (trigeminal ganglion- and Rohon-

Beard neurons). Since overexpression of wt PrP in transgenic mice has been shown to

be pathogenic and leads to several typical symptoms of prion diseases, e.g. brain vacu-

olization (WESTAWAY et al. 1994b), the first explanation of the lack of EGFP-PrP ex-

pression in transient transgenic zebrafish was that PrP overexpression might be neuro-

toxic and that the affected neuronal structures failed to develop. Another explanation

considered was that the expression of EGFP-PrPs was developmentally downregulated

or stopped either initially or after a certain time during development of the zebrafish. It

could also be possible that EGFP-PrP was indeed overexpressed but the protein was

rapidly degraded. With coinjection experiments in embryos at 48 hpf, where the EGFP-

tagged PrPs were microinjected together with a zCR3 driven red fluorescence vector

(pDsRed), clarity was brought to the status of the targeted neurons. Both constructs

were driven by the same regulatory elements (zCR3-CMV promoter) to the same neu-

ronal structures. Thus, since DsRed was expressed it could be concluded that these neu-

rons were not depleted. The control constructs (zCR3 only and PrP2(L+GPI)) showed

that both vectors, pEGFP and pDsRed, were expressed in similar cells at 48 hpf. Em-

bryos coinjected with zCR3 driven EGFP-PrP and DsRed constructs indeed showed the

expression of the DsRed protein in trigeminal ganglion- and Rohon-Beard neurons but

no expression of the EGFP-tagged PrPs at 48 hpf. This result implies that the targeted

neurons are not eliminated due to the PrP overexpression but that EGFP-PrP expression

is developmentally lost after 48 hrs. This conclusion is supported by the fact that the

PrP2(L+GPI) construct was successfully expressed in zebrafish neurons at 48 hpf,

which also indicates that the downregulation effect is directly related to the expression

of the PrP core. Another explanation for the lack of EGFP-PrP expression is that the

targeted neurons inactivated the transcription of the constructs after early, neurotoxic

overexpression. In order to find out whether expression is developmentally downregu-

lated, co-injected embryos at 24 hpf were analyzed. Interestingly, EGFP-tagged PrP-2

and mouse PrP could be detected co-expressed with DsRed in trigeminal ganglion- and

Rohon-Beard neurons. These results strongly suggest that neuronally targeted PrP ex-

pression is indeed downregulated. Nevertheless, expression of EGFP-tagged PrP-1

could not be observed, even in younger embryos. This could mean that the early ex-

pressed protein is degraded after a certain time; however no labeled vesicles indicative

of EGFP-PrP degradation could be observed. To clarify the dynamics and mechanisms
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involved in the developmental downregulation of EGFP-tagged PrPs, further experi-

ments are required such as time series and in situ hybridization to monitor transcription

of the PrP transgene.

5.2.3 Morphological analyses by antibody staining of PrP overexpressing

neurons

PrP transgene expression in neurons appears to be developmentally downregulated.

Since these neurons normally express PrP at 24 hpf, this result would suggest that PrP

overexpression is detrimental to neurons. Therefore, to examine the morphology and

development of axon tracts and neurons, PrP transgenic and wt embryos were immuno-

histochemically stained with an antibody against acetylated !-tubulin. Again, expres-

sion of EGFP-tagged PrP was observed in trigeminal ganglion- and Rohon-Beard neu-

rons in embryos at 24 hpf, microinjected with either zebrafish PrP-2 or mouse PrP.

However, expression could neither be seen in PrP-1 transgenic zebrafish at 24 hpf nor in

all microinjected embryos at 48 hpf, excluding the controls, the zCREST3 and

PrP2(L+GPI) microinjected embryos. These results confirmed the co-injection experi-

ments. However, staining of the main axon tracts with antibodies against acetylated !-

tubulin in 24 hpf and 48 hpf embryos showed no major morphological differences be-

tween neurons and axons of PrP overexpressing and control embryos. The lack of PrP-1

expression is remarkable and hints at a very early downregulation of its transgene ex-

pression, much like it was observed for zebrafish PrP-2 and mouse PrP but at even ear-

lier stages, in correlation with its endogenous expression pattern (at 2.5 hpf; 1.3.3).

However, potential negative effects of PrP overexpression might not be easy to detect at

the morphological level. For instance, PrP overexpression might cause progressive neu-

ronal apoptosis, which could be measured using more sensitive methods such as the

TdT-UTP nick-end labeling (TUNEL) apoptosis assay. Investigations of in vivo targeted

overexpression of PrP in Xenopus neuroendocrine pituitary cells have shown similar

results: changes in neither overall cell structure nor function of these cells could be ob-

served (VAN ROSMALEN and MARTENS 2006a). Nevertheless, the authors later published

that transgene expression of PrP in Xenopus pituitary cells affected the secretory path-

way and induced crinophagy (VAN ROSMALEN and MARTENS 2006b). It will therefore

be interesting to look not only at the formation of axons and neurons and apoptosis but

also at cellular behavior and the functioning of signaling pathways.

5.2.4 Expression through the Hsp70 promoter

Later-induced PrP overexpression (around the time of naturally occurring PrP-2 expres-

sion; ~30 hpf) could exhibit a more definite phenotype which is not perturbed by initial

PrP overexpression during early zebrafish development. To this end, the zebrafish

Hsp70 promoter was amplified and cloned upstream of EGFP in the pEGFP vector in-
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stead of the strong virulent CMV promoter. Since it was described that Hsp70 is natu-

rally expressed without heat shock in the developing zebrafish lens between 28 and 38

hpf (BLECHINGER et al. 2002), microinjected embryos were monitored at 30 hpf in order

to test the suitability of the Hsp70 promoter. However, neither expression in the lens nor

expression elsewhere in the embryo could be observed directly after one hour heat

shock at 37°C or one hour after the heat shock. It therefore seemed, that more time is

required after heat shock to see EGFP expression and that embryos at 30 hpf were too

young to develop natural expression. Accordingly, embryos monitored at 46 hpf showed

strong expression of EGFP in the lens. A time series of these embryos after a one hour

heat shock at 37°C showed the first visible EGFP expression after 3 hours, which re-

mained stable until 72 hpf (24 hphs). These preliminary assays were successful but have

to be optimized before the zebrafish Hsp70 promoter is cloned instead of the CMV

promoter between the zCREST3 enhancer and EGFP-tagged PrPs to drive PrP overex-

pression under the Hsp70 promoter live in zebrafish embryos.

5.3 Perspectives

Having identified the regulatory regions of zebrafish Prnp-1 and -2, it is now feasible to

produce stable PrP transgenic zebrafish lines in order to, for instance, overexpress

mammalian PrPs. Additionally, the regions found to control the Prnp-1 gene expression

needs to be further analyzed in order to detect potential silencing or additional regula-

tory elements. For this reason, such fragments could be cloned upstream of a core pro-

moter (CMV, Hsp70) and tested for their ability to regulate EGFP expression. Likewise,

the intron of Prnp-2 could be tested for its ability to regulate the EGFP expression of a

core promoter. For both genes, the intergenic and intronic sequences have to be bioin-

formatically screened for known regulatory motifs in order to correlate them with the in

vivo expression results.

In order to further investigate the effect of targeted overexpression of PrP in zebrafish

neurons, the time point at which EGFP-PrP expression is shut down has to be examined

in a time series. Also, the mechanism by which the protein is potentially switched off

has to be determined. With mRNA in situ hybridization it would be possible to distin-

guish between transcriptional regulation and a regulation at protein level. Furthermore,

possible PrP neurotoxic effects could be further analyzed by visualizing apoptotic cells

using a TUNEL assay or testing normal cellular functions such as signaling pathways.
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6 Appendix

6.1 Zebrafish sequences

Bold sections are primers used for amplifying the fragments; grey letters display the

beginning or end of the next adjacent gene and orange letters show the 5’- and 3’ UTR,

respectively. Green letters are the coding sequence for PrP and underlined parts are

unamplified, hence unsequenced stretches whose sequence is exported from the En-

sembl Web site.

6.1.1 PrP-1

CGGATGTTGTATGTGTGTCTTCAGGTGTTAGAGGAAGACCTGGCTCGCAGACGAAGAGAAAAAGAAGGGACCAGGAGACGAGGGAGTG

AGCCGGAAAACAGATTTGCAGCTCGACGCCCAAAGTTCTTCCATAATCTAAGCTTCTCCTGACAAAGTTAAGAAATACTTTCAACTCC

AATGTCAATTATATACAGTATATGATGCTGTCTTTCAACGTTTTGGGGTAAGAAAAGTTAAATAAAGGAAATAATTTTCAGAAATATT

ATAATGAATTATATTAAAATATAAAACTTTGTATTTATTCTACAATGAAATTTAATATTCAAATTATTTAAATGACAATATTTTGATT

TGAGATTTGGATGAAATGTTAGCAGATTTTTATAGAATAAAACAAATATTATAATTTTGCTCAAACTCACACCTAATAAATCAGTGAG

ATCATTCTCATGTTGTCTTATAATTCGTTTTTGCATAGCTGTACATATAGATACATTGTATAAGCAACAAATAATAACTTGACTTCCT

GTTAATCATTTGGAAAAGTGGTTAAAGGTAGTAACATCAGTCATGTTGGGGTGGAGGAAAAATCATGGTTAAGGGGTTCAGTTACATT

CAGTTTGGGGATGTGCGAGAGATCTGCAGAGTTGATGGCAACATCCACAGCCTGCGGTATCAAAATATTTGTGCTGCCCTTTGCATTA

CAAACCACAGAGAGGGCAAATTCTTTAGCACGATAGCGCTCCTTCTCACACTTCAGCCTTACATCAAAGTTCCTGAAAGCAAAGAAGG

TCATGGTGCTCCAGGATTGGCCAGCCCAGTCACCAAACATGAACATTATTGAGCATGTCTGGGGTAAGATGGAGGAGGCATTGAAGAT

AAATCCAAAGAATCTTGATGAAGTCTGTGAGTCCTGCAAGAAAGCTTTCCTTGCAATTCCAGTTGACTTTATTAATGAGTTGTTTGAG

TCGTTGCAGAGATGTATGGATGCAGTCCTCCAAGGTCATGGGGGTCATACTCAATATTCGTTCTTTTTCCACTGCACCATGACTTTAT

ATTCTATACTCTACATTATTTCTGTTAAGTGACAAGACTTTTATCTAAGCAAAGCTGTCCTAATTAAATAATTAAAATCAAGGCATGA

CCATATATTATTTTGGTAAACAAGCAACATCTAGAGCCTTTGCCTTTCAAGCACTTCTGATACCAAATGATCAACTAGAAGTCAAGTT

TTATTTGTATATCTTAAAACTTGGATAGACTACAAGACTTTGTCAGAATTTGATCAATAGTATTATAACTTACAATATTAAATTTTAA

TAATTAATTTAATAATAATTCACAGCTGTTTTATTACTTATTTTAATTTCCAAATAGATTAAGTAAAAGACAGCTTATGACAACTCAT

CTTTTTCCCCCTTAGCAAACTGTATAGTGATTATAAAATGTAAAGTAGTTTTTATAGAAATTGATGTATATATGCATAATAAAAAAGC

TTACCCTAAGAAAAATTAAAACAACACATACATATACTCTATATGTTGACATTTGGGTTTTAGTGTTGAAAATATTTTGCCTGGAGTT

TATGTATTTTATTTTATTTTTTGTAAATATGTTTAAAATATCTGCTTAGATTCCTTTGTAAGAAAGAAAAGAATTCATGTGCGAATAA

ATTTTCTAACCATTTCGGACAAAGAGTCTATTCAGTGGTTGTTTATTCCTTCTGCTAGATGTGTTTGAAGCTTTTAATAGTCACGCAC

ACAGAAACAGTACCCCAGCCTTATTAGCTTTCTGTAAGAACATTATTTCATGAAGCCACACCCAGACCACTATCTGTCCCGACTACAG

TCAGCGTGATCTCTGTTGAGCAGAGAGTGCTGCGGGAGAGACGCTTCTTCAACCTTTTTATGGTAAGACATTACCAAACTATCATATT

GCTCACCGTAGAGACATATATAACATCTTAAATGTGACATTTAAATTAAACAAACATACTATAAAAGGTTCTTTACGATGTTATTATT

TGTATGAAGGACCTTGATTTGAGATTGTTGGTTTTGTAATGTCATTTATATGCATATCTATGAATGTGTCTGTCTAGCCATTACTTAT

TTACCACATTTAAATTTGTTTACTTAGCAGACATTCTACCTTTAACTACTTGGCTAAAATATAAACAAAAATAGTCACACTGCTGTAT

TATTTAAATTATATTTGCTGAAAATATCTCATAATAACAATTTATTCAGCACAATTGCTGCCAATTAAAGCATATTAAAGTTAATCGC

CCCAAGAGGAATCTTGAATTTTGCATGATAAACACTTTCTATCAAATTGTAATCTCTGACTGTATGGATTCTGGTTTGCTGAAGAGCA

ACTCTATATAGCCTTATCCTTCGTGGCATACATAAAAGGGTTAGTTCACTCAAAATTTAAATTATGCTATTAATAACTTGCCCTAGTG

TCATTAAAAACCCATGAAACCTTTGTCCATCTTCAGAACACAATTTAAGATGAAATCCAAGAGTTCCCTCATACTCCATAGACAGAAA

CAGTCCTCAGATGTTTAAAGTCAGAAAAGAAACCAAAAACATTGTCAAAAGATTTAGTGTGACATCAGTGGACAAACTATAATCATAC

GAAGCTACAAAAACACTTTTGTTTGTGCAAAAAAAAAAAAAAAAAAAACTGTAAAAATGACTCAATATGCTTACTTCTCTCCCTTAAA

ATATTGCGTGGGGGCGCTGTTTATCTTTGCACATTATTCCCTGGAGGCAATCGAACAGTAAGGGTGGCTTGGTTAAGTATATTGGGGC

TGAAGCTGTCTAACTGATGTCAACAGAGAAGGACTGCTACTGCAAACACATGAGCAAATGGCCAAACTTTAAAGAGATCTAAAACTTT

TTTTTTCACTGGACTAACTTAGATTAATTGTTCACCTAAAGAATAATGATGTGCAGATTTAATCTAAAATAACTTAATTTGTGTTCCC

AAGATGAACAAAAGTCTGGGGGATTAAAATGACATGAGACTGAGGCATTAATAACACAAATTTCATTTTGTGGCGAACAAAACATCTT

GATTAAGTGTTAATGCAATTATTGTTGATTTTGTTTTTCTTGGAATGTTTTATTGAAGGATAGTGAAAATGCATTGATAATATCTTAA

GGATCATGCTTTAGGCTTTTAATGTGAAGATGATTTTATGGGTATTAATCTCATACGCTATAATGGACAAAAAATTGATAAGCTGAAA

GTGCTGTAGAGCCATATTACTCTATAGAAATGCTTTCATGTCCATTACTGTCTTGTCTCCTCTCTGTGCTGTTTCTGAATACTAAAAG

CATTCTCCATTAGACCTGTGGTAAACACTAACTCTGCTGGCCTTTCCGAACAAGATGCTGTTTACTAAAGCCTTGTTTAGGAATGTTT

TTACTGTGTTCTCTCCTGTATTAAGTATCAGTTTGACTCTTGTTTTGTATGAAGTAAAATCAGTGAATTTCATTAAGCTTACTTTCTG
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TGTCTTTACCTCCTTGATCATTGTCAGGTCTGCACTAATTCACTGTGTTTTTTGTTAGGACCAAAATGGGGGAGTTATGCAAACTTCT

AGCCATCGTTTTGGTTTTGATGGCAGTGTTACATTATACATCAGGAGGAAAGAAAGGCACTGTAAGCAAGACTGTTCCCAAGAAGCCA

TCCGAAAAAACATCACAAGGGACCAAGACCCAACCTAACTATCCCAGACAACCCTCCAATCCTGGTGCAGGAAGTAACCCAGGCTACC

CTAACCAGCAGTATCCTGGGAGAGGTGGATCTAGTCCATCAGGGTATCCCAACCAGAATCCTGGGGCAGGCAGCTATCCAGCTGGAGG

CAGCTATCCGTATCCTGGAAGAGGTGGCTCCAGCCCTGGAGGGTATCCCAACCAAAATCCTGGAGCAGGTTCTTATCCATCTGGAGGC

AGCTATCCCTCAGCTGGTGGAAATCCCAATCAGTATCCTGGGAGAGGTGGCTACAACCCTGGAGGGTATCCCAACCAGAATCCTGGAG

CAGGTTCTTATCCAGCAGGAGGCAGCTATCCTTCTGCTGGTGGAAATCCCAATCAGTATCCTGGAAGAGGTGGCACCAGCCCCGCAGG

GTATCCCAACCAAAATCCTGGAGCAGGTTCTTATCCAGCAGGAGGCAGCTATCCTTCTGCTGGTGGAAATCCCAATCAGTATCCTGGG

AGAGGTGGCTCCAACCCTGGAGGGTATCCCAACCAGAATCCTGGAGCAGGTTCTTATCCAGCAGGAGGCAGCTATCCTTCAGCTGGTG

GAAATCCCAATCAGTATCCTGGAAGAGGCGGCTCCAGCCCCGGAGGGAATCCCAACCAGAATCCTGGAGCAGGTACCTATGCAGGTGG

TGGCTACCCCAATCAGTATCCTGGGGGAGGGGGTTACTCTAACCAGAACCCTGGTAGAAGTGGATACAGCCCTGGTGGGTATCCAGGA

GCTGGATCTTACCCAGTGAGAAATGCAGGGCAGCCTGGAGTTTACCCAGGAGCACACCTTCTGCTGGAGGAGGATATCCCAACTGGAA

CCCCAACAATCAGATTCTCAGTCCACGATATGGAGGCTCATTTGGAGGTGGTGGGTTTGGGACGGGTGGCTCCCCTTTCTCACAATCA

GTGAAAAACATGGGCTACAACCCTTCTGCAAAATCCAAAGGCTTCGGGAAAAAGGCAGTGGTGGCTGCAGGAGTTGGTGCAATGGCAG

GAATGGCTATAGGCTATGGAATAGGAAACTTTCAACGCCCCAACTTCCAGTTCAGAAGCCCACAGGAGGAACGCTACTACAACAACCA

TATGTACCAACGTCAGGACACACGTTTTAAAGATGGAGGTAACAAGAAAAAACCCAGTCACACCGCAGGAACCGACAACACATCAAAG

CTACCAGCTCAAGCTCAGTCATACGACAATTTCATGAAGACATGCATGAAGCGAAATAATCTTTTAAGAGACCAAGACTCAAAAGAAT

CTGCAGGTAACAGCAATATTCAAAGAGATGAACCAATGAGTGATTTTCCAGGTTTGAATGAAGAATCCTCACAGAAAGGTGGGCCAGA

GAAGAATGACACCACATCTAATACAACCACCCGTGATTATCCAAAGGCTGCTGACATTCATAAGAATGAGGATGAGGAAACAGTGAGC

ATCATGCAGATTGGTTATCCGGCACTTATTGAGCAGATGAAATCTCGAAAGTGTGTTGAGCTGTACATTGTTTACTCAGAGAGTCAGA

GAGATGATAGAATGGAAAAAAGAGAAGGGAAAATTCCCAGAAGTTCCAATAACCATAATGGACACAGCATCTCCGAAGTGCTCCTGTT

GCTCACTGCTTCCACTATGCTTTTTAGTACCACTTAATGGAACTATAACAATGAACATATAATGTATTAAGTAATGGAATTACATTTC

CTTTCCACTCTATAGGAATCCAAATAACAGCACTTATATTGCCATTTGCATTTTAATGAATGAATTTTGTTATGATAAATCATCATCA

TACAATAATATTGTTACTTTTACAACTGTATAATAAAAATGTAAATACCTTAATACAATTTTTATGTGTTCACTTCGTTTATGCATTT

ATATTTTCAAGGATAATATTTAATCACATTTTTGCCTTATACATAAATAAATAAAATACTAAAAGATTCGTTTATTTTGATTACTTAT

GTTACTTTCATTCATACCTTTCGGCAAAATCTCTGCAGTTCGTTTGCACAGGTACAGTACATATAAACAAGAGAACAAATATGTTTTC

AATGTTTATTCATTTTCTTTTCTTCTCTTTTTGCCACAGTGGAATGAACCGCCAACTTATCCAGCATATGTTTTACACAACAGATGCC

CTTTCAGCCACAACCTCAAACTGGGAAACACCCTTATACTCTTGCTTTCACACTCATACACTAAGCCCAATTTAGCTTATTAATTTCA

CCTGTACCACACGTCTTTGGACTGTGGGGGAAACCGGAGCACCCGGACGAAACCCACGCCAACATGGGGAGAACATGCAGACTTCACA

CAGAAATACCTACTGTCACAGCTGGGGCTTGAACCAGCGACCTTCTTGCTGTGAGGAGATCATGCTACCCACTGCGCCACCGTGAAGC

CCACGTTTTCAATATTTTATAGACAATGGCTGGTCTGTAAAACAAAATGAAGCTCACTGCCATTGTAAGATCACAGAGCGACATACCC

AGGCCTTCACATGATACACGTTGCTAGGAGACCAGGGCATTCAGCAAACCAACGTCACAATGAGAAAGCAATCTGTCAGTTCAGCAAA

CAACATGGACGGCAATAAGCAGAGTCAATTATTTATTCATTTAAACAGTACAAGAAGCAAATAGTTACATGGTTATAAACACAAGCCA

AAACACACATCAAGCCCTAAAATAAGAGTATTAACTGATGCCAATGTGCTAAAGAAATGGCAAAAGCTAAATCTGTTTTCTCTTTTAT

TAATTTTGCCCATCAGAGTACATCGGCTCACATGACTTGCAAAAAAATGACTCAGTTAAATATTAGCCCTTAAATTAAAGCTGGTTCT

TTGTTAATATACACAACAACCAAAACTGAGGTTATATGATTGCTGAATTATCGGTCTTTAGCAACACATCATGCTTAAATGTTTAACA

TTCATCACAAGTGAAAAAAAAAACCATTTGGATATACATTTCATATTCAAATCAACACACAACCTAAATGCTTTTTCTTACTTTGGAA

CTGTGAACAACATACAATTGTGTTGTTTCCATAGAAAAAAATGCTGTTGTGTAAAAAAAAATTATTTTGTAAAGAAACAATTGTTGAT

TTGGATGTCAAAAACTTACCTAAAAAATGAGTACATTAAACCAATGCATTAAATATTGTAAAACCCTAATTTGTGTCATGTAAATGAA

CAGTCAACACACATTCAAAGCTTTTACATTTTTAGTTAAAATCCTACAGTTAAGGTTTTTAACTAAACTCAACTAAAAACCTAATAAT

TAAAAAGCATTTTAAGGGCCACAACTTTTAAAAACTAGTTTTATAATAAAAGTCTGTGCATGTGCTCAGATATGTAGTGTTTCTTCAC

AAAGTGGAATTGCCAACTGAAGGCCTGGCAGTGTTTTTTAATTGTTTTTTTGTGAAATGGGGATCATTTAAAAAAAAATGTCTGTACC

CTAAACATTTTACAAATGAATTTGTCCTTTTGTCCTAAAATGAACACTAAAATAAAAATTGACAAATAATAGTAATTATAATAATTAT

TATTATTATTAAAAAGATAAAAATCCTACAGATTAGGGCTGCACAATATTGGAAAAATCTGATATTACGATAAATATTGTGAAATGAA

TACAGTTTTAGAATATGGTTTTGAATAGCTCTATTTGTCGGTTTTTAGGGGAGTCTAACAGTATTTTGGTGCAAAAATTAAATAATCA

CAATGCAAAAAAAGATATATATACTTTTATTACTTTGTTTTGTCTTATTTCTAGTCCGAATATAAAAAAAAATCTTAGACCAAGTAAA

AATTTTGTTTAGTTTTCACCGTCAAAAAAAAAAATTATAATAATTGAAAATTAAGAGTTTTTTTTTTGCTTGTTTTAAGAAAATTATC

TGCCAGTGGGGTAAGTGAAATAATCTTTTTTTCGCCTAAAAATGTAGATATTTGAAAATTATAATTTTTTGCATAAATCATATAAATT

CCATATACAGTAATTAAATAAAAATACAAAGCTCCTGGTCAACTATAATTCAGACTGGACATTGCATATCTTTGCGATGTGACTATTG

TGATACTGATGCTGTAACAATATACTGTGCAGCCCTACTACAGATACAGCACCGACACTAATCCATTAATCATGCCATTGACTAAACT

TTACCTTTGATGAACTGTTTATAATAAGAATATCTGCATTTAAGGTGCTTAATCAGATAAACAATTATATTTTTTGCTCCCCTAACAT

TCCTGCATTGTTCCAGATTAGGTATTATTTTGTGAACCAGATAAAAAGGTTCTAGGATCATTCACTCTATGTTGTTGTTGTTTTTTGT

TTGTTTGAACAACTCATAGAGATCCTAAAAGACAACAATAGGCCTACATAAATGTTCTGCTGATTATATTTGCTAATATTTTATTTGC

TATTAGATGAATGACCATAGAGCTGGGCCAATAAAATGATACTATAACAATTTGCAATAAAATGTATGTCAATAACAATGATAAGCTC

TGGGCTGTTTTATTCTACAGTGACCCAATCTCACAGCAGAAATATGCAACAATGGGAATTTAATGGACCCTCTAATTTTAGTGGCTTA

AGTTACTCTTTTAAATTTTACTCAGATTTAAATCTTAACACCTGATACCAAAATATATACATCGCTATCGTTCAATATGGAAAATATT

TATCGAGATTGCATTTTTGCCAAATCGCCCAGCTCTAACTGTCCAACAGAACCAAAAACTGTTAGCTGGGAAGGTACTTGTGGAATAT

TTGGCAGTAAAAGTTTCCACCCCCCTCCCCATCAGATTAACCATGCTTTTATTGTTATTAAGCCTAAATGTGTATGGTCGTTTGGTGT

ATTGATTAACAACAGACATCTGTAACACATTTTGCCTACAAACAAGGTTAATTTGTGGTTAAAATAGCTACAACTTTTCTTTTTTTTT

TTGAAAGAAAACTCCACATAAAACATTTTCTTCACACAGCATACTGTGTTTTCTCACCCTCTTTGAATTGACAGAACATATTAAGCCC
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TGATCAGTGAAAATAGCTTTCATCAGCTAGTGATGAACTCTATAAGAAATACACCTGCAGATTCTATGAACACATCAATTTACCATCA

TTTTAGTAAAACGGTACATCAATAATTTATGTTTTTACGTCGCTGTAAGGGGTCTAGTGTGGGGGTGGGTAGTAATTAAACACAATGT

AATGAGTTATATAATAAACAATTCACGTTAACTTCCGACCAAAGTTGTACCAGATCCCAGATTGAGGCACCAATCTGGGTCCTGGAGC

CGGTGTCCCTGCAGGGTTCAGCTCCAACTTGCCTCAACACACCTGCCTGAATGTTTCAAGCATACCTAGAGAGACCTTGATTAGCTTG

TCCAGGTGTGTTTGATTAGGGTTGGAGCTAAAATCTGCAGGACACCGGCCCTCCCAGGGAAACCAATTTGGTTATAGCAACAACTCAA

AAACACAACAAAAAAGGTCTTCTTTAGCCTACATTTTATCAAACAGCATACTCGATAAATGATTGCATCTTCCTTTTTAAAAACTTTC

TTATTGTTTCAAATAATAAATTGTCTTTCATTCAAAAGAAATGCCTCAAGGCTAAAGCTGCCCATGTGCTCTGAGCTGCCCGTGCTCC

CGTAATACCCACGGTGTGACTGGTTGTATACGGGCTGGTGATAGCCGTCAGAGTAGCCGTTGTGGCCGTACCTCGGTCTCCCCAGAGA

GCCC

6.1.2 PrP-2

Because the downstream sequence of PrP-2 was not amplified in this study, the se-

quence displayed here ends after the 5’UTR.

CGCGTGGCCGGGTTGCGCTCATTGCCGAACGCGCCGCCGCGGGTCTCGTTCTCCTTGAGACGCGTGAAGTACTGCAGGGCGAACTCCA

GCAGATCCGCCGGCTGGTTCCTCAGGACCTCCACGGTAAAGCTCTGCAGAAGCTCCGTCAAGCCCTCGGGGATTTCTATACTCATTTC

CTGACGGTGAAATGTGCGCAAAAATTCGGCCCGATCTCTCGCGCGTTACAACAGTCCGTTTTTTTTTTTAATCGCCGCGTCAGCTGAG

AAGGAATGACCCGCGCACGCGTCAGAGGGAACGCGACGGATTTTCTCGCTATTCCACCATCTGCGTCTGTTCCCCGACCGCGTCCTCT

AATTCGCGGGCGTAAAAATGGCAGGGAATTCAAGAGCTGCTGGCATCTTTTGTTTTTTTTTTCTGTCCTGCGCTGCTGCTGCTGCTGC

TGGCTACATCAGAGCCGCGCATGCGATGCGGGAAACCATGGCAACCAGCATCCCGGGATTTGCGCAGGAGGAACGCGACGCATTGGAA

CGCGACGCAAGCGCTTAAATATCCAATGAGATGTTTGTATAATTTCACACGTCGTCGTACGAAGATTTATGACACCTACTGTTAATAT

CTGTTATTTAACCTGTGTATGTCTTTAAATAGCTTTGTTTGGGGCAACATAGGGGCACAGGGGTGTATGAATATGGATATCATTCAGG

ACTTTTTAATATATATTTTACTCTATATTGTATAATCACAGGAGCTATATGTTAAATTACTGATTGTAATTTAATAATGTGCACATTA

AAGCTAATGGTCATCAAAATTCTAAAGAAAATTGTATAAAATTGTTATATATATATATATATATATATATATATATATATATATATAT

ATATATATATGTGTGTGTGTGTGTGTGTGTGTGTGTATGTGTGTGTGTGTGTGTATGTATATGTATATATGTATGTATGTATGTATGT

ATATATATATGTGTGTGTATATATGTATGTATATATATATATATGTATATATATATANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTAATCTTGGGTCTCTATCA

GTAGCTTGGGTGCTGTGGTTTCCTTGAACATTACTGCTGAACATTCAAGTAGATTAACAAACGAGCTTGGCACTTTGCTAAATCATTG

ACCTAGGGACTTTGGCACTGGATGATCAGCAGAAGGCAATGTATAACGCCTTATTGTTCGCATATGTAATAATGTTATGCCTTTGGGA

TGTTGTGAATGTTCATGTGTGTGTAATGTTACCATCACTGGGATTAAAGTGATTAAATGCACCTTAGTATTGTGTCTGCCTATTTTAC

TTGGGTATTTTTAGAAACCATAATCTAGAATGGGGCTTTTTGGTCTTCGCTTTGAAACAAAACTGTGCCAGATAATAGGATGTGACCC

ACTTGCATAGTTCCGTAGCTTTAACACACTATATTTGGCCTAGTGTTTATCTAATATCATTCATTCATTTTCCTTTGGCTTAGTCACT

TTATTCATCAGGGGTTGCTACAGTGGAATGAACCACCAACTTATCCAACATATGTTTTACACAGTGGATGCCCTTTCAGCTGCAACCC

AACACTGGGAAACATCCATACACACTCAACGGCCAGTTTAGTTTTTTCAGTTATCCTATAGCGCATGTGTTTGGACAGTGGGGGAAAC

CGGCGCACCCGGAGGAAACCCACACCAACATGGAAAGAACATGCAAACTCCACACAGAAATGCCAACTGACCCAGCCGGGACTTGAAT

CAGCAGCCTTATTGCTGTGAGTTGACAGTGCTAACCACTGAGCCACTGTGTCGCNNNNNNNNNNNNNNCTAATCGATTCATTGGGTAA

CGCCCTATGTGTATATATGTATGTCATTTAAAATGTACTGGTGTAGTTTCACGGCGAGTTTAGAATGAGAATGAAAATAAGAATGTAG

ATGTGCATGATTAATGGCTAGATTGTTGCTATTTATCATTCAGACATTCACAAAACCAAAAGATTCACAGGTCTGTTAGATCTGATCA

CATTTAAAATCTGCATTTGGCCCAGATATTTATAATTATGATGAAACCTTTTTTTTTTTCTCAGATACACCATTTCTATACATTTCTT

TTTCAGAAGGTCTAATTATTAATTAAAGTGCTAGGATAACCGTTTACAGGTTGGATGTAGATGGATATTAATGGCAACTATAATGTTT

GTTTGTAGTTACAATTAATGTTATTTTCCATCTGTGTGCAGTAAGGGTGGTTTATTTTGCTTTTAATTACTTTAACTTGGGTATAATA

AGCCAAAGCCATTGCAATACATACCATTGTTTACAGTAAGGGCGTACTTTTTATTTTTAAATTTTTTTTATTATTATTTTTTGTCATC

TGAAATGCATCAAATAAGGTACTTTTTAAATTAATTTTTGTTTATTTAATACCCATGGATACAAACAAAGATTTAATTGTTCATCAGA

ACCACTTCATGTGATGGAGCACAATGCTTTAAAACAGACCCCCAAACAACATTGAATCAAACTTTGCCATATACAATCATAGCCAGTA

TCCCACACCAAGAAGTGCGAGTTTATTTTGCTAGATCTACATTAGAGTTGCACAACACTGGGAACATATGTGAGATGTGCTTTAATAG

TTGAATACTGCAGTAATTTATTTAAATTTTTAGCCATTTAAAAACATTTATGTAATGATCAAATCTAAAATAAACCAGTAAAATCTAA

ACAAAATAAATTGGGTTAAAGAAAATATTCCATATAAGTAAGGCCCCATCTGATTTGTCAAATTTGGGTAAAGAACCTATGCATTTAA

TATGCACATATACAACAAACACAAATGTAATTCATTGCACATCTCTCCGATATGAATATTAAATATTTATTAATTCATTTATTTTTCT

TTAGCTTAGTCCCTTTACTCAACACAGCAAAATGAACCACCAACTTATCCAGCATATGTTTTACACAGAGGCTGCCTTTCCAGCTGTA

ACCCACTACTGCGAAACACCCATACACTCTTACACACATACACTACGGCCAGTTTAGTTGTTTCAATTCACCTATAGCGCATGTGTTT

GGACGGTGAAGGAAACTGGAGCAGACGAGTTAAATTCATGCCAACATGCCAACATGGGAGAACATGCAAACCATGTCGCCCGTATAGA

TAGATAGATGGATGGATGGATGGATGGATAGATAGATAAATGGATGGGCAGACGGATGGATAGATAGATAGACAGACAGATAGATAGA

TGGACGGATAGATGATAGATGGACGGATAGATAGATGGACAGATGGATGGATGGACGGATAGATAGATGGATGGACGGATAGATAGAT

GGATGGACGGATAGATAGATGGACGGATGGATGGATGGACGGATAGATAGACAGACGGATAGATGGATGGATGGATAGATAGATAGAT

GGATAGATGGACGGATAGATGGATGGATAGATGGACGGATAGATAGATGGATGGATGGATGGACGGATAGATGGATAGATGGGCGGAT

AGATGGACGGATAGATGGATGGACGGATAGATAGACAGACAGACGGATAGATAGATGGATAGATGGACGGATAAATGGATAGATGGAC

AGATAGATGGATGGATGGATAGATGGACGGATAGATAGACAGACGGATAGATAGACGGATAGATAGACGGATAGATAGATGGATGGAT

GGATAGATAGATAGTTAGATGGATGGATGGACGGACGGATAGATAGATAGATAGACAGACAGACGGACGGATGGATAGACAGACAGAC
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GGATAGATGGATGGATGGATAGATAGATTGATAGATGGATGGACGGATAGATAGATAGATAGATAGATAGACAGACGGATAGATGGAT

GGATAGATAGATAGATGGATGGATGGATGGATGGACGGACAGATAGATAGACGGACGGATGGATGGATTGATAGATAGATAATATTAT

TATTATTATTATTTTTTAGGTATACATTTTGCATCCCTAATTTGCATGCTGTTGTTTTGTACAGGTATGCAGTTGCAGCAAGCCATCA

AGAAGCACTATTATAATCTACTGAACCTCAACGCTTATTTTGGAGAACCCAAACCGCCCAGACTGGAGATGATCTTCAGCAAGACCAA

ACCTCGCTTCTTCAAACGCACTAGTTCAGCAGTCTGGAATTCTCCACCACGTTTGGGAAATATGGGGCATTAGTAAACAGATGTATTT

TTTTTCCTTCTCTATTTTATCTGTCATCCTTTTTATGTGTTCTCTTTTATACTCTCTTTAATAAAGCCTTTTAAAAATCTACAGGTAA

GTAGATTACATAGAAAAAGATGGCCGTGGCATTTTGCCCACATAATTCACTTCACAAAGAGTGTCAAATTACTCTGGACTGTTAATAA

AAGGTAAAAATATTTAAATGACTCTGTGATGTCGTTCATTCATAGGGGGAAAAAACTGAAGCATTGTTGTTTTAGTGCAGAGATGCCC

AAACTGGGGCCCGCGGGCAAAAGTTGGCCCATGTTAACCTTTGATTTGGCCCTTCATCTCATCTGAGAAGAGGAGGAGAATGCTGGGG

AATTTCTTGGTTTTGCCTTGAACGGAGTCATTTCTAATTTAACATAATTATTTTTTAACTGTTGATCTACAAATAAGCAAACTTGAAC

TAAATGTTTTAATTAAATGTTGTGAGTGAATCAAGATTTTTCCCCAAAAAAATTTGTCTCTTATGAATAGCGGACATTGTTCATGTTT

TTAATTGTAAGATGTTTATTTTAAAATGTACAAAAATTTTAAATTATATAATGAATCCGGCCCAGCACCCTCAATCAAGTTCAGTTTT

TGACCCCTCGTAAGAAAAAGTTGGATATGAAGTAGTCAGAAACTCGTGGAACTTACTCTCCTGATGCTAAAATACAGGTTTCTCATAT

TACTGGTAGTTTGGTTAAATCGCAATGTATGCATGTGACTTTGGCTTATATTTGACATTTTACAAAAGGATTGAATGTTTTGAATTGA

GAAACCTGTAAACAGATAAACCTATCAGGGTTCAACACTAAGGATTTGTCCTACTAGTCTGATTGGGCCAGCAGTTTAGATTTTTACT

TGCCTGCCTATATTTTCACTGGCCCCACCCCAAAAAAAAAGTCAAAGTTAATAGCAATTTCTTAGGCACATGTGTTAAATATTGTGAC

AAAAATGTGTTCGAATCTAGATTTAAAATATTACTAAAATGTTAATAAATGTATAGTTTGCAAATCAGCGCTCTGTACCCATGTAAAC

ATCTGCTTCTAAGACATTCTTTTAGCCTCATAATTTGATGTTGCCGTCACTTCGCTGTACTGGTTTTTACCAGGTTACAAAACAACAT

CATGCTCACAACATGAAATCAGATAAGAAGAACCGAAAAGCAACATGGTGTTTACGACATCACTTAGAAGGCAGCATTTAAAGGCTTA

AAATCACAAACTGTTTTTTTCTCGATTCTAAGACTGTATTCATACACAACTGACAAATAGTCGCAGGCAAATTTAACTTTTGTGACTA

GGGAGCATAGATCAGGCCAGTAACATTCCTGTCGATTGTATGTTATATATATATATGTATGTGTATATATATGTATGTATATATGTAT

ATGTATATATGTGTGTATATATATGTATGTATATATGTATATGTATATATGTGTGTATATGTGTGTGTGGGTTAGTGTGTATATATAT

ATATATATGAGCAATCCAGCATTACGGATGTGACATTTGCAGTAAAATCTCAAAACATAAATTCACAGTGAAAGTATTTAACATTGTA

TTAAAACATCTGTTTATATTTTCCAAAACAACTAACTACAGAGTTTATATGAGCAGAAAAATATCAACATGTTTATGGAATGTGACGA

AAACGTTTACAGTATACAACATACTTTGGATTATACTGCACAACCCAAAAGAAACAATGCTTAACAAAAGGAGAAGAGTTCTCTCTAT

AGAACAAAAACGACTGATTTTATTTTATTTGACCTGTTTTTTGGGGTTTTTGCATTTATGAGGAAAAATCTTTGTTATGGATGTGAAG

TAAAATTGGCACTTGTGATTCTGGTAAATCGATTATAACGGTTTGTAAACATTAACACATACATTTGTATTTTTAATACAGAACAGTA

TTTTTAAAGTGCTGTAAAATACCTGCCAACACAAAAAATGCATAAACGGTTTCGATATTTTGGTGAAAACCTTTTTTTCATGGCAAGG

TTGACATTTGCATGGAATTACTCATATATTCCTAAATGAACTGCTTAGCTATTTTATATAATAAAATCCAGCAAACAAGCCTATAAAA

GAGAAAGAAGGATCAATAAATATTAATTTTCTGCTATTGTGTCAATATTGTAATCCATAAAACATCTAATTTGAGTAATTAGGAACAT

TTCATTAGAAGTACTTCTTTTTTTTTTTTGGAAATCTGATAACGTAATCTGGATTAAATGCAAATTAACCTGCATAAATCCTGTACCT

TCGGCGGGAAGGTGTCTCTTAATGGACAAAGGGTGTGTTGGTTTAAAAACGAACATCTGCTTAATTTAAAAATGAATTTAAATAGACA

TTAGCTGTGCCCGAATCCCCACGACATTTCTGGTAAATCGTGTCAGAAGAGATTACGACCAGTGCGCATGCGCATACGAATATTACTC

ATCTCGTGAGCGCGCACGGCTGTGGAAACTTCATCGTCACTAACGGCGTCGCGCATCCAAGGGACAACAATCGCCCAAGAGAGGACTC

GCTTAAAACAGCCCGAAGGTAGGTTAGCGATTAAAACACGTTTATTATTACAGTAAACACGATGTTCTGTTATGTCTGGTGTTTGATT

TACTGTAGCTGACCGTTTTGCTTTATAATAACAGGTGCAGTTGTCGGTCACACGCCTAATAATAGTCCCGCTATTTAAAGCCGTTGTG

AATTTACACGCGGCCTGTTTTTGTTTACATTTAATATAAACTTGAGTATCGAATATTTACCTATTATATAAGATTAAATCCTCCTCAT

GTTATGAAGGAGTGAATTATATAACTGATTAATATATAATAGGAAAATAAACAAGGATGTGTTGTTATTGATTATTTGATATTAAATT

TGGAGGCCATTTAGTTTGATATTTTGGATTTCTTACCGCTCAAACTGATGTATATAAGCGAAAATGGCCTCCGAACATTGACACACAC

TCACTCACTCATTGACTTTCATTCACACATTCATACTGTTGTTTGAAAGAGCATCTGTGGTCAATCATGCGCTAAGATGAACGTGATA

ACAGATTTGCTTTCCATTAAGTTAGCATGAATCTGAGCAGCACTATATGTGTGACTGGGGCTAGTTCTCATTTTGCAGAGGCATAAAT

TATTAAAGACTTAATTGCAATTTTGTTATGTGAGAAATAAGATTAACATAAAAAACTGTGAGAAGAAAGCACAAAAAAAGTACAATTT

TAATATTTGTGTATAAATTTTGTATTAACTGTAACATTTCACCTGTAATACACATCTAAAACATTTACTCAGATTTAAACAAATAAGT

TTGCAAGCCAGAAAACACTCTTTTAAAAAATAAAGTATATAAGTATGATATATACAAATAAAACATGAATTAAATGCATTTTTTTTGT

AAATGAATAACACATTTATGTATAAATAACTAGAAATGCAGGAGACATTTTAGCTTTACACAAATTGAGATTTGCATAAACAAAACTT

TGCATTAGATGTTGGATGGTGGGTGAAATTATGTTTTGATAAAATGAGGGGGTAACCTGTTTTTTTTTCAGCAGGGTGAATTAGTGGG

GTATATAATTAATTGATTATTTAATGAAACATGCTAAATGTGGCCTCTTTGTCATATACTACATTCGTTGCATTTATTAAAACAATTC

CTAATACCACACTACTAAATAATGTGATATGCATAGCAGAACCACCTTTACTTTGAGCTTGCTTTATTCCTCTGCTTTTCTTCTCTTC

CGTTTTTCGTCTCTGGGTTTGGATGCAGTTTCATTTCAAATTAAAATTCGATTAATATTGATTAAAAATAGAAACGACACTTGTGGCA

TTATATTCGTTAAGACTTTAAGACGCTTTCGGCTTTATATCCAACGTGAGCAATTTGCCTCAAACAAAATGTATATTTTCTTTCAGAA

ACTTCCTTCTATTGTTTAGATGTGTGATAATGTCTTTTAAAGTGTTTGCAACCTTTATAAAACATGACGATGCTGGAGATTTGTTCAG

CCACAGAAATCACTAACCACATATTTCCAATGCAAATATTTTACAGTGTGTCTTAAAGCAGGGTTCATACACGTTTTTACAAATAAAA

TTCCATGACTTTTCCAAGACTTTTAAGTACACTTTCATGTAATGTGTACATATACAGTTGAAGTCAGAATTGTTAGCCACTCTGTTTA

TGTTTTCATTTATTTCTGTTTAATGGAAAGCAGATTTTCTCAACACATTTCTCATCATAATAGATTTAATAACTAATTTCTTATGAAT

AATTTATTTTATCTTTGCCATGATGACAGTAAATAATATTTGACCAGATATTTTTCAAAACACTTCTAAAGTGTTAAAGGCTTAACTA

GGTTAATTAGGTTAACTAGGCAGGTTATGGTAATTAGGCAAGTTATTGTATAACGATGGTTTGTTCTGTAGACGATTGAAAAAAATAT

AGCTTAAAGGGGCTAATATTATTAACCTTAAAATAGTGTTTAAAAAATAAAAGACTGCTTTTATTCTAGCCGTAATGAAACAAATAAG

ACTTTCTCAAGAAGAAAAAATATTATCAGACATACTGTGAACATTTCATTGCTCTAAACATCATTTGGGAAATATTTAAAAAAAGACT

TCAACTGTACATGATAAATGACAAGAAAAACATTGGCGTTGAAATTCATTACAGCATATCATAAAACACGCAACATTCTATTTTGTTT

AAATTTGTTTTTATACCTATGTAAAATTGATTTTGATAATGCTGACACAGCACTAACAATATTAGAGCGAGTTTTTGGCCAAGCAAAG
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AAAATAACTAAAGACAACCAACCTATATTCAAGTTAGAGCTGCACAATATATCATTTCAGCATGGATATCGCAATGTGTGCATCCGCA

ATAGTCACATCGCAGGATATGCAATGTTGAGATTATAGTTTAATATGGAGTTTAATCATAATGGAGTAAAAGTTTATCATCCGCATGC

GTTTTTAAAGAGATAGTTCACCCAAAAATAACCTGCCTTTTTCATTACACCCTTCACTTGTCTTAAACATTTGATTTTTCTTTTTCAA

ATGAACACAAAACAAACATGATTTAATAACTCCTATAGTATTGAACAAGTCAAGTGTAAGTAAATGGTGAGTAAAATTTAATCTGTCC

TTTTAAAGCCTGTAACTGAACATTTTAAAATATCAGAGTTTAAAACATCCGGCCACAATTAATTTTTTGTAACTTTAATAAAGACTAA

ATAATATACAATGAAGACTGCAGTGTTGATTATTCATTATCTGTACCTGAATAGTGAATACCTGAAACTATTAACTCACTTTTATCTT

TACTATATTTGATTTATGTAATTTATTTGTTATATATTATTTGGGATTCACTTCCTTCTACCAAAATCCCCCCAACATCCAAATAAAC

CTGTTAAATCATCTGGTGAATTTGTATTCACATCGCAATATACATCAGAAATACAAAATATGGGAATATCAGATTTTTCCAATGTCGC

GCAGCCTGAATTCAAGTATACAGATATTTGTTTAACTAATTTCCATGACTTTTCCAAAACTTCGTGGGTTTTTCTCTTTTTTCAAAAC

TTTTCCAGGCCTGAAAAATGCCATGTCAATTCCATGACTTGTCCAGGTTTCCCATGACCGTATAAACCCTGTTAAAAGGAATAATTTA

CTGACACTTGACTTGTTCCAAGCCAGTTTGATGGTTTGTTTGTTTGTTCTGTTGAACAAGAAGATAATTTGAAGAATGATGGAAACCG

GAAACCACTGACATCCAGGAAGTGGGACATACTAATACCCAAAAATCAATATTCTGTCATCATTCCCTCTTTACTTGTTCAAAATTTA

TTTGAGTCTCTCTTCTGTTGATCACAGAATAACATATATTGAACGCTTGAAGCTGGCACCAATTTTATTCCATAGTCTTCTCCCCCTT

CTTTTGTATTCAATAAAAGAAAGAAACCTGTAAAGCTTTAAACCACATCTGGAAGATTAAATGATGAGGTAATTATTCATTTTTGGGT

GAAATATCCCTTTAAAGAAATCTTGAAAGATGTTTTAATGCCAAAAGAGTGTTTATGACAGCCCTAAATCTTTTAATATAGTTTAATA

TTGATATATTTACATAGCAATTTTCCATTTAGTGAGTGTGTTTACATAATATGTTGGTCACCACATCCAGTTTAATTTACTGCTATGA

ATCAGTGTTTCCTATTATATGCAAAAGCTATGTACGGTATAAACTTAAATAAAAAAATTAATGATGTTGTCAGATAGTTAAATGTCTG

ATGGAAGTTTTCTCATGTTATTGAAACCATCTCTCTTTTTCCATGCAGATGGGTCGCTTAACAATACTATTGCTCTGTCTGGCTCTTG

TGGTGTCAGTTGTGGCCAAACGCGGGAGTGGATCCAAAGGTGGATTCGGCTGGGGTAAAACTAGTAGTAGTTCAAACAAAGGTGGAAG

CAGCTCCGGAAACAAAGGTGGCAGCAGCAGTAGTAGTAGCAGCAGCAGCAGCAGTAAAGGCACCTCATCACATGGGACACACTCATCC

CCTGGAAACTATCCTCGCCAACCTCAAGTACCAAACCAGAATCCACCTCCCTACCCTGGTGCTGGAGGTGGGTACCCTGGTCAAGGAA

GATATCCACCAGCAGGCTCTAACCCAGGATACCCAAACCAAGGGAGCTACCCAGGACGTGCTGGATACCCTAACCAAGGTGGGTACCC

AGCCCAAGGTGGATACCCAGCCCAAGGTGGCTATCCTGCGCAAGGTGGCTATCCTGCGCAAGGAGGTTACCCAGCACAAGGTGGATAC

CCAGCGCAAGGTGGATATCCACAAGGTAACTACCCAGGACGTAGTGGTTACCCAGGACAAGGTGGTTACCCAGCACAAGGTGGCTACC

CAGGCGGAGCATCATATCCTGGAGCAGGAGCAGGGTCGTACCCCAACAGGTACCCTGGTGGAAACCCTTACCCAGTTGGTGGGTCCTA

TCCAGGTTATCCAGTCCGAGGAGGTTCCAGTCCTAACCAGTTTGGTGGAGGTGTTGGAGGAGCAGGCGGATATCCTGGAGCGGCACAG

TATCCAAACTGGAACCCCAACAATAAAATCATGAGCCCAGCCTATGGCGGCAACTATGGTGGTTACGGGTATGGTGGCAGATCACCAT

TCGCCCAGTCAGTGCAGGGCATGGGTATGGCCCCTTCTTACAAATCAAAGGGATTCGGCAAGCAAGCAATTATAGCTGCTGGGGCTGG

GGCTGTGGCTGGAATGGCTCTGGGATATGGCCTGGGAAGTTTCCCCCGCCCCCGTTTCCACTTTCACAACCCTCAGGAGGAATACTAC

TATAATCACTACATGTACAGACGGTATGGCCAGACTCCACCTGACGGTAACATGAACGGGAACACTAACTCTCAAGGCGGCATTCCTG

GTGATGCAGGATCGGCTTCTGCAGGACAAGGAAATCTTAATCCTCATGAAATCTTCCAGAATCCTCCTCCTCAGTCCTATGACAAGTT

TATGGACACGTGTATGAAGAGGACAGATTTGCTCAGAGAGAAATCGGAAGGAAGATCGAGGAGATCCCCTGACCTCTTTGAGCCTCAG

GCAGCAGAAGTAGGCAATGATCCGAGTGAAATGCAAGAAAATGTTACAAACAACAACAGCACTTCTGAAAGAACCAACTCTGCAGCTA

GTACAGATGATTCTGTAACCACAAACCCACCAGAAACACCCAGCCAACCTCAAAAGCAGACCCAAGAAAGAGCAGCAGAAGCCAATGA

TGATAATGACGGCGACACTGTTAGCATTATGGAGATTGGCTATCCTATGCTAATCGAGCAAATGAAAGCTCGACGTTGTGTTGAGCTG

TACATGGTCTACGCAGAACAGCATGCAGAAAAACAGGCACAAGCTCAAGCTAAGATGGCGGATGAAGCCAGAAACGGTAGTGGCAACC

TTCCAGGACCCATAAGCCACGGAGGCATGTTACTTATCACTAGCATCCTGTCTCTTATCTTCAGTTCCCTTCTACACTGACATTCTCA

AGTAGATGACACGTAAAACCCTTTCATCATGGCGGAGAGACAGATGAGTGAACCAATCACGCCTACGTTACCTAACAAATTTATCTTT

GATTTTGGGCAGGACATTTTTGAAAGACTACTTGAAGATTCAACAGAAAGTACTGACATTTCTCACAATCACTTTTGTTCAGTAACGT

TACTAAACTGCAACATGAGCCACCTAACAACTTCACATGAGCCTGTTCTTGGAAGCATTATATATTATAATATCATTTTCCCCCTAGC

AAAGTTCACCTTCCATCACTGCCACCTTTCTTGCATGTAGTTTGGTGAACGTTAGTTTGGCTTCCGAGACAGCATGCTGCATGAACAT

TTCATTACCTCCAGGTTTTTTTGCATGGCATTGGCATTTGGCTAATCGTTTTCAGCTGGCAACAGTAAATGAATCAAAGATTTTAATG

ACATCAGGTGGTGGCTTCTTGTTGAATTTTTTTAATGGCTCTCCTGCTTGTGTAGTACTTACTGAAACATTTGTGTTGTAGTGTTTAT

TTTCCATTATTTGGACTGTTAACCGAATTAACTGAGCTATTTATTGTTGTATTAATTTATAATTTTGACCATTTTAACGTTCGTTAAA

TGTCCTCCACTGTTGGTTTTCCTATTTTATTTCCTGATGGCACTTCATACAGAATTCTCCTTGTGTTTTAATCAGCTCTTTTGTAAAA

ATGATCTAGACTTTGCCCGTTTAATCCTCTGCAGTGAAAATACTGCATTTTAGGAACTAATGGCCTGTTTCCACTGAGTGGTACTGTA

6.1.3 zCREST and Hsp70

The sequences for the Islet-1 enhancers (zCREST1, -2, -3) and of the Hsp70 promoter

can be viewed in the genbank NIH genetic sequence database

(http://www.ncbi.nlm.nih.gov/) under the accession numbers mentioned in chapter 4.
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