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I. SUMMARY 

I.A ENGLISH VERSION 

Prion diseases are fatal neurodegenerative diseases that affect both humans and animals. 

They are characterized by the accumulation of an abnormal isoform (PrPSc) of the cellular 

prion protein (PrPC). PrPSc is closely associated with infectivity and has been proposed as the 

protein-only agent responsible for prion diseases. A nucleated polymerization model has been 

suggested for mammalian prion propagation. In this model, the normal isoform PrPC binds to 

a PrPSc oligomer, which catalyzes the conformational change to the β-sheet rich isoform. A 

similar prion-like phenomenon has been reported for the Saccharomyces cerevisiae 

translation termination factor Sup35p that can adopt an epigenetic self-propagating 

conformation. Fibrillar aggregates of Sup35p share several features with PrPSc aggregates, 

like high β-sheet content, SDS insolubility and partial protease resistance. The striking 

similarities in the conformational conversion of both proteins make the yeast prion system an 

interesting model for the study of mammalian prion diseases. The exact mechanism of prion 

replication, the domains in PrP mediating prion assembly and potential co-factors remain 

elusive. Aim of this study was a comparative analysis of the aggregation propensities of PrP 

and Sup35p in the cytosol of mammalian cells. 

In the first part of this work aggregation propensities of chimeric proteins derived 

from the Sup35p prion domain NM and PrP were examined. Mouse neuroblastoma cells 

(N2a) were transiently transfected with vectors coding for NM, cytosolic PrP, or chimera 

thereof. Sup35p-NM and PrP displayed strikingly different aggregation behaviours when 

expressed in mammalian cells, with NM remaining soluble and cytosolic PrP spontaneously 

aggregating due to the globular domain of PrP. When fused to PrP90-230, Sup35p-M inhibited 

nucleation, but increased aggregate growth, probably by enhancing the recruitment of newly 

synthesized proteins into the growing aggregates. Fusion of the prion forming region Sup35p-

N to M-PrP counter-acted this effect, thereby increasing aggregate frequency. Interestingly, a 

lowered nucleation rate was also observed in the presence of the amino-terminal region of 

PrP, indicating that Sup35p-M and PrP23-90 have a similar biological function in prion protein 

assembly. These results demonstrate the impact of dynamic interactions between prion 
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domains and further suggest that aggregation of yeast and mammalian prion proteins is 

strongly influenced by the cellular environment. 

In the second part of the present work NM was stably expressed in N2a cells by use of 

a lentiviral vector system. Similar to results with transient transfection, stably, ectopically 

expressed NM remained soluble in the cytosol of N2a cells. Surprisingly, addition of in vitro 

generated Sup35p-NM fibrils to the cell culture medium resulted in endogenous NM 

aggregation. Furthermore, NM aggregates were heritable and infectious, indicating that the 

mammalian cytosol promotes prion propagation. Aggregate types differed in individual cells, 

and established single cell clones showed dramatic differences in aggregate types, ranging 

from spindle-shaped aggregates to small, punctuate aggregates. Thus, although several 

different types of aggregates were induced in bulk cells, an individual phenotpye was 

faithfully propagated by a single cell clone, indicating that cellular factors might determine 

phenotypical variant selection. As the Sup35p prion domain aggregates appeared to propagate 

as prion variants in the absence of any Hsp104 orthologs, other cellular mechanisms must 

enable prion propagation in the mammalian cytosol.  
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I.B DEUTSCHE VERSION 

Prionkrankheiten sind fatale neurodegenerative Erkrankungen von Mensch und Tier. Allen 

gemeinsam ist die charakteristische Ablagerung einer abnormalen Isoform (PrPSc) des 

zellulären Prionproteins (PrPC). PrPSc ist eng mit dem infektiösen Agens assoziiert und stellt 

nach heutigen Erkenntnissen den ausschließlich aus Protein bestehenden Erreger der 

Prionerkrankungen dar. Die Vermehrung von Säugerprionen scheint nach einer 

keimabhängigen Polymerisation zu verlaufen. Nach diesem Modell bindet die normale 

Isoform PrPC an ein PrPSc Oligomer, welches dessen Umfaltung zur β-Faltblatt-reichen 

Struktur katalysiert. Ein Prion-ähnliches epigenetisches Phänomen wurde für den 

Translationsterminationsfaktor Sup35p in der Hefe Saccharomyces cerevisiae beschrieben, 

welcher ebenfalls eine autokatalytische Konformation annehmen kann. Fibrilläre Aggregate 

von Sup35p besitzen ähnliche Eigenschaften wie PrP Aggregate, wie etwa ein hoher β-

Faltblatt Anteil, SDS-Unlöslichkeit oder partielle Proteaseresistenz. Bemerkenswerte 

Ähnlichkeiten im Umfaltungsprozess beider Proteine machen das Hefeprionsystem zu einem 

interessanten Modell für Prionkrankheiten von Säugetieren. Der Mechanismus der 

Prionvermehrung in Säugern, Domänen in PrP, die zur Prionaggregation beitragen und 

potentielle Kofaktoren sind derzeit noch ungeklärt. Ziel dieser Arbeit war eine vergleichende 

Analyse des Aggregationsverhaltens von PrP und Sup35p im Zytosol von Säugerzellen. 

Im ersten Teil dieser Arbeit wurde das Aggregationsverhalten chimärer Proteine, 

abgeleitet aus der Priondomäne NM von Sup35p und PrP, untersucht. Maus 

Neuroblastomzellen (N2a) wurden transient mit Vektoren transfiziert, die für NM, 

zytosolisches PrP oder Chimären aus beiden kodieren. In Säugerzellen exprimiert zeigten 

Sup35p-NM und PrP ein bemerkenswert unterschiedliches Aggregationsverhalten. Während 

NM löslich blieb, kam es zur spontanen Aggregation von zytosolischem PrP aufgrund seiner 

globulären Domäne PrP90-230. Nach Fusion von Sup35p-M mit PrP90-230, wirkte M inhibierend 

auf die Nukleation und erhöhte gleichzeitig das Aggregatwachstum, vermutlich indem es den 

Einbau von neu synthetisiertem Protein in das wachsende Aggregat erleichterte. Eine Fusion 

der Prionbildungsregion Sup35p-N mit M-PrP konnte diesem Effekt entgegenwirken, wobei 

es zu einem Anstieg der Aggregationshäufikeit kam. Interessanterweise wurde eine reduzierte 

Nukleationsrate auch in Gegenwart der aminoterminalen Region von PrP beobachtet, was 

darauf hindeutet, dass Sup35p-M und PrP23-90 eine ähnliche biologische Funktion bei der 
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Prionproteinaggregation innehaben könnten. Diese Ergebnisse veranschaulichen den Einfluss 

von dynamischen Interaktionen zwischen Priondomänen und weisen darauf hin, dass die 

Aggregation von Hefe- und Säugerprionproteinen durch das zelluläre Umfeld stark 

beeinflusst wird. 

Im zweiten Teil der vorliegenden Arbeit wurden N2a Zellen mit NM mithilfe eines 

lentivirales Vektorsystems transduziert. Wie auch bei der transienten Transfektion blieb das 

nun stabil exprimierte NM im Zytosol von N2as löslich. Überraschenderweise konnte jedoch 

die Zugabe von in vitro hergestellten Fibrillen aus bakteriell exprimiertem Sup35p-NM in das 

Zellkulturmedium eine endogene Aggregation von NM auslösen. Desweiteren waren diese 

Aggregate von NM vererbbar und infektiös, was zeigt, dass Säugerzellen die Vermehrung 

von artifiziellen Prionen im Zytosol ermöglichen. Das Aussehen der Aggregate, von 

spindelförmigen bis zu kleinen punktförmigen, unterschied sich in einzelnen Zellen wie auch 

in den daraus etablierten Einzelzellklonen. Somit wurde nur ein Aggregattyp von einem 

einzelnen Zellklon wirklich weiter gegeben, obwohl viele verschiedene Arten von 

Aggregaten in den unklonierten Zellen induziert wurden. Dies deutet darauf hin, dass 

zelluläre Faktoren die Selektion der phänotypischen Variante bestimmen. Da sich die Sup35p 

Priondomänaggregate als Prionvarianten, anders als in Hefen, offensichtlich trotz des Fehlens 

eines Hsp104 Orthologs vermehren können, scheinen andere zelluläre Mechanismen die 

Prionvermehrung im Säugerzytosol zu ermöglichen. 
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II. INTRODUCTION 

II.A PRION DISEASES 

Prion diseases or transmissible spongiform encephalopathies (TSEs) are infectious 

neurodegenerative disorders that affect both humans and animals. They feature a rapidly 

progressing clinical course that inevitably leads to death, usually within a few months. 

Typically, this is preceded by a long incubation time completely free of symptoms, lasting for 

years to decades. Thus, a ´slow virus` was first proposed to be the causative agent of this 

disease (Sigurdsson 1954). The failure to isolate a virus and the lack of an immune response 

typical for viral infections argued against this theory. Furthermore, the infectious agent could 

not be inactivated by methods destroying nucleic acids like UV-radiation, but rather was 

sensitive to treatments with substances which hydrolyze or modify proteins like urea or 

sodium hydroxide, indicated that the infectious agent might be a protein (Alper et al. 1966; 

Alper et al. 1967; Griffith 1967). 

Fifteen years later S. Prusiner and coworkers successfully isolated a protease resistant 

glycoprotein from diseased hamster brains which constituted the main component of the 

infectious fraction (Prusiner 1982). According to the protein-only hypothesis subsequently 

proposed and elaborated by S. Prusiner, these diseases are caused by prions, proteinaceous 

infectious particles devoid of encoding nucleic acid (Prusiner 1982; Prusiner 1998a). Further 

analysis revealed that prions consist mainly, if not entirely, of an abnormally folded isoform 

(PrPSc, for scrapie-associated prion protein) of the normal, host encoded prion protein (PrPC, 

for cellular prion protein) (Cohen et al. 1994; Prusiner 1998a; Collinge 2001; Aguzzi & 

Polymenidou 2004; Weissmann 2004). Recently, this controversially discussed hypothesis 

was strongly supported by studies showing the in vitro generation of prion infectivity 

(Legname et al. 2004; Castilla et al. 2005).  

A severe loss of neurons is characteristic of all prion diseases, which is accompanied 

by strong astrogliosis and mild microglia activation (Figure 1). This results in a severe 

progressive spongiform vacuolation and degeneration of the central nervous system (CNS) 

which manifests itself particularly in ataxia, behavioral changes and, in humans, a highly 

progressive loss of intellectual abilities (i.e., rapidly proceeding dementia) (DeArmond & 

Prusiner 1995; Prusiner 1998a; Weissmann 2004; Aguzzi & Polymenidou 2004; Collinge 
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2005). Amyloid plaques, consisting of ordered proteinaceous deposits with high β-sheet, are 

characteristic traits of TSEs. (Clinton et al. 1992; Bessen et al. 1997). However, there are 

cases where no amyloid plaques were found (Tateishi et al. 1995; Collinge et al. 1995). To 

date, neither pre-clinical diagnostic tests nor therapeutic or prophylactic treatments are 

available. 

 

 
Figure 1. Neuropathologic characteristics of TSEs. The left panel displays spongiform vacuolation of the brain of a CJD patient stained 

with hematoxylin-eosin (HE). Activated astrocytes (brown) are visualized by staining with antibodies against glial fibrillary acidic protein 

(GFAP, middle). The right picture depicts an immunohistochemical staining of PrPSc deposits (brown). From (Glatzel & Aguzzi 2001). 

 

The pathogenic agent has self-propagating capacities in that it is able to catalyze a profound 

conformational switch of PrPC into an aggregated structure eventually resulting in the 

accumulation of misfolded and aggregated PrPSc in the brain. Therefore, the prion pathology 

shares several profound similarities with other protein misfolding and neurodegenerative 

diseases like Alzheimer’s, Huntington’s and Parkinson’s disease (Aguzzi & Haass 2003; 

Chiti & Dobson 2006). Nevertheless, prions are unique as they are not only able to replicate 

their conformation but are also naturally and experimentally transmissible within and to some 

extend between species (Weissmann et al. 1996; Prusiner 1998a). 

 

II.A.1 HUMAN PRION DISEASES 

Human prion diseases encompass Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträussler-

Scheinker (GSS) syndrome, fatal familial insomnia (FFI), kuru, and the new variants of CJD 

(vCJD and secondary vCJD). A hallmark of human TSEs is the existence of three distinct 

manifestations (Prusiner 1998b; Collinge 2001) (Table 1). The disease can occur either due 

to genetic mutations (i.e., mutations or insertions in the PrP open reading frame), as in the 

case of genetic CJD, GSS, and FFI, or can arise sporadically (idiopathic) with an incidence of 

~1 in 1.000.000. The underlying mechanism of sporadic prion formation is still unknown. 
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Furthermore, they can be acquired by infection through prion-contaminated food or medically 

used human-derived materials as is the case for kuru, vCJD, or iatrogenic CJD, respectively.  

 
Table 1. Etiologies of human prion diseases. Published in (Gilch et al. 2008). 

Etiology Disease and Frequency Mechanism 

Acquired 

Kuru (pandemic in the 1950s, nowadays 

virtually extinct); iatrogenic Creutzfeldt-Jakob 

disease (CJD) (< 5 %), variant CJD (vCJD) 

(total so far > 200 cases) 

infection through 

environmental exposure 

to prions; exogenous 

Genetic 

familiar or genetic CJD (~ 10 %); Gerstmann-

Sträussler-Scheinker (GSS) syndrome; fatal 

familiar insomnia (FFI) 

mutation in the PRNP 

gene (more than 30 

different mutations are 

known); endogenous 

Sporadic 
sporadic CJD (~ 1 case per million per year 

worldwide, ~ 90 %) 

apparently spontaneous 

formation of PrPSc; 

endogenous 

 

Kuru reached pandemic proportions amongst the Fore people in Papua New Guinea, where it 

was transferred by a certain form of ritualistic cannibalism, in which the brains of the 

deceased were consumed as a sign of late person-worship (Gajdusek 1977). The introduction 

of Christianity and subsequent prohibition of such ancient customs resulted in virtual 

elimination of kuru, albeit some cases are still reported (Collinge 2001). 

Although in particular the etiology of kuru was widely appreciated, both scientifically 

and within the general population, it was not until the the emergence of a new variant of 

Creutzfeldt-Jakob disease in the 1990s that people’s awareness of the transmissibility of prion 

diseases was significantly raised (Collinge & Rossor 1996; Anderson et al. 1996; Bruce et al. 

1997; Hill et al. 1997). vCJD first appeared in 1995 in the UK, but later also in several other 

countries (Will et al. 1996; Collinge & Rossor 1996) and affected mainly younger people. 

Interestingly, all clinical vCJD patients exhibited a homozygousity for methionine at PRNP 

codon 129, indicating a well known genetic predisposition for vCJD (Collinge et al. 1996), 

although recent evidence revealed that also people being heterozygous (methionine/valine) at 



INTRODUCTION 

 
8 

 

codon 129 can be infected (Peden et al. 2004). Regional and chronological coincidence of 

vCJD with bovine spongiform encephalopathy (BSE) was the first hint that they might have 

the same causative agent. Histopathologic analysis (Wadsworth et al. 2007), as well as 

transmission studies (Bruce et al. 1994; Lasmezas et al. 1996; Hill et al. 1997) and molecular 

strain typing (Collinge et al. 1996), confirmed the hypothesis that vCJD arose in humans who 

apparently have consumed BSE contaminated food. To date, more than 210 cases of vCJD 

are reported. Future predictions of cases are hard to achieve, partially because of the expected 

prolonged incubation time for heterozygous population. The number of potential patients may 

range from hundreds to thousands (Ghani et al. 2002; Ghani et al. 2003). In vCJD, the 

infectious agent is abundant in the lymphoreticular system and many other organs beside the 

CNS (Wadsworth et al. 2001; Sigurdson & Miller 2003), which dramatically increases the 

risk of horizontal spread. Indeed, vCJD transmission via blood transfusion was reported 

(secondary vCJD) and appears to be very effective (Peden et al. 2004; Llewelyn et al. 2004; 

Wroe et al. 2006; Hewitt et al. 2006). 

 

II.A.2 ANIMAL PRION DISEASES 

Animal prion diseases comprise scrapie in goat and sheep, bovine spongiform 

encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in elk and deer, feline 

spongiform encephalopathy (FSE) in domestic and wild cats, transmissible mink 

encephalopathy (TME) , and exotic ungulate encephalopathy (EUE) in zoo animals (Table 

2). Scrapie was first described in 1732 (Mc Gowan 1914; Mc Gowan 1922). As the name 

implies, excessive scratching is symptomatic for affected animals (Brotherston et al. 1968; 

Dickinson et al. 1974). In 1936, scrapie was experimentally transmitted to goats, providing 

prove for the infectious nature of the agent according to the Koch’s postulates (Cuille & 

Chelle 1939). Because of its cross species transmissibility, especially as a zoonosis to 

humans, BSE or ´mad cow disease` is probably the best appreciated prion disease. First 

described in 1986 (Wells et al. 1987), it reached epidemic dimensions in the 1990s in the UK 

(Anderson et al. 1996; Hörnlimann et al. 2001). However, BSE cases were also reported in 

other European countries leading to mandatory BSE testing for any slaughtered cattle older 

than 30 (European Union) or 24 months (Germany), respectively, in 2000/2001. Whether 

BSE originated from scrapie-infected sheep (Wilesmith & Wells 1991; Prusiner et al. 1991) 

or whether it occurred sporadically in cattle (Fraser 2000) is yet unclear, but both theories 
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implicate that the infectious agent was distributed by feeding contaminated meat and bone 

meal (´neo-cannibalism`). Indeed, the sterilization method for fabrication of meat and bone 

meal was significantly changed in England in the late 1970s due to economy measures 

resulting in a completely insufficient inactivation of prions (Wilesmith & Wells 1991). 

 
Table 2. Animal prion diseases. 

Disease Species Mechanism 

Scrapie 
Sheep and goat 

Vertical and horizontal transmission; 

oral transmission; sporadic 

BSE (bovine spongiform 

encephalopathy) 
Cattle  

Ingestion of contaminated bone meal; 

sporadic? 

TME (transmissible mink 

encephalopathy) 
Mink 

Apparently ingestion of contaminated 

food (produced from sheep and cow) 

FSE (feline spongiform 

encephalopathy) 
Cat and big cat Ingestion of BSE contaminated food 

CWD (chronic wasting 

disease) 
Deer and elk 

Vertical and horizontal transmission; 

oral transmission; sporadic? 

EUE (exotic ungulate 

encephalopathy) 

Exotic hoofed 

animals 
Ingestion of BSE contaminated food 

 

II.B THE PRION PROTEIN 

II.B.1 THE PRNP GENE 

The prion protein gene prnp is located on the short arm of the human chromosome 20 and on 

the homologous region of chromosome 2 in mice, respectively (Robakis et al. 1986; Sparkes 

et al. 1986). It is highly conserved during the course of evolution, from fish to amphibia to 

birds and mammals (Schatzl et al. 1995; Wopfner et al. 1999; Strumbo et al. 2001; Suzuki et 

al. 2002; Rivera-Milla et al. 2003), indicating an important function. Exon 2 or 3 at the 3’-

end of the gene encodes the entire open reading frame (ORF) of the prion protein, excluding 

a possible formation of different proteins through alternative splicing (Basler et al. 1986; 
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Westaway et al. 1994). Human PRNP exhibits one, mouse prnp two short non coding exons 

at the 5’-end of the gene. The transcribed mRNA is 2,1 to 4 kb in length and is translated into 

a protein of approx. 250 amino acids (aa), depending on the species. The prnp promoter 

contains no TATA-box, it is rather composed of GC-rich regions, a typical feature for so-

called ´house-keeping` genes (Basler et al. 1986). 

 

II.B.2 STRUCTURAL AND BIOCHEMICAL CHARACTERISTICS OF PRPC AND PRPSC 

For a long time it was accepted that a single amino acid sequence allows only one biological 

active conformation (Anfinsen 1973). However, the prion protein can acquire at least two 

structural isoforms, which share the same primary amino acid sequences and apparently also 

covalent modifications (Pan et al. 1993). Several studies revealed that the structure of PrPC 

contains a high content of α-helices (~ 42 %) and very few β-sheets (~ 3 %) whereas PrPSc is 

rich in β-sheet regions (~ 45 %) and exhibits a decreased amount of α-helices (~ 30 %) (Pan 

et al. 1993; Gasset et al. 1993; Pergami et al. 1996). Nuclear magnetic resonance (NMR) 

analysis of recombinant PRP23-231 further revealed that the amino-terminal domain of cellular 

PrP (aa 23-120) is highly flexible with no defined structure whereas the carboxyl-terminus 

(aa 121-231) adopts a globular structure with three α-helices and two short antiparallel β-

sheets (Zahn et al. 2000) (Figure 2).  

 

 
Figure 2. NMR structure of recombinant Syrian hamster PrPC (aa  90-231). PrPC contains 3 α-helices (purple) and two β-sheets (blue 

and green). The C-terminal part of the flexible amino-terminus (aa 90-120) is depicted in red. The intramolecular disulfide bond is shown in 

yellow. From (Prusiner 1998a). 

 

Due to its insolubility NMR spectroscopy can not be performed from PrPSc. Thus, 

information on the structure of PrPSc was obtained by analysis of 2D-crystals in electron 



INTRODUCTION 

 
11 

 

microscopy and subsequent molecular modeling (Wille et al. 2002; Govaerts et al. 2004). 

According to this, PrPSc aggregates are assemblies of trimers with left-handed β-helices, 

conserved disulfide bonds and carboxyl-terminal α-helices. Recent findings obtained by site-

directed spin labeling (SDSL) coupled with electron paramagnetic resonance (EPR) 

spectroscopy using recombinant human PrP90-231 favor a model where the amyloid core of 

PrPSc corresponds to the carboxyl-terminal part of the protein forming a parallel, in-register 

β-sheet structure (Cobb et al. 2007) (Figure 3). 

 

A BA B

 
Figure 3. Model of recombinant PrP amyloid structure. A: PrP monomers form single, parallel layers that stack on top of each other with 

an in-register stacking of β-strands. B: The rotated structure demonstrates hydrogen bonds between aligned molecules. The long axis of the 

fibril is indicated by an arrow. From (Cobb et al. 2007). 

 

The enormous structural differences between PrPC and PrPSc are reflected by several 

distinct biochemical characteristics which are summarized in Table 3. The partial resistance 

of PrPSc to hydrolysis by proteinase K (PK) (Prusiner et al. 1984; Oesch et al. 1985) 

generating a aminoterminally truncated PrPSc moiety (PrP27-30) compared to a complete 

degradation of PrPC upon proteolytic digestion is utilized to experimentally and 

diagnostically discriminate between the two isoforms. 
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Table 3. Structural and biochemical properties of PrPC and PrPSc. 

Cellular prion protein (PrPC) Pathogenic isoform of PrP (PrPSc) 

Non-infectious Infectious 

Mainly α-helical structure β-sheet rich structure 

Detergent soluble Detergent insoluble 

Proteinase K (PK) sensitive Partially PK resistant (PrP27-30) 

 

II.B.3 CELL BIOLOGY OF PRPC  

As a glycoprotein, the normal host-encoded prion protein PrPC transits the secretory pathway. 

After synthesis, it is co-translationally translocated into the lumen of the endoplasmic 

reticulum (ER), where the aminoterminal signal sequence is removed (Figure 4).  

 

 
Figure 4. Primary structure, post-translational modifications and localization of the cellular prion protein. A: Schematic 

representation of cellular prion protein PrPC, including primary structure and post-translational modifications. The signal peptide (SP) is 

removed during translocation into the ER lumen. The octapeptide region (OR) comprises residues 51-90; the proteinase K (PK) resistant 

portion of PrPSc is denoted by a scissors symbol. The hydrophobic domain (HD) encompasses residues 110-135, the disulfide bond and the 

two asparagine-glycosylation sites are arranged in the C-terminal part. For the addition of the GPI anchor residues 231-254 are co-

translationally removed. B: Model of PrPC as it is attached to the outer leaflet of the membrane via its GPI achor. Published in (Krammer et 

al. 2009b). 

 

Further post-translational modifications include the addition of carbohydrate chains at 

two asparagine-glycosylation sites, the formation of an intramolecular disulphide bond, and 

the attachment of a glycosyl-phosphatidyl-inositol (GPI) anchor promoted by a C-terminal 

signal peptide which is cleaved off. Properly folded PrPC further post-translationally matures, 
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exits the Golgi apparatus, and finally incorporates into the outer leaflet of the plasma 

membrane via its GPI anchor moiety. PrPC mainly resides within lipid rafts, specific 

cholesterol and glycosphingolipid-rich micro-domains of the plasma membranes and 

important sites for signal transduction. This suggests that PrPC might play a physiological 

role in such a process. Additionally, it is anticipated that PrPC has antioxidant properties and 

it was shown to bind copper (Westergard et al. 2007). The true function of PrPC remains 

enigmatic, allowing room for different presumptions (Aguzzi & Miele 2004; Caughey & 

Baron 2006; Westergard et al. 2007). There is now growing evidence that PrPC has a 

neuroprotective function (Kuwahara et al. 1999; Chiarini et al. 2002; McLennan et al. 2004; 

Weise et al. 2004; Spudich et al. 2005; Lee et al. 2006b). The 37-kDa/67-kDa laminin 

receptor (LRP/LR) (Hundt et al. 2001; Leucht et al. 2003) or glycosaminoglycans (Priola & 

Caughey 1994) are promising candidates for potential receptors for PrPC. The internalization 

mechanism of PrPC is controversially discussed, it may either be endocytosed via lipid rafts 

(Taraboulos et al. 1995), or depend on clathrin- (Sunyach et al. 2003), or caveolin-mediated 

pathways (Prado et al. 2004), potentially in concert with LRP/LR or the lipoprotein receptor-

related protein 1 (LRP1) (Taylor & Hooper 2007; Parkyn et al. 2008). PrPC containing 

endosomes can recycle back to the plasma membrane (Vey et al. 1996) or fuse with 

lysosomes for degradation.  

 

II.B.4 THE PRION CONVERSION PROCESS 

The conformational change of PrPC into PrPSc is thought to occur at the cell surface, either in 

lipid rafts or caveolae-like domains (CLDs), and/or along the early endocytotic pathway 

(Caughey et al. 1991; Borchelt et al. 1992), involving a direct contact between PrPC and 

PrPSc isoforms (Figure 5). Potential co-factors for prion generation are the laminin receptor 

or its precursor (Leucht et al. 2003) or glycosaminoglycans (Priola & Caughey 1994). PrPSc 

is mainly located in secondary endosomes and lysosomes (McKinley et al. 1991; Arnold et 

al. 1995; Mironov, Jr. et al. 2003), only a small fraction was found at or near the plasma 

membrane (Borchelt et al. 1990; Caughey & Raymond 1991; Vey et al. 1996). Additionally, 

a small portion of PrPSc was shown to accumulate in cytosolic aggresomes under certain 

experimental conditions (Kristiansen et al. 2005) where it appears to impair proteasomal 

function (Kristiansen et al. 2007). The spread of prions from cell to cell could be imparted 

through exosomes (Vella et al. 2007) or via cell-to-cell contact (Kanu et al. 2002). 
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Figure 5. Cell biology of PrPC and PrPSc with potential sites of conversion. As a membrane protein PrPC migrates through the ER and 

Golgi compartments to the cell surface where it resides within lipid rafts via its GPI anchor. A direct contact between PrPC and PrPSc 

isoforms is indispensable. The conformational refolding of PrPC into PrPSc is thought to take place at the cell surface and/or along the 

endocytic pathway, probably involving co-factors, e. g., glycosaminoglycans (GAGs). PrPSc has been localized mainly in the lysosomes of 

persistently infected cell cultures, some PrPSc was also found on the cell surface or in the Golgi apparatus. A small portion of PrPSc has also 

been reported to aggregate in the cytosol. Published in (Krammer et al. 2009b). 

 

The exact molecular mechanism of conversion is still subject to intensive research, 

but several lines of evidence suggest a general amyloid formation model in which PrPSc 

aggregates are formed by a crystallization-like process, known as nucleated polymerization 

(Serio et al. 2000; Caughey 2003; Soto et al. 2006) (Figure 6). 
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Figure 6. Prion replication according to the nucleated polymerization model. PrPSc formation may be a two-step event. The initial and 

pivotal step is formation of 'nuclei' which involves at least partially unfolding and misfolding of the PrP protein leading to small oligomers. 

This rare and slow process is followed by a much faster elongation phase in which the nuclei act as seeds that recruit native proteins into the 

growing aggregate. During this process a breakage of the elongated fibrils may be necessary to generate new seeds resulting in an 

exponential rise in amyloid formation. Spontaneous formation of PrPSc from normal PrPC is a very rare event leading to sporadic forms, 

whereas mutations in the prnp gene apparently render the protein more aggregation prone (genetic prion disease). In acquired prion diseases 

the exogenous addition of PrPSc seeds induces conversion of the host-encoded protein. Published in (Gilch et al. 2008). 

 

II.B.5 PRION STRAINS AND THE SPECIES BARRIER 

The phenomenon that prions can be experimentally transmitted very efficiently within 

species but less efficient between species, is referred to as the ‘species barrier’. In most cases 

incubation times of the disease are prolonged upon the first transmission to a new host 

compared to the incubation times upon subsequent passages within the same host (Pattison 

1965). It has been proposed that the species barrier is mainly determined by aa differences in 

the prnp gene. Consequently, the degree of homology of the primary amino acid sequence 

between donor and host PrP, as well as the position of a possible amino acid exchange seem 

to play an important role for disease transmission (Scott et al. 1989; Scott et al. 1992; Scott et 

al. 1993; Telling et al. 1994; Priola et al. 2001; Schatzl et al. 1995). As mentioned above, in 

humans a polymorphism at residue 129 is critical for the susceptibility to vCJD (Parchi et al. 

1999). 

A challenge for the protein-only hypothesis was the observation that prions from a 

given species can cause relatively distinct disease patterns such as different incubation times 
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and lesion profiles within the brain upon passaging in the same species (Bessen & Marsh 

1992). In order to explain this observation on the basis of a protein-only agent the term ‘prion 

strain’ was introduced. Prion strains are associated with several distinct characteristics of 

PrPSc, like relative resistance to PK digestion, glycoform profile and disease phenotypes such 

as incubation time, clinical symptoms and neuropathological changes (Bessen & Marsh 1992; 

Collinge et al. 1996; Telling et al. 1996; Safar et al. 1998). Prion strains appear to represent 

different three-dimensional conformations of PrPSc and the different properties are likely 

encoded in different folds of PrPSc (Telling et al. 1996; Scott et al. 1997). They can be 

faithfully propagated in inbred mouse lines and in the case of BSE even across a variety of 

species (Will et al. 1996; Collinge & Rossor 1996). In humans, for example, different prion 

strains are responsible for the various phenotypes of CJD (Bruce 2003). 

While the aforementioned studies clearly demonstrate the importance of PrP primary 

amino acid sequence for prion transmission, a number of experiments have doubted this 

hypothesis. Early analysis revealed that the species barrier varies with different strains in 

spite of their origin from the same donor species, indicating that the type of prion strain 

markedly influences the outcome of interspecies transmission (Bruce et al. 1994; Bruce et al. 

1997). The transmission of prions from different species to transgenic mice expressing PrP 

with a single amino acid mutation in the amino-terminus resulted in an increase or decrease 

in the incubation time compared to wild-type mice which cannot be explained simply by 

sequence differences (Barron et al. 2001). Moreover, transgenic mice expressing bovine PrP 

propagated vCJD prions but were resistant to sporadic, familiar, or iatrogenic forms of CJD, 

which prompted S. Prusiner and colleagues to introduce the denotation ´strain barrier` for this 

phenomenon (Scott et al. 2005). Surprisingly, wild-type mice are more susceptible to vCJD 

than transgenic mice over-expressing human PrP (Hill et al. 1997), providing evidence that 

factors other than PrP sequence similarity of host and donor PrP may play a role in TSE 

transmission and suggesting that the term ´transmission barrier` might be more appropriate 

than species barrier. Recent work showed that some Creutzfeldt-Jakob disease isolates could 

be primarily transmitted to bank voles in the absence of any obvious species barrier, although 

the sequence of man and vole shows various aa exchanges (Nonno et al. 2006). In 

conclusion, compelling evidence now suggests that the three-dimensional structures of host 

PrPC and donor PrPSc, rather than exact primary amino acid sequence similarity, is the major 

susceptibility determinant of a species to a certain strain (Figure 7). 
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Figure 7. The structural compatibility of PrPC and PrPSc determines the transmission barrier. The primary sequence of wild-type (wt) 

PrPC influences its tertiary structure, therefore mutations (in mutant PrP, mutPrP) lead to a modified conformation (left side). On the other 

hand, a certain PrP primary structure is able to form a restricted variety of possible PrPSc conformers (right side). Conformations of both 

PrPC and PrPSc have to be compatible, so that a certain donor PrPSc is able to interact with and convert host PrPC. Structural differences are 

depicted as vertical bars. Arrows indicate structural compatibility. Modified version published in (Gaedtke et al. 2009). 

 

The influence of the primary structure is obvious, albeit indirect, as it determines the 

secondary and tertiary structure of a protein. According to the conformational selection 

model (Collinge 1999) the host PrPC amino acid sequence allows only a subset of possible 

PrPSc conformations and influences which PrPSc is thermodynamically preferentially 

propagated. In line with this, a lack of overlap in possible PrPSc conformers of different 

species may be the basis of the transmission barrier (Collinge & Clarke 2007). On the basis 

of this model a further phenomenon, the prion strain mutation, can be explained (Figure 8). 

Some strains like BSE are highly transmissible across a wide variety of species maintaining 

its strain characteristics. In this case the conformation of a certain strain is compatible with a 

range of different PrPC conformers. Other strains do not ´breed true` upon transmission into a 

new host, resulting in the occurrence of a new strain in the infected species (Collinge & 

Clarke 2007). Strains may constitute an ensemble of PrPSc molecules and the new host 
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preferentially propagates a non prevalent conformer. Alternatively, when strains are 

composed of a single PrPSc conformer, only a direct conformational mutation enables its 

successful transmission to a host due to a previous PrP sequence incompatibility for this 

certain strain. Of note, some studies revealed that background genes other than the prnp gene 

may also influence strain selection (Asante et al. 2002; Lloyd et al. 2004).  

 

 
Figure 8. Prion strain mutation. If strains consist of a mixture of different PrPSc molecules, a certain host cell can either preferentially 

propagate the prevalent conformer (upper panel, Host A) or select a non prevalent conformer leading to the occurrence of a new strain in the 

foreign host (upper panel, Host B). On the other hand, strain may be based on a single PrPSc conformer which is able to ´breed true` upon 

transmission to one host (lower panel, Host A) but during infection of another host (lower panel, Host B) it has to change its conformation in 

order to propagate. From (Collinge & Clarke 2007). 

 

II.C PRP AND ITS ROLE IN NEURODEGENERATION IN PRION 

DISEASES 

Although prnp0/0 mice were rapidly made available for research (Bueler et al. 1992), the 

function of PrPC is far from being thoroughly understood. Mice lacking PrPC do not show a 

precise phenotype. They are generally viable (Bueler et al. 1992) and suffer only from subtle 

defects, like altered circadian activity rhythms and sleep (Tobler et al. 1996), an abnormal 

synaptic function (Collinge et al. 1994), or a disturbance of the intracellular Ca2+ 

homoeostasis (Colling et al. 1996). On the other hand, compelling evidence now suggests 

that PrPC has neuroprotective properties. It is up-regulated upon ischemic brain damage 

(McLennan et al. 2004; Weise et al. 2004), and in PrP-deficient mice the infarct size is 
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drastically increased (Spudich et al. 2005). In addition, PrPC is able to protect against several 

pro-apoptotic stimuli (Kuwahara et al. 1999; Chiarini et al. 2002; Lee et al. 2006a). Neuronal 

PrPC expression is absolutely necessary for disease development, as prnp0/0 mice are totally 

resistant to prion infection (Bueler et al. 1993). The fundamental role of neuronal PrPC 

expression in prion disease was elegantly demonstrated in follow-up studies using either 

grafting approaches (Brandner et al. 1996), inducible transgenic knock-down approaches 

(Mallucci et al. 2002; Mallucci et al. 2003; Mallucci et al. 2007), or transgenic studies 

involving a secreted (GPI-minus) version of PrPC (Chesebro et al. 2005). Taken together, it is 

possible that a certain loss of function phenotype related to PrPC plays a major role in prion 

disease pathogenesis. Another scenario is that PrPSc could impair important signaling 

mechanisms of the cell, thereby gaining a toxic function. Indeed, a recent study demonstrated 

that PrPSc is able to impair the neuroprotective signaling of PrPC (Rambold et al. 2008). 

Additionally, PrPC can be found in three distinct topological forms (Hay et al. 1987; 

Hegde et al. 1998). While the vast majority constitutes the normal post-translationally 

modified form that is attached on the outer leaflet of the plasma membrane via a GPI anchor, 

two transmembrane forms are known that differ in their membrane topology. The 

carboxylterminal-trans transmembrane form (CtmPrP) has been experimentally linked to 

neurotoxicity, especially in some heritable prion diseases. For example, in GSS involving the 

mutation A117V, the formation of the pathogenic CtmPrP form is increased (Hegde et al. 

1998). Whether the topological PrP isoforms play a more general role in prion pathogenesis 

is still not completely resolved. 

The artificial expression of an entirely cytosolic form of PrP in a transgenic mouse 

model resulted in severe ataxia with cerebellar degeneration and gliosis (Ma et al. 2002). 

Good evidence exists that cytosolic accumulation of PrP may actually have a more general 

relevance in prion diseases (Ma & Lindquist 2002; Heller et al. 2003; Rane et al. 2004). In 

addition, truncated pathogenic GSS-related PrP mutations (W145Stop or Q160Stop) are 

associated with mislocated cytosolic PrP (Zanusso et al. 1999; Heske et al. 2004). Work of J. 

Collinge’s laboratory demonstrated that cytosolic PrPSc aggregates might exist that cluster in 

aggresome-like forms, thereby activating caspase-3 and inhibiting the 26S proteasome 

(Kristiansen et al. 2005; Kristiansen et al. 2007). These facts argue that cytosolic PrP species 

might be a common toxic denominator in various prion-linked diseases. 
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PrPSc is thought to be the causative agent responsible for prion diseases, hence, 

exerting both neurotoxicity AND prion infectivity. This hypothesis has been challenged by 

several observations during the last decade. First, the amount of PrPSc detectable by standard 

methods does not always correlate with the severity of neurodegeneration. In fact, it is known 

for long that there are natural and experimental prion diseases without almost any PrPSc 

accumulation in the brain (Collinge et al. 1995). Second, injection of brain homogenate of 

terminally-ill mice into prnp0/0 mice does not lead to disease symptoms (Bueler et al. 1993; 

Brandner et al. 1996). Third, small oligomeric molecules, apparently not PK-resistant, were 

shown to be more toxic to various cell types than mature amyloid fibrils of the same protein 

(Novitskaya et al. 2006; Simoneau et al. 2007). Additionally, the group of B. Caughey 

provided experimental evidence that such low molecular weight species are in fact the most 

infectious units (Silveira et al. 2005). In line with this, it was shown that prion-infected 

transgenic mice that express a secreted form of PrPC that lacks the GPI anchor exhibited 

hardly any clinical signs, although they had tremendous amounts of amyloid plaques in their 

brains (Chesebro et al. 2005). Several important conclusions can be drawn from these results. 

First, the mature amyloid fibrils appear to represent end- or by-products in prion diseases. 

Second, infectivity and neurotoxicity are not necessarily linked and could originate from 

different molecules and/or mechanisms. Third, PrPSc accumulation and deposition in the 

brain is not or not necessarily toxic. Hence, the identity of the toxic agent remains a 

conundrum. Nevertheless, it appears that prion infectivity and toxicity can be uncoupled 

favoring the hypothesis that the toxic agent (in this model referred to as PrPL, the lethal form 

of PrP) is rather an intermediate or by-product of prion replication than aggregated high 

molecular PrPSc itself (Collinge & Clarke 2007) (Figure 9).  

 



INTRODUCTION 

 
21 

 

 
Figure 9. Possible pathways for the production of the ´lethal` form of PrP (PrPL). A: PrPL could be generated during the conversion 

process by dissociating as a toxic intermediate from the growing PrPSc molecule. B: As a side product of the PrPSc synthesis PrPL could be 

generated from PrPC by using PrPSc as surface catalyst. From (Collinge & Clarke 2007).  

 

II.D YEAST PRIONS 

Initially, the term prion was exclusively used to describe the proteinaceous infectious agent 

responsible for TSEs. In 1994, R. Wickner extended the prion concept to explain two unusual 

non-chromosomal genetic elements [PSI+] (Cox 1965) and [URE3] (Lacroute F 1971) in 

yeast (Wickner 1994), that were inherited from cell to cell in a non-Mendelian manner by 

cytoplasmic mixing. He proposed that these mysterious traits were determined by the prion 

form of the endogenous proteins Sup35p and Ure2p, respectively (Wickner 1994). Evidence 

accumulates that this is in fact the case. Unlike mammalian prions, yeast prions are not 

generally lethal but can rather be beneficial under certain environmental conditions 

(Eaglestone et al. 1999; True & Lindquist 2000). However, the search for [PSI+] in wild-type 

strains was unsuccessful, arguing that these prions might be disadvantageous to yeast 

(Chernoff et al. 1993; Resende et al. 2003).  

Prions are now more generally defined as self-propagating, infectious aggregates of 

misfolded proteins. To date, three amyloid prions were identified in yeast Saccharomyces 

cerevisiae and one in the fungus Podospora anserina (Maddelein et al. 2002; Tanaka et al. 
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2004; King & Diaz-Avalos 2004; Brachmann et al. 2005; Patel & Liebman 2007) (Figure 

10). Recently, the chromatin-remodeling factor Swi1 was reported to be able to covert into a 

prion, [SWI+], in Saccharomyces cerevisiae (Du et al. 2008). Initially, it was found during a 

screen for proteins acting as [PSI+] inducible factors [PIN+] (Derkatch et al. 2001). Still, a 

potential amyloid-like structure has to be formally demonstrated. 

 

 
Figure 10. Amyloid prions of yeast and fungi. The amyloid forms of Ure2p and Sup35p have no function whereas their soluble forms are 

involved in nitrogen regulation and termination of transcription, respectively. The true function of both, the soluble or aggregated form of 

Rnq1p is not known, but in its prion form Rnq1p acts as a heterologous seed for the induction of [URE3] or [PSI+]. The amyloid form of the 

HETs protein is necessary for heterokaryon incompatibility; its soluble form is non-functional. Natively structured domains are depicted in 

green. Unstructured domains that become amyloid during conversion into the prion form are highlighted in red. From (Wickner et al. 2007).  

 

Yeast prions fulfill three genetic criteria (Wickner et al. 1999). First, the prion form 

has to be reversible curable, meaning it should be able to arise again spontaneously in a cured 

strain. Second, transient overproduction of the respective protein should increase the 

frequency of spontaneous induction of the prion form, simply because the probability of a 

prion conversion rises with the amount of the molecules. Third, the gene encoding the normal 

form of the prion protein has to be essential for prion propagation as it can only propagate by 
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converting the normal isoform into the prion form. However, infectivity is the most important 

attribute that clearly sets prions apart from other amyloids. Indeed, formal proof of the 

protein-only hypothesis was provided by induction of the yeast prion phenotype by in vitro 

generated amyloid fibrils from the corresponding recombinant protein (Maddelein et al. 

2002; Tanaka et al. 2004; King & Diaz-Avalos 2004; Brachmann et al. 2005; Patel & 

Liebman 2007). 

 

II.D.1 FUNCTION OF SUP35P 

In 1965, Cox discovered the yeast prion [PSI+] phenotype during a screen for nonsense 

suppressor mutants (Cox 1965). The examined yeast strains exhibited enhanced suppression 

of nonsense mutations by the weak transfer-RNA (tRNA) suppressor SUP16 (SUQ5) and 

rendered strong tRNA suppressors (e.g., SUP4) lethal (Cox 1965; Cox 1971). Therefore, the 

[PSI+] determinant can be visualized by the suppression of the ochre mutation ade2-1 

encoding an enzyme involved in the adenine biosynthesis pathway by SUQ5 (Figure 11). 

The ade2-1 mutant allele is not suppressed in [psi-] cells leading to an accumulation of a red 

pigment, a metabolic by-product of the adenine biosynthesis pathway. In [PSI+] cells ade2-1 

is suppressed giving rise to normal white colonies. A SUQ5 independent suppression of the 

ade1-14 allele by [PSI+] results in a similar phenotype.  

 

 
Figure 11. Discrimination of [PSI+] and [psi-] cells by the use of mutant yeast strains. Yeast strains containing either the ade2-1 or the 

ade1-14 nonsense alleles appear red on normal rich growth medium composed of yeast extract, bactopeptone and glucose (YEPD). In [PSI+] 

cells enhanced nonsense suppression of these alleles results in normal white colonies that are even able to grow in the absence of adenine. 

From (Tuite & Cox 2003). 
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It was eventually discovered that the yeast protein Sup35p plays a pivotal role in 

conferring the [PSI+] phenotype. Sup35p is the yeast homolog of the eukaryotic release factor 

(eRF3) and constitutes, along with Sup45p, the homolog of the eRF1 translation termination 

factor (Frolova et al. 1994; Stansfield et al. 1995). At a nonsense codon it terminates the 

polypeptide synthesis. The fact that [PSI+] cells and recessive mutants of Sup35p exhibited 

similar phenotypes and that the gene coding for Sup35p was essential for propagation of 

[PSI+] eventually linked the phenotype to its causative protein (Doel et al. 1994; Ter 

Avanesyan et al. 1994). In [psi-] cells Sup35p is soluble and functional, thus ensuring a 

correct termination of protein synthesis at a stop codon whereas in [PSI+] cells it enables the 

suppression of nonsense codons due to its aggregated non-functional prion form (Figure 12).  

 

 
Figure 12. The function of Sup35p. A: Soluble Sup35p along with Sup45p is responsible for correct translation termination at a nonsense 

codon ensuring an accurate protein sequence. B: The aggregated form of Sup35p has a reduced ability to interact with Sup45p enabling the 

ribosome to read through a stop codon and to generate longer proteins with sometimes additional functions.  
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II.D.2 STRUCTURE AND CHARACTERISTICS OF SUP35P 

Full-length Sup35p consists of 685 amino acids and can be divided into three distinct regions 

(Figure 13).  

 

 
Figure 13. Primary sequence of Sup35p. Sup35p has three regions, the amino-terminal (N), the middle (M) and the carboxyl-terminal (C) 

region. N consists mainly of the minimal prion forming domain (PRD), that comprises a glutamine- (Q) and asparagine- (N) rich region 

(QNR) and the oligopeptide repeats (OPR). M is mostly composed of highly charged amino acids and affects the solubility of the protein. 

The C region is responsible for the translation termination and dispensable for aggregation. Published in (Krammer et al. 2008b). 

 

The carboxyl-terminal domain (aa 253-685) has translation termination activity (Chernoff 

2004; Ross et al. 2005), while the prion status of the protein is governed by the amino-

terminal NM region. The N region is indispensable for the conformational alteration and 

polymerization. It comprises a prion forming domain (PRD, aa 1-97) which is defined to be 

the minimal region essential for induction and propagation of the prion state (Kushnirov et al. 

1990; Ter Avanesyan et al. 1994; Derkatch et al. 1996). The PRD can be further divided into 

a glutamine (Q)- and asparagines (N)-rich region (QNR, aa 1-40) with a high content of polar 

and uncharged amino acids (DePace et al. 1998) and an oligopeptide repeat region (OPR, aa-

41-97). The OPR consists of five imperfect repeats of a glutamine rich sequence bearing a 

striking resemblance to the octarepeats in mammalian PrP (Wilson & Culbertson 1988; Liu & 

Lindquist 1999). The QNR region might account for the specificity of intermolecular 

interactions of Sup35p molecules in the aggregate (Santoso et al. 2000; Chien & Weissman 

2001) whereas the OPR region is involved in stabilizing aggregates (Parham et al. 2001). 

Interestingly, oligopeptide repeats in Sup35p can significantly modulate conformational 

conversion and amyloid assembly (Scheibel & Lindquist 2001; Dong et al. 2007; Kalastavadi 

& True 2008). 

The [PSI+] determinant spontaneously arises de novo in [psi-] cells at a rate of 1:106 

but its appearance can be increased up to 1:101 by over-expression of PRD (Derkatch et al. 

1996). Furthermore, this region appears to be responsible for formation of nuclei (Krishnan & 
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Lindquist 2005) and experiments in yeast have demonstrated that the prion domain can 

confer its aggregation ability to other proteins (Patino et al. 1996; Edskes et al. 1999; Li & 

Lindquist 2000). Other than acting as a linker between the N and C region of Sup35p that 

stabilizes the prion during mitosis and meiosis (Liu et al. 2002) and increases the solubility of 

the protein in the non-prion state (Glover et al. 1997), no clear function for the conserved and 

highly charged M domain has so far been identified (Liebman 2001; Kushnirov & Ter 

Avanesyan 1998). Solid state nuclear magnetic resonance (NMR) of 13C-1-tyrosine labeled 

amyloid Sup35p-NM revealed that the distance between two tyrosines averaged 5 Å, 

indicating a parallel in-register β-sheet structure for Sup35p-NM amyloid (Shewmaker et al. 

2006) (Figure 14). Interestingly, the same structure was also shown for the M domain which 

is dispensable for [PSI+] propagation (Shewmaker et al. 2006).  

 

 
Figure 14. Model of the parallel in-register β-sheet structure of the Sup35p prion domain. β-strands are depicted as blue arrows. They 

are arranged vertically to the long axis of the filaments. Connecting loops are shown in yellow. The different strands run in parallel leading 

to an alignment of the same amino acid sequence in the filament as shown for Y101 (red circles). From (Wickner et al. 2007). 

 

As known for mammalian PrP, rearrangement to inactive aggregated Sup35p is 

associated with a change in diverse biochemical properties which can be analyzed by 

different cell biological, biochemical, and biophysical methods (Patino et al. 1996; Paushkin 

et al. 1996) (Figure 15).  
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Figure 15. Biochemical differences of Sup35p in [PSI+] versus [psi-] cells. A: Sup35p in [PSI+] cells forms high molecular weight 

aggregates that can be pelleted by centrifugation while Sup35p remains soluble in [psi-] cells. Fractionation of cell lysates via sedimentation 

assays and subsequent Western blotting can be used to distinguish between these two states. B: Fusion of green fluorescence protein (GFP) 

to the prion forming domain of Sup35p NM visualizes fluorescent aggregates in [PSI+] cells in contrast to a diffuse cytosolic staining of 

NM-GFP in [psi-] cells in confocal microscopy images. From (Tuite & Cox 2003). 

 

II.D.3 GENERATION AND PROPAGATION OF THE [PSI+] PHENOTYPE 

The mechanism of yeast prion formation is thought to proceed according to the nucleated 

polymerization model proposed for mammalian prions. According to in vitro analysis, the 

amyloid forming process can be divided into two steps, namely nucleation and fibril 

assembly (Wickner et al. 1999; Serio et al. 2000). Soluble Sup35p molecules are believed to 

exist in a steady-state between monomers and oligomers which can spontaneously convert to 

nuclei by intrinsic conformational rearrangements. Subsequently, they act as seeds for soluble 

Sup35p and promote its conversion and incorporation into the growing aggregate (Scheibel et 

al. 2004) (Figure 16). 
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Figure 16. Nucleated conformational conversion (NCC) of Sup35p-NM. In the first stage, soluble NM molecules exist as monomers and 

different oligomeric forms from which a nucleus can emerge over time. Once established this nucleus is able to seed soluble Sup35p 

proteins and promote their incorporation into amyloid fibers. From (Scheibel et al. 2004).  

 

In contrast to mammalian prions, induction of the prion state as well as the 

mechanisms of replication are better defined for the yeast [PSI+] determinant. Increased 

induction of [PSI+] by the over-production of Sup35p or PRD depends on the co-existence of 

[PIN+] or [URE3], the prion forms of Rnq1p or Ure2p, respectively (Derkatch et al. 1997; 

Bradley et al. 2002). Interestingly, they can be substituted by other also non-prion Q/N-rich 

proteins (Derkatch et al. 2001; Osherovich & Weissman 2001) suggesting that heterologous 

cross-seeding is the underlying mechanism (Vitrenko et al. 2007). Reduced amounts of Ssb1 

and Ssb2, two ribosome associated Hsp70s, or of Ubc4, an ubiquitin-conjugated enzyme 

were also shown to cause an enhanced occurrence of the [PSI+] phenotype (Chernoff et al. 

1999; Allen et al. 2007). Thus, a failure of mechanisms ensuring the proper folding of 

proteins and the degradation of misfolded proteins might promote prion formation. Recent 

evidence suggests that the cortical actin cytoskeleton might additionally affect [PSI+] 

induction by providing a scaffold for aggregate assembly (Ganusova et al. 2006). 

Yeast prion inheritance requires aggregate formation and replication, two events that 

are strongly dependent on cellular factors. Many chaperones were shown to be important for 

prion propagation, including Hsp104, Hsp70s, Hsp40s and several co-chaperones (Newnam 
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et al. 1999; Jung et al. 2000; Sondheimer et al. 2001; Jones & Masison 2003; Jones et al. 

2004; Fan et al. 2007; Sadlish et al. 2008) (Figure 17). 

 

 
Figure 17. The role of chaperones in yeast prion propagation. Hsp104 (104) activity breaks up pre-existing aggregates to generate small 

infectious seeds. Hsp70 (e.g., Ssa1) together with Hsp40 (e.g., Ydj1) and various other co-chaperones (e.g., Sti1) are also involved in this 

process. From (Jones & Tuite 2005). 

 

The disaggregase Hsp104 (Bosl et al. 2006) is indispensable for the propagation of all 

known yeast prions (Chernoff et al. 1995; Derkatch et al. 1997; Moriyama et al. 2000). The 

fact that Hsp104 activity can be specifically inhibited by millimolar amounts of guanidine 

hydrochloride (Tuite et al. 1981; Ferreira et al. 2001; Grimminger et al. 2004) makes it easy 

to study its function in yeast prion propagation. Hsp104 acts in concert with Hsp70s and 

Hsp40s in disaggregating heat-denatured proteins (Glover & Lindquist 1998) and appears to 

be crucial for propagon formation for efficient prion transmission to daughter cells by 

breaking up large amyloid fibrils into smaller seeds (Paushkin et al. 1996; Kryndushkin et al. 

2003; Tuite & Koloteva-Levin 2004; Satpute-Krishnan et al. 2007; Byrne et al. 2007). 

Curiously, over-expression of Hsp104 cures [PSI+] but not [URE3] or [PIN+]. However, 

curing of [PSI+] by Hsp104 over-expression can be inhibited by concomitant over-expression 

of Ssa1 (Newnam et al. 1999) whereas mutants of Ssa1 lose [PSI+] (Jung et al. 2000). 

Detailed analysis revealed that the phosphorylation state of the bound nucleotide determined 

if Ssa1 had an inhibitory or a supporting effect on [PSI+], demonstrating the important 

influence of co-chaperones on yeast prion propagation (Jones et al. 2004). These data point to 
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the important intimate interaction of chaperones with each other as well as with their 

nucleotide exchange factors when interacting with prions. 

 

II.D.4 YEAST PRION VARIANTS AND THE SPECIES BARRIER 

A characteristic feature of mammalian prions is the existence of different strains. Yeast 

prions can also exist as distinct heritable states generally referred to as ´variants` as in yeast 

the term strain is reserved to distinguish different genetic backgrounds. Fungal prion variants 

were discovered during experiments on the de novo induction of [PSI+] by over-expression of 

Sup35p (Chernoff et al. 1993; Derkatch et al. 1996). Yeast prion variants differ in a range of 

properties like the strength of the associated phenotype (Derkatch et al. 1996; Bradley et al. 

2002), the mitotic stability, and the dependence on molecular chaperones (Kushnirov et al. 

2000). Yeast prion variants appear to be determined by different amyloid structures of the 

respective yeast prion proteins. Indeed, it has recently been shown that recombinant NM is 

able to form multiple distinct fiber types that differ in kinetics (e.g., growth polarity and 

elongation rate) and seeding specificity (DePace & Weissman 2002). When transformed into 

yeast, they gave rise to several distinct and heritable traits (DePace & Weissman 2002; 

Tanaka et al. 2004; King & Diaz-Avalos 2004), strongly arguing that conformational 

variations in the prion protein conformers are the basis for prion strains. A phenomenon 

similar to the species barrier accounting for the inefficient interspecies transmission of 

mammalian prions, has been shown for [PSI+] variants of S. cerevisiae and C. albicans 

(Chien & Weissman 2001; Chien et al. 2003). This elegant work by J. Weissman and co-

workers revealed that different conformations of a single polypeptide can determine the 

specificity of prion propagation and that point mutations are able to create an artificial species 

barrier by altering the spectrum of possible structures that the respective protein can adopt. 

Furthermore, they could show that a chimeric protein that harbors sequences of two normally 

incompatible prion proteins was able to be seeded by the prion forms of both proteins 

(Figure 18), favoring the notion that the species barrier is a variant-specific phenomenon 

(Collinge & Clarke 2007; Wickner et al. 2007). 
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Figure 18. Model to explain the relationship of species barrier and conformation. A: Incompatible conformations of two variants of the 

prion protein lead to an unbreakable transmission barrier. B: If a single amino acid sequence is able to convert into two different structures it 

can be seeded successfully by two otherwise incompatible prions. From (Chien et al. 2004). 

 

II.E SIMILARITIES AND DIFFERENCES BETWEEN MAMMALIAN PRP 

AND YEAST SUP35P 

Sup35p and PrP display no amino acid identity, but the amino-termini of Sup35p and PrP 

exhibit an unusually high degree of flexibility. Both Sup35p and PrP in their prion states 

appear to assemble into self-propagating and infectious amyloid fibrils with typical 

characteristics like PK resistance and detergent insolubility (Patino et al. 1996; Paushkin et 

al. 1996; Prusiner 1998a; Wickner et al. 2000). Distinct amyloidogenic structures are likely 

associated with phenotypically distinct prion strains (Chien & Weissman 2001; Clarke et al. 

2001). Furthermore, structural differences of normal host prion protein and donor prion 

variant seem to account for a transmission barrier (Collinge & Clarke 2007; Wickner et al. 

2007). The exact prion-determining elements in PrP remain obscure. In Sup35p, the 

carboxyl-terminal domain confers the translational termination activity (Chernoff 2004; Ross 

et al. 2005), while the prion status of the protein is governed by the PRD. Thus, the N region 
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is indispensable for the conformational alteration and polymerization and comprises an 

oligopeptide repeat region. Oligopeptide repeats are also present in the amino-terminus of 

PrP. In both cases, oligopeptide repeats can significantly modulate spontaneous prion 

formation (Prusiner & Scott 1997; Chiesa et al. 1998; Liu & Lindquist 1999). Interestingly, 

recent findings demonstrate that Sup35p oligopeptide repeats can be replaced by PrP repeats, 

yielding a prion competent molecule (Dong et al. 2007). Unlike PrP, Sup35p N additionally 

contains a Q/N-rich stretch reminiscent of polyQ stretches involved in protein misfolding 

diseases such as Huntington's disease that critically affect aggregation propensities of 

Sup35p. Over-expression of N is sufficient to induce the appearance of the [PSI+] phenotype 

in yeast (Derkatch et al. 1996). As aforementioned, the propagation of all known yeast prions 

depends on the disaggregating activity of Hsp104. Furthermore, several additional 

chaperones have been identified that modulate yeast prion formation (Jones & Tuite 2005). 

Unlike in yeast, very little is known about additional co-factors critical for prion induction 

and propagation in mammals.  

An important difference in yeast and mammalian prion biogenesis is the cellular 

location of prion formation. The Sup35p prion isoform [PSI+] is present in the yeast cytosol. 

As PrP is attached to the outer leaflet of the membrane via a GPI moiety, conversion to PrPSc 

is believed to occur either on the cell surface or along the early endocytic pathway (Caughey 

& Baron 2006). Elegant experiments have, however, recently demonstrated that GPI 

anchorage is dispensable for mammalian prion formation (Chesebro et al. 2005). 

Furthermore, aggregated PrP has been shown in the cytosol of mammalian cells (Drisaldi et 

al. 2003; Heller et al. 2003; Yedidia et al. 2001; Orsi et al. 2006). In fact, a prion-like 

propagation for cytosolic PrP aggregates has been proposed (Ma 2002, Ma and Lindquist, 

2002). Thus, while it is unknown if cytosolic PrP assembles into ordered structures with 

amyloid-like characteristics, these findings clearly demonstrate that the ability of PrP to 

aggregate is not restricted to the extracellular space or organelle compartments. A summary 

of similar and different properties of mammalian PrPSc and yeast Sup35p [PSI+] is given in 

Table 4. 
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Table 4. Overview of similarities and differences between yeast Sup35p [PSI+] and mammalian PrPSc. 

 PrPSc  Yeast Sup35p [PSI+] 

Function of 

soluble protein in 

the non-prion 

state 

Exact function 

unknown 

 

Translation release factor 

Phenotype 

associated with 

the prion state of 

the protein 

Pathogenic 

 
Epigenetic factor [PSI+]; 

suppression of nonsense 

mutation 

Localization Membrane  Cytoplasm 

Co-factor for 

propagon 

formation 

Unknown 

 

Hsp104 

Q/N rich region No  Yes 

Infectivity   Yes  

Species barrier  Yes  

Prion strains  Yes  

Oligopeptide 

repeat 
 

Yes 
 

Structure 
 

α-helix →         

β-sheet 
 

Partial protease 

resistance 
 

Yes 
 

Fiber formation 

in vitro 
 

Yes 
 

Aggregation in 

vivo 
 

Yes 
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II.F YEAST PRIONS AS A MODEL SYSTEM FOR PRION RESEARCH 

Several striking similarities between mammalian and yeast prions make the well 

characterized yeast prion Sup35p an attractive model to elucidate basic mechanisms of prion 

biogenesis and assembly of aggregation-prone proteins in general (Bousset & Melki 2002; 

Chernoff 2004; Ross et al. 2005; Sigurdson et al. 2005). Additionally, yeast prions have 

proven invaluable in exploring basic mechanisms of prion formation and strain diversity that 

are also amenable to mammalian prions (Chien & Weissman 2001; Collinge & Clarke 2007; 

Wickner et al. 2007). Sup35p is able to form amyloid fibrils in vitro under physiological 

conditions providing an important tool for studying fundamental aspects of amyloid 

fibrillization (Scheibel 2004). Undisputable advantages of investigating yeast prions are that 

they are not pathogenic making in vivo studies much easier. Moreover, high-throughput 

screens for anti-prion compounds are much more tractable and several drugs identified in 

yeast prion screens were shown to be able to cure mammalian prions, indicating essential 

common features in mechanisms of yeast and mammalian prion replication (Bach et al. 2003; 

Bach et al. 2006; Tribouillard et al. 2006).  

 

II.G OBJECTIVE 

Striking similarities in the conformational conversion of both proteins make the yeast prion 

system an interesting model for mammalian prion diseases. The mechanism of mammalian 

prion replication, the domains in PrP mediating prion assembly and potential co-factors 

remain elusive. To help unravel several yet unresolved questions in prion disease research 

comparative analysis of both, yeast Sup35p and mouse prion proteins should be performed. 

The expression of chimeric proteins of mouse PrP and Sup35p should gain more insights into 

structural and environmental requirements for protein aggregation. Therefore, it should be 

investigated if PrP regions that influence mammalian prion formation (such as the PrP aa 

residues 23-120) can compensate for deletions of the prion domain N in Sup35p. 

Furthermore, it should be tested if the prion determining regions Sup35p-N and Sup35p-NM 

are capable of influencing aggregate formation by fusing to the structured domain of mouse 

PrP (aa 90-230) in order to learn more about the structural driving force for conformational 

conversion. A well established and in the prion field widely used mouse neuroblastoma cell 



INTRODUCTION 

 
35 

 

line (N2a) model was chosen for the investigations. Diverse other cell lines, like the 

hippocampal PrP0/0 line HpL3-4 and the African green monkey kidney fibroblast-like line 

COS-7 were used to elucidate cell type specific differences.  

Another aim of this study was to investigate the aggregation propensity of ectopically 

expressed Sup35-NM in N2a cells. First, it should be explored if Sup35p aggregate formation 

could be induced in mammalian cells by providing appropriate seeds like polyQ protein 

aggregates or recombinant Sup35p-NM fibrils. Furthermore, potential prion-like properties of 

NM aggregates should be investigated. Next, we wanted to test if there is a need for 

additional co-factors for Sup35p-NM aggregate formation and propagation in the mammalian 

cytosol. Moreover, we aimed to address the question if different Sup35p-NM variants exist in 

N2a cells. These investigations should shed light on general aspects of prion (variant) 

formation and propagation and should help to unravel prion propagation mechanisms that are 

conserved from yeast to mammals. 
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III. MATERIALS AND METHODS 

III.A MATERIALS 

III.A.1 CHEMICALS 

3-[4,5 dimethylthiazol-2-yl]-2,5-diphenyl 

tetrazolium bromide (MTT)    Sigma-Aldrich, Steinheim 

Agarose      Invitrogen, Karlsruhe 

Ammonium peroxodisulfate    Roth, Karlsruhe 

Bacillol Plus      Roth, Karlsruhe 

Bacto Agar      Becton Dickinson, Heidelberg 

Bromphenole blue     Merck, Darmstadt 

β-Mercaptoethanol     Sigma-Aldrich, Steinheim 

Calcium chloride (CaCl2)    Roth, Karlsruhe 

Dimethylsulfoxide     Sigma-Aldrich, Steinheim 

Ethanol p. a. 99 %     Roth, Karlsruhe 

Ethidium bromide solution (10 mg/ml)  Invitrogen, Karlsruhe 

Ethylen diamine tetraacetate, sodium salt (EDTA) Roth, Karlsruhe 

Gelatine 40 % solution    Sigma-Aldrich, Steinheim 

Glucose      Sigma-Aldrich, Steinheim 

Glycerol      Roth, Karlsruhe 

Glycine      Roth, Karlsruhe 

Guanidine isothiocyanate (GnSCN)   Roth, Karlsruhe 

HCl 37 % (w/w)     Roth, Karlsruhe 

Hexadimethrine bromid (Polybrene)   Sigma-Aldrich, Steinheim 

Hoechst 33342, trihydrochloride, trihydrate  Sigma-Aldrich, Steinheim 

Hybond-P PVDF membrane    GE Healthcare, Freiburg 

Isopropanol p. a.     Roth, Karlsruhe 

Lactacystin      Calbiochem, San Diego, CA, USA 

Lipopolysaccharide     Sigma-Aldrich, Steinheim 

Magnesium chloride     Sigma-Aldrich, Steinheim 

Magnesium sulfate     Sigma-Aldrich, Steinheim 
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Methanol p. a.      Roth, Karlsruhe 

Natrium chloride     Roth, Karlsruhe 

Nocodazole (M1404)     Sigma-Aldrich, Steinheim 

N,N,N‘,N‘-Tetramethylenediamine (TEMED) Sigma-Aldrich, Steinheim 

Pefabloc SC      Roche, Mannheim 

Permafluor      Beckmann Coulter, Marseille, France 

Phosphate buffered saline (PBS)   Invitrogen, Karlsruhe 

Potassium chloride (KCl)    Sigma-Aldrich, Karlsruhe 

Protogel Ultra Pure 30 %, 

Acrylamide: Bisacrylamide 37,5:1   National Diagnostics; Atlanta, USA 

Roti-Histofix      Roth, Karlsruhe 

Saponin      Roth, Karlsruhe 

Skim milk powder     Merck, Darmstadt 

Sodium chloride (NaCl)    Roth, Karlsruhe 

Sodium deoxycholate (DOC)    Roth, Karlsruhe 

Sodium dodecylsulfate (SDS)   Roth, Karlsruhe 

Sodium hydroxide     Roth, Karlsruhe 

Tris-hydroxy-methyl-aminomethan (Tris)  Roth, Karlsruhe 

Triton X-100      Sigma-Aldrich, Steinheim 

Tryptone      Becton Dickinson, Heidelberg 

Tween-20      Roth, Karlsruhe 

X-ray films Kodak Biomax MS   Sigma-Aldrich, Steinheim 

Yeast extract      Becton Dickinson, Heidelberg 

7-AminoActinomycin D (7-AAD)   Becton Dickinson, Heidelberg 

 

III.A.2 BUFFERS AND SOLUTIONS 

Buffers and solutions are listed in their applied concentration in the context of the described 

methods. 
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III.A.3 ANTIBIOTICS 

Ampicillin (Amp)     Sigma-Aldrich, Steinheim 

Kanamycin (Kan)     Sigma-Aldrich, Steinheim 

 

III.A.4 ENZYMES 

Benzonase      Sigma-Aldrich, Steinheim 

DNA polymerase Pfu Turbo    Stratagene, Heidelberg 

Proteinase K (PK)     Roth, Karlsruhe 

T4 DNA ligase (1U/µl)    Invitrogen, Karlsruhe 

Trypsin-EDTA     Invitrogen, Karlsruhe 

 

III.A.5 ANTIBODIES 

 
Table 5. Antibodies used in this work (IF: immunofluorescence; WB: Western blot; FACS: fluorescence activated cell sorting; HRP: 

horseradish peroxidase). 

Primary 

antibody 

Source and 

Reference 
Specifity Application Dilution 

3F4 Mouse monoclonal, provided 

by Dr. Suzette A. Priola 

(Rocky Mountain 

Laboratories, NIH, Hamilton, 

MT, USA) 

Epitope in Syrian 

hamster and 

human PrP; aa 

109-112 

(MKHM) 

WB 

IF 

FACS 

1:5000  

1:100  

1:100 

Anti-

hemagglutinin 

(HA) (F-7) 

Mouse monoclonal (Santa 

Cruz Biotechnology, Santa 

Cruz, CA, USA) 

Epitope of 

hemagglutinin 

(YPYDYPDYA) 

WB 

IF 

FACS 

1:1000  

1:50  

1:50 
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4H11 Mouse monoclonal (Ertmer et 

al. 2004) 

PrP of various 

species, including 

mouse and 

hamster; no linear 

epitope defined 

WB 

IF 

FACS 

1:1000  

1:10  

1:10 

L42 Mouse monoclonal, provided 

by Dr. Groschup, INNT, 

Greifswald (Vorberg et al. 

1999) 

Sheep PrP (aa 

145-163)  

WB 1:10 

A7 Rabbit polyclonal (Gilch et al. 

2003) 

PrP of various 

species, including 

mouse and 

hamster 

WB 1:5000 

Anti-GFP Rabbit polyclonal (Santa Cruz 

Biotechnology, Santa Cruz, 

CA, USA) 

Green fluorescent 

protein (GFP) 

WB 1:5000 

Anti-vimetin 

(H-84) 

Rabbit polyclonal (Santa Cruz 

Biotechnology, Santa Cruz, 

CA, USA) 

Human and 

mouse vimentin 

(aa 1-84) 

IF 1:100 

Anti-γ-tubulin 

(GTU-88) 

Mouse monoclonal (Sigma-

Aldrich, Steinheim) 

Human and 

mouse γ-tubulin 

(aa 38-53) 

IF 1:100 

Anti-CD107a 

(LAMP-1) 

Rat monoclonal (BD 

Pharmingen, Heidelberg) 

Mouse CD-107a 

(LAMP-1) 

IF 1:100 

4A5 

(hybridoma 

supernatant) 

Rat monoclonal, provided by 

Dr. Kremmer, Helmholtz 

Zentrum, Munich 

M domain of 

Sup35p (aa 229-

247) 

IF 1:2 

7H5 

(hybridoma 

supernatant) 

Rat monoclonal, provided by 

Dr. Kremmer, Helmholtz 

Zentrum, Munich (Krammer et 

al. 2008b) 

N domain of 

Sup35p (aa 8-27) 

WB 

IF 

1:10 

1:2 
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POM2 Mouse monoclonal, provided 

by Prof. Aguzzi, Institute of 

Neuropathology, University of 

Zürich (Polymenidou et al. 

2005) 

Octarepeat region 

of PrP (aa 58–64, 

66–72, 74–80, 

82–88; 

QPXXGG/SW) 

IF 

WB 

1:100 

1:10.000 

Secondary 

antibody 
Source Specifity Application Dilution 

HRP-conj. 

anti-IgG 

Sheep (GE Healthcare, 

Freiburg) 

Mouse IgG WB 1:7500 

HRP-conj. 

anti-IgG 

Donkey (GE Healthcare, 

Freiburg) 

Rabbit IgG WB 1:7500 

HRP-conj. 

anti-IgG 

Goat (GE Healthcare, 

Freiburg) 

Rat IgG WB 1:5000 

Cy2-conj. anti-

IgG 

Donkey (Dianova, Hamburg) Mouse IgG IF 

FACS 

1:100 

1:100 

Cy2-conj. anti-

IgG 

Donkey (Dianova, Hamburg) Rabbit IgG IF 1:100 

Cy3-conj. anti-

IgG 

Donkey (Dianova, Hamburg) Mouse IgG IF 1:400 

Cy3-conj. anti-

IgG 

Donkey (Dianova, Hamburg) Rabbit IgG IF 1:400 

Cy3-conj. anti-

IgG 

Donkey (Dianova, Hamburg) Rat IgG IF 1:400 

 

III.A.6 PLASMID GENERATION 

A plasmid coding for a 3F4-tagged mouse PrP (described in (Nunziante et al. 2003)) was 

used as a template for the generation of PrP fragments. Fragments coding for Sup35p 

domains N, M or NM were amplified using the pJC25-NM expression vector as a template 

(Scheibel et al. 2001). For transient mammalian expression, DNA fragments were cloned into 

the pcDNA3.1/Zeo expression vector (Invitrogen, Karlsruhe). For stable transduction, NM-

HA coding sequences were subcloned into the retroviral vector pSFF (Mann et al. 1983; 
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Miller & Buttimore 1986) as well as into the lentiviral vector LV-PGK-EGFP, containing a 

phosphoglycerate kinase (PGK) promoter driven EGFP expression cassette (Follenzi et al. 

2000; Hofmann et al. 2003), by replacing the EGFP coding sequence. All constructs were 

confirmed by DNA sequencing, performed by GATC (Konstanz). 

The vector pEGFP-HD72Q (Sittler et al. 2001) coding for the huntingtin (htt) exon 1 protein 

with a polyQ stretch of 72 glutamines was a kind gift of Dr. Erich Wanker (Max Delbrück 

Center of Molecular Medicine, Berlin). A plasmid coding for Rab4 was kindly provided by 

M. McCaffrey (University College Cork, Ireland). The ORF of Rab4 was cloned into 

pcDNA3.1/NT-GFP-TOPO by Gloria Lutzny (Institute of Virology). The vector pEGFP-C1-

Rab11 was obtained from D.L. Marks and R.E. Pagano (Mayo Clinic, Rochester, MN, USA). 

Plasmids were propagated in E. coli XL-1 Blue (supE44, hsdR17, endA1, recA1, endA1, 

gyrA46, thi-1, relA1, lac-, F`[proABlaclq, lacZΔM15, Tn 10(terR)]) (Stratagene, La Jolla, CA, 

USA). 

 

III.A.7 OLIGODEOXYNUCLEOTIDES 

Primers designed in this work were tested for specificity by BLAST analysis and purchased 

from Metabion (Martinsried). Oligodeoxynucleotides were synthesized, desalted and purified 

by HPLC (high performance liquid chromatography). Lyophilized primers were reconstituted 

in H2Odest. to a final concentration of 10 µM. 

 
Table 6. Oligodeoxynucleotides used in this work. 

Name Sequence (5’ - 3’) 

PCR primers  

TS 2 ATA TTG AAT TCA ACT TCG TCA TCC ACT TCT TC 

TS 3 ATA AAG AAT TCA CCT TGA GAC TGT GGT TG 

TS 5 ATA TTG AAT TCA TGT CTT TGA ACG ACT TCC AGG 

TS 9 TAA AGG ATC CGT CGC CAC CAT GTC CGA TTC AAA 

CCA AGG 

IV 1 TGG AGA ATT CCA AGG AGG GGG TAC CCA TAA TCA 
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GTG G 

IV 2 TAA AGC GGC CGC TTA TCA GGA TCT TCT CCC GTC 

GTA ATA GG 

IV 5 TAC CGA ATT CTA CTG CCC CAG CTG CCG CAG CCC 

CTG C 

IV 6 ATC TGG ATC CGT CGC CAC CAT GAA AAA GCG GCC 

AAA GC 

K4-dGFP-rev GAA TTC TCA AAC TTC GTC ATC CAC 

M-PrPfwd CGC GGA TCC GTC GCC ACC ATG TCT TTG AAC GAC 

TTT CAA AAG 

NM-HA-fw CGC GGA TCC GTC GCC ACC ATG TCG GAT TCA AAC 

CAA GGC 

NM-HA-rev GGA ATT CTC AAG CGT AAT CTG GTA CGT CGT ATG 

GGT AAA CTT CGT CAT CCA 

Lenti-HA-rev ACG TCG ACT CAA GCG TAA TCT GGT ACG TCG TAT GG 

Cyto-PrP-re CCG GAA TTC TCA GGA TCT TCT CCC GTC GTA ATA 

GGC 

PrP90fwd CGC GGA TCC GTC GCC ACC ATG CAA GGA GGG GGT 

ACC CAT AAT CAG TGG 

Sequencing primers 

pSSF-seq GTA CCT CAC CCT TTC CGA GTC GG 

pSSF-seq-rev CAC AAA GAG TGC CAG CAG 

pGK-seq-fw GTG TTC CGC ATT CTG CAA G 

pGK-seq-rev CAA AGG CAT TAA AGC AGC G 

pcDNA 3.1+* CTA TAT AAG CAG AGC TCT C 

T7* TAA TAC GAC TCA CTA TAG GG 

* provided by GATC (Konstanz) that performed all sequencing analysis 
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III.A.8 EUCARYOTIC CELL LINES 

 
Table 7. Eucaryotic cell lines used in this work. 

Cell line Description Source or reference 

N2a 
murine neuroblastoma line 

ATCC CCL 131 (Butler 

et al. 1988) 

HpL3-4 Hippocampal line derived from PrP-/- 

mice 
(Kuwahara et al. 1999) 

HpLMoPrPL42 HpL3-4 cells ectopically expressing 

L42 antibody-epitope tagged mouse 

PrP 

Generated by Elke Maas, 

unpublished 

COS-7 African green monkey kidney 

fibroblast-like cell line 
ATCC CRL-1651 

PSI2 (Ψ2) Packaging cell line for retrovirus 

production; derived from NIH/3T3 

TK cells 

(Mann et al. 1983) 

PA317 Packaging cell line for retrovirus 

production; derived from NIH/3T3 

TK cells 

ATCC CRL-9078 (Miller 

& Buttimore 1986) 

 

III.A.9 CELL CULTURE MEDIA AND SUPPLEMENTS 

OptiMEM with Glutamax    Invitrogen, Karlsruhe 

D-MEM with Glutamax    Invitrogen, Karlsruhe 

RPMI 1680      Invitrogen, Karlsruhe 

Fetal bovine serum (FCS)    Invitrogen, Karlsruhe 

Penicillin/Streptomycin    Invitrogen, Karlsruhe 

 

III.A.10 KITS 

Bradford protein assay    Pierce, Bonn, Germany 
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ECL Plus      GE Healthcare, Freiburg 

Fugene 6 Transfection Kit    Roche, Mannheim 

GFX PCR DNA and Gel Band Purification Kit GE Healthcare, Freiburg 

GFX Micro Plasmid Prep Kit    GE Healthcare, Freiburg 

Lipofectamine 2000     Invitrogen, Karlsruhe 

Plasmid Maxi Kit     Qiagen, Hilden 

Zero Blunt TOPO PCR Cloning Kit   Invitrogen, Karlsruhe 

 

III.A.11 INSTRUMENTS AND ACCESSORIES 

Autoclave V95     Systec, Wettenberg 

Fuchs-Rosenthal Hemocytometer   Roth, Karlsruhe 

CO2 Incubator      Heraeus, Hanau 

Centrifuges: 

 Eppendorf 5417C    Eppendorf-Nethaler-Hinz, Köln 

 Sigma 4K15     Sigma-Aldrich, Schnelldorf 

 Beckmann Avanti    Beckmann Coulter, Krefeld 

 Beckmann TL-100 ultracentrifuge  Beckmann Coulter, Krefeld 

Coverslips and slides     Marienfeld, Bad Mergentheim 

Cryotubes      Corning Inc., Corning, NY, USA 

Electrophoresis Power Supply   Pharmacia Biotech, Sweden 

Electrophoresis Power Supply   Consort, Turnhout, Begium 

Eppendorf tubes (0.2, 1.5 or 2 ml)   Eppendorf-Nethaler-Hinz, Köln 

FACS- polystyrene tubes    Becton Dickinson, Heidelberg 

Falcon tubes (15 or 50 ml)    Falcon, Le Pont de Claix, France 

Flow cytometer EPICS XL    Beckmann Coulter, Krefeld 

Hybond-P PVDF membrane    GE Healthcare, Freiburg 

Microscopes: 

 Axiovert 40C     Carl Zeiss Jena, Göttingen 

 Axiovert 200M     Carl Zeiss Jena, Göttingen 

LSM510 confocal laser microscope  Carl Zeiss Jena, Göttingen 

Midi protein gel chamber    Peqlab Biotechnologie, Erlangen 

Optimax X-Ray film processor   PROTEC Medizintechnik, Oberestenfeld 
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pH-Meter      WTW, Weilheim 

Pipets (0.5-10 µl, 10-100 µl, 100-1000 µl)  Eppendorf-Nethaler-Hinz, Köln 

Pipet tips  

SafeSeal-Tips (20 µl, 100 µl, 1000 µl) Biozym, Vienna, Austria 

 Stripette (5 ml, 10 ml, 25 ml)   Corning, Corning, NY, USA 

Pipetus       Hirschmann Laborgeräte, Eberstadt 

Power Supply      GE Healthcare, Freiburg 

Sonifier      MSE Scientific Instruments,  

Crawley, Sussex, U.K. 

Spectrophotometer     GE Healthcare, Freiburg 

Sunrise ELISA Reader    Tecan, Maennedorf, Switzerland 

Thermocycler GeneAmp PCR System 9700  Applied Biosystems, Foster City, CA 

USA 

Thermomixer compact    Eppendorf-Nethaler-Hinz, Köln 

Tissue culture dishes and plates   Falcon, Le Pont de Claix, France 

Trans-Blot SD Semi-dry Transfer Cell  Biorad Laboratories, Munich 

ECL Semi-Dry Transfer unit (TE77)   GE Healthcare, Freiburg 

Vortex Mixer      NeoLab Migge, Heidelberg 

Waterbath      GFL, Burgewede 

Whatman paper     Schleicher & Schüll, Dassel 

 

III.B METHODS 

III.B.1 BIOLOGICAL SAFETY 

Genetical engineering of organisms was accomplished under biosafety level 2 according to 

the Genoa genetic engineering law of 01.01.2004. Biologically contaminated materials and 

solutions were collected separately and inactivated according to the lab operating 

instructions. Inactivation of prions is subject to special regulations. Solutions were incubated 

with 1 M NaOH for 24 hours. Both liquid and solid prion waste were autoclaved for 60 min 

at 134° C and 3 bar. 
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III.B.2 MOLECULAR BIOLOGICAL METHODS 

III.B.2.1 Polymerase chain reaction (PCR) 
The polymerase chain reaction is an enzymatic procedure for in vitro amplification of defined 

nucleic acid segments through a cyclic repetition of the following steps: 

Denaturation: heat denaturation of the template DNA 

Annealing: hybridization of oligonucleotides (primers) to a complement target sequence 

Elongation: Elongation of primer by a thermo-tolerant polymerase 

The annealing temperature is calculated on the basis of the dissociation temperatures of the 

primers used in the reaction (Suggs et al. 1981): 

 

TD [°C] = 2·(A+T) + 4·(C+G) 

(A, C, G, T: number of the respective nucleotides) 

 

The elongation time depends on the PCR product length and on the used polymerase (approx. 

1 min per 1.5 kb). 

 

Buffers and Solutions: 

Oligonucleotides     Metabion, Martinsried 

10x PCR reaction buffer    Stratagene, Heidelberg 

Desoxinucleotides (dNTPs) 

(1mM each dATP, dTTP, dGTP, dCTP)  GE Healthcare, Freiburg 

 

Reaction mix: 

10 %(v/v) (5 µl)  10x PCR reaction buffer 

50 µM (2 µl)   dNTP mix 

10 µM (2 µl)   of each primer 

50-200 ng (1 µl)  template DNA 

10 U (1 µl)   Pfu Turbo DNA polymerase 

Up to 50 µl   H2Obidest. 
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Components were added to a 0.2 ml tube and the reaction was carried out in a GeneAmp PCR 

System 9700 thermo cycler as follows: 

 

Amplification parameters: 

Function    temperature  time   

Initial denaturation   95° C   5 min 

Denaturation    95° C   1 min 

Annealing    x° C   45 s  35 Cycles 

Elongation    72° C   y s 

Final Elongation   72° C   7 min 
x: calculated annealing temperature for primer pairs (see above) 

y: approx. 1 min per 1.5 bp (see above) 

 

PCR products were stored at 4 °C and subsequently separated via agarose gel electrophoresis 

(III.B.2.2) for size determination and purificaton.  

 

III.B.2.2 Agarose gel electrophoresis (AGE) 
Buffers and Solutions: 

TAE buffer (1x)    40 mM Tris-Acetate 

1 mM EDTA; pH 8.0 

DNA loading buffer (5x)   50 % glycerol in TAE-buffer 

      0.05 % bromphenol blue 

2-log DNA ladder    1.5 µl of 1:1 dilution in 5x DNA loading buffer 

      (New England Biolabs, Schwalbach) 

 

For a horizontal 1-2 % agarose gel, 0.5-1 g agarose was boiled in 50 ml TAE. After cooling 

1.5 µl ethidium bromide (EtBr) was added and the solution was poured into a gel chamber 

arranged with a comp. The gel was transferred into an electrophoresis chamber and overlaid 

with 1x TAE buffer. The PCR products (III.B.2.1) were mixed with an adequate volume of 

the 5 x loading buffer and loaded into the wells. Electrophoretic separation was accomplished 

at 110 V for 30 min. DNA fragments were visualized under UV-light due to staining with 
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EtBr which intercalates between the DNA strands. Sizes of PCR products were estimated by 

comparison with the 2-log DNA ladder as a reference size standard. 

 

III.B.2.3 Elution of DNA fragments from agarose gels 
Exact PCR products (III.B.2.1) were excised from agarose gels (III.B.2.2) and extracted using 

the GFX PCR DNA and Gel Band Purification Kit according to the manufacturer’s protocol. 

DNA samples were eluted with 30 µl H2Obidest.. 

 

III.B.2.4 TOPO cloning 
The Zero Blunt TOPO PCR Cloning Kit was used to insert blunt end PCR products 

(III.B.2.1) directly into the plasmid vector pCR-BluntII-TOPO. The reaction was carried out 

according to the manufacturer’s instruction (III.A.10). 

 

III.B.2.5 Enzymatic digestion of plasmid DNA 
Restriction endonucleases: 

Name    cleavage site (5’-3’) 

BamHI    G↓GATCC 

EcoRI    G↓AATTC 

NotI    GC↓GGCCGC 

SalI    G↓TCGAC 

 

Buffers and Solutions: 

10x reaction buffer 

100x BSA 

 

All components were obtained from New England Biolabs (Schwalbach) or Roche 

(Mannheim). 
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Reaction mix: 

5 µg   Plasmid DNA 

1x (5 µl)  10x reaction buffer 

1x (5 µl)  10x BSA (optional) 

10 U (1 µl)  each restriction endonuclease 

Up to 50 µl H2Odest. 

 

Reactions were incubated at least for 2 h at 37 °C. Buffers were chosen as recommended by 

the manufacturer. This method was used in order to generate DNA fragments from plasmid 

DNA (III.A.6) or PCR products (III.B.2.1) with defined 5’ and 3’ ends according to the 

applied restriction enzyme for subsequent specific ligation reactions. To verify a correct 

ligation reaction (III.B.2.6) purified plasmid DNA was subjected to an analytic restriction 

digests. Thereby, only 16 µl of eluted plasmid was used together with the respective smaller 

amounts of the other components. 

 

III.B.2.6 DNA ligation 
Buffers and solutions: 

5x T4 ligase buffer   Invitrogen, Karlsruhe 

T4 DNA ligase (1U/µl)  Invitrogen, Karlsruhe 

 

Reaction mix: 

Approx. 1 µl    vector DNA 

Approx. 7 µl   PCR product 

1x (3 µl)   5x T4 ligase buffer 

1 U (1 µl)   T4 DNA ligase 

Up to 15 µl H2Odest. 

 

A molar ratio of 1:3 to 1:8 of vector (III.A.6) and insert DNA (III.B.2.1) was mixed with 

buffer and ligase and incubated over night in a water bath at 14 °C. T4 DNA ligase catalyzes 

the formation of ATP-dependent phosphodiester bonds between compatible 3’-hydroxyl and 

5’-phosphate ends. Therefore, it was used to generate recombinant plasmids of a DNA 
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fragment and a target vector. The recombinant plasmid was stored at -20°C or subsequently 

transformed into chemically competent bacteria (III.B.2.7). 

 

III.B.2.7 Preparation of chemically competent E. coli 
Media and solutions: 

Luria-Bertani-(LB) medium  1 % (w/v) (10 g/l) Bacto Tryptone 

     0.5 % (w/v) (5 g/l) Bacto Yeast extract 

     1 % (w/v) (10 g/l) NaCl 

     Up to 1l H2Odest. 

 

MgCl2 solution   100 mM in H2Odest. 

CaCl2 solution    100 mM in H2Odest. 

 

A single colony of E. coli XL1 Blue (III.A.6) was transferred to 5 ml LB medium without 

antibiotics and incubated over night at 37 °C with constant shaking (180 rpm). The next day, 

1 ml of this culture was transferred to 100 ml LB medium and further cultivated at 37 °C with 

shaking. After the solution had reached an optical density measured at a wavelength (λ) of 

600 nm (OD600) of 0.6-0.8, cells were cooled on ice for 10 min prior to sedimentation at 3500 

rpm (Sigma 4K15 centrifuge) at 4°C. The pellet was resuspended in 50 ml ice cold sterile 

MgCl2 solution (100 mM) and incubated for 30 min on ice before the centrifugation step was 

repeated. The supernatant was discarded and bacteria were resuspended in ice cold sterile 

CaCl2 solution (100 mM), chilled on ice for 30 min and centrifuged as described above. The 

cell pellet was resuspended in 2 ml ice cold 100 mM CaCl2 solution and incubated for 24 h 

on ice. Finally, after addition of 2.5 ml sterile ice cold CaCl2 solution and 0.5 ml glycerol, 

100 µl aliquots in 1.5 ml Eppendorf tubes were prepared and immediately frozen at -80 °C. 
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III.B.2.8 Transformation of E. coli with plasmid DNA 
Media: 

SOC medium:    2 % (w/v) (20 g/l) Bacto Tryptone 

     0.5 % (w/v) (5 g/l) Bacto Yeast extract 

     10 mM   NaCl 

     2.5 mM  KCl 

     2 mM   MgCl2 

     10 mM   MgSO2 

     20 mM   Glucose 

        in H2Odest. 

 

LB-agar    1 % (w/v) (10 g/l) Bacto Tryptone 

     0.5 % (w/v) (5 g/l) Bacto Yeast extract 

     1 % (w/v) (10 g/l) NaCl 

     1.5 % (w/v) (15 g/l) Bacto Agar 

     Up to 1l H2Odest. 

 

One aliquot (50-100 µl) of chemically competent bacteria (III.B.2.7) was thawed on ice, and 

1 µl of plasmid DNA (III.A.6) or 2-6 µl ligation mix (III.B.2.6) were added and incubated on 

ice for 30 min. Immediately after a heat shock of 45 s at 42 °C in a water bath, cells were 

cooled on ice for 2 min. Addition of 400 µl pre-warmed SOC medium was followed by an 

incubation step at 37 °C with constant shaking (180 rpm) for 1 h. For selection of 

transformants adequate volumes (approx. 200-400 µl) of the transformation reaction were 

plated on LB agar plates containing the appropriate antibiotics (50 µg/ml ampicillin or 50 

µg/ml kanamycin) and incubated over night at 37 °C. 
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III.B.2.9 Isolation of plasmid DNA 
 

III.B.2.9.1 Miniprep 

Isolation of plasmid DNA from transformed bacterial cells was achieved using the GFX 

Micro Plasmid Prep Kit (III.A.10) according to the manufacturer’s instructions. The purified 

DNA was eluted in 100 µl autoclaved H2Odest.. 

 

III.B.2.9.2 Maxiprep 

To isolate high-copy plasmid DNA in a preparative scale the Qiagen Plasmid Maxi Kit 

(III.A.10) was used according to the manufacturer’s instructions. Eluted DNA was 

precipitated in 0.7 volumes of isopropanol and desalted with 70 % ethanol. Air-dried DNA 

pellets were redissolved in sterile 200-400 µl H2Odest.. 

 

III.B.2.10 Quantification of nucleic acid 
Concentration of DNA was determined by measuring the absorbance at a wave length of 260 

nm using a spectrophotometer (GE Healthcare). If diluted in H2Odest., an absorbance of 1 for a 

double-stranded (ds) DNA preparation corresponds to 50 µg/ml DNA. The amount of DNA 

in a sample was calculated according to the Beer-Lambert equation: 

 

A = ε·c·l    A = absorbance (OD unit) 

 

    ε= molar extinction coefficient ((µg/ml)-1 cm-1) 

     [ε(dsDNA) = 0.020 (µg/ml)-1cm-1] 

    c = concentration (µg/ml) 

    l = path length (cm) 

 

As aromatic amino acids, especially tryptophane, have their absorption maximum at OD280, 

the values at 280 nm were determined to estimate the protein content in the solution. The 

DNA sample was considered pure if the ratio of OD260/OD280 was 1.8 or higher. 
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III.B.3 PROTEIN BIOCHEMICAL METHODS 

III.B.3.1 Preparation of cell lysates from mammalian cells 
 

III.B.3.1.1 Preparation of postnuclear lysates 

Buffers and solutions: 

Lysis buffer    100 mM NaCl 

     10 mM Tris-HCl, pH 7.5 

     10 mM EDTA 

     0.5 % Triton X-100 

     0.5 % DOC 

     In H2Odest. 

 

TNE buffer    50 mM Tris-HCl, pH 7.5 

     5 mM EDTA 

     150 mM NaCl 

     In H2Odest. 

 

Prior to addition of 500 µl lysis buffer (average volume for a 6 cm cell culture dish) cells 

were rinsed twice with 5 ml PBS. After incubation for 10 min, lysates were supplemented 

with 0.5 mM Pefabloc protease inhibitor (Roche), transferred to 1.5 ml Eppendorf tubes and 

cleared of cell membranes and nuclei at 1.000 x g (Eppendorf 5417C) at 4 °C for 1 min. The 

supernatant was either precipitated to gain total protein or subjected to a sedimentation assay 

(III.B.3.4). For precipitation of proteins, lysates were transferred to 15 ml Falcon tubes and 

the 2.5 - 5 fold volume of methanol was added before the samples were incubated at -20 °C 

over night. The next day, precipitated proteins were sedimented by centrifugation for 25 min 

at 3.500 rpm (Sigma 4K15) at 4 °C. Methanol was discarded, and air-dried protein pellets 

were resuspended in 50-100 µl TNE buffer. Samples were stored at -20 °C prior to analysis 

by SDS-PAGE (III.B.3.6) and Western blot (III.B.3.7). 
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III.B.3.1.2 Cell lysis for Proteinase K (PK) digestion 

Buffers and solutions: 

Lysis buffer     0.5 % Triton X-100 

      0.5 % DOC 

      In PBS 

 

Cells were washed twice with 5 ml ice cold PBS and lysed for 10 min in 200 µl lysis buffer 

(for a 6 cm cell culture dish) on ice followed by a nucleic acid degradation using 75 U 

benzonase for 30 min at 4 °C. Lysates were cleared of cell debris by centrifugation at 1.000 x 

g and 4 °C for 1 min and stored at -20 °C or immediately subjected to a proteinase K (PK) 

digestion (III.B.3.3). 

 

III.B.3.2 Determination of protein concentration by Bradford assay 
The Bradford assay (Pierce, Bonn) is a spectroscopic method to measure the concentration of 

proteins in a solution. It is based on the fact that the dye Coomassie shifts from a red form 

into Coomassie blue by binding to amino acids. Cell lysates (III.B.3.1.2) or proteins dissolved 

in TNE buffer (III.B.3.1.1 and III.B.3.4) were diluted 1:10 in water and 5 µl thereof were 

transferred in duplicate to a 96-well plate. 5 µl of a protein standard dilution series was 

pipetted onto the plate and 250 µl Bradford reagent was added. The absorbance was 

measured at 595 nm and the protein concentrations in the samples were calculated according 

to the values of the protein standards with defined protein concentrations. 

 

III.B.3.3 Proteinase K (PK) digestion 
Buffers and solutions: 

6 M GdnSCN in H2Odest. 

 

Lysate aliquots (III.B.3.1.2) with comparable protein contents (III.B.3.2) were incubated for 

30 min at 37 °C with different amounts (5-50 µg/ml) of proteinase K (PK). Proteolysis was 

terminated by addition of protease inhibitor Pefabloc (Roche). Samples were incubated with 

5 M GdnSCN for 1 h at 37 °C with agitation (180 rpm), precipitated with methanol 

(III.B.3.1.1) and analyzed by SDS-PAGE and Western blot (III.B.3.6 and III.B.3.7). 
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III.B.3.4 Sedimentation assay 
Cell lysates devoid of cell debris (III.B.3.1.1) were transferred to a 1.5 ml Eppendorf tube and 

insoluble proteins were sedimented at 20.000 x g and 4 °C for 20 min. Soluble proteins in the 

supernatant were precipitated with methanol as described (III.B.3.1.1). Insoluble fractions 

(pellet) were resuspended in 50-100 µl TNE buffer and stored at -20 °C until further analysis 

(III.B.3.6 and III.B.3.7). 

 

III.B.3.5 Thermal stability assay 
Cell lysates (III.B.3.1.1) were centrifuged at 3800 g for 10 min to discard high-molecular 

weight NM-HA aggregates. Protein contents in the remaining lysate were quantified 

(III.B.3.2). Lysates were incubated with 1 % SDS at 25, 37, 50, 60, 70 or 99 °C, respectively, 

for 15 min. Samples were separated using a one-dimensional SDS gel (12,5 %) (III.B.3.6) 

followed by electrophoretic transfer to PVDF membrane and Western blot analysis 

(III.B.3.7). Appropriate volumes were loaded according to the expression levels of NM-HA 

in individual clones to obtain similar amounts of NM-HA on the gel.  

 

III.B.3.6 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) 
Buffers and solutions: 

4 x Lower gel solution   1.5 M  Tris-HCl, pH 8.8 

      0.4 % (w/v) SDS 

In H2Odest. 

 

4 x Upper gel solution   0.5 M  Tris-HCl, pH 6.8 

      0.4 % (w/v) SDS 

In H2Odest. 

 

APS stock solution    10 % (w/v) APS in H2Odest. 
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3 x SDS sample buffer   90 mM  Tris-HCl, pH 6.8 

      7 % (w/v) SDS 

      30 % (v/v) Glycerol 

      17 % (v/v) 2-mercaptoethanol 

      0.01 % (w/v) Bromphenole blue 

      In H2Odest. 

 

10 x SDS electrophoresis buffer  250 mM Tris 

      2.5 M  Glycine 

      1 % (w/v) SDS 

      In H2Odest. 

 

Resolving gel mixture (for two gels)  20.4 ml H2Odest. 

(12.5 % acrylamide)    15.4 ml Lower gel solution 

      25.9 ml Protogel acrylamid solution 

      192 µl  10 % APS 

      90 µl  TEMED 

 

Stacking gel mixture (for two gels)  9.9 ml  H2Odest. 

(5 % acrylamide)    4.2 ml  Upper gel solution 

      2.8 ml  Protogel acrylamid solution 

      168 µl  10 % APS 

      30 µl  TEMED 

 

High range protein molecular weight marker  GE Healthcare, Freiburg 

 

The appropriate amount of 3 x SDS sample buffer was added to proteins resuspended in TNE 

buffer (III.B.3.1, III.B.3.3 and III.B.3.4) prior to boiling at 99 °C for 10 min and subsequent 

SDS-PAGE. Proteins are separated on denaturing SDS gels containing 12.5 % acrylamide 

according to their molecular mass. Different amounts of samples (5-30 µl), containing equal 

protein concentrations (III.B.3.2) were loaded, together with a molecular weight marker (5 
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µl). Electrophoresis was accomplished under constant current (30 mA per gel) until the 

tracking dye reached the bottom of the resolving gel. 

 

III.B.3.7 Western blot (Immunoblot) 
Buffers and solutions: 

Blotting buffer    20 % (v/v) Methanol 

      3 g  Tris 

      14.4 g  Glycine 

      Up to 1 l H2Odest. 

 

10 x TBST     100 mM Tris-HCl, pH 8.0 

      100 mM NaCl 

      0.5 % (v/v) Tween-20 

        In H2Odest. 

 

Blocking buffer    5 % Skim milk powder in 1 x TBST 

 

The Western blot technique allows the detection of proteins separated by SDS-PAGE 

(III.B.3.7) by specific antibodies (III.A.5). Transfer of proteins from the polyacrylamide gel 

onto a PVDF membrane was accomplished by an electrophoretic, semi-dry method. The 

membrane was activated by a short incubation in methanol and equilibrated in H2Odest. before 

being placed on 3 layers of Whatman paper soaked in blotting buffer. The gel was transferred 

to on the membrane and covered with 3 additional Whatman papers. A current of approx. 125 

mA per gel (calculated as follows: size of the gel in m2 x 0.8 mA) was applied for a period of 

1 hour. Afterwards, the membrane was incubated in blocking buffer at room temperature for 

30 min. The primary antibody (III.A.5) was diluted in 1x TBST buffer, added to the 

membrane and incubated on a horizontal shaker at 4 °C over night. After five rinsing steps 

with 1 x TBST for at least 5 min the secondary antibody (III.A.5) in 1 x TBST was added for 

60 min at room temperature. After additional 5 washing steps the membrane was rinsed in 

H2Odest.. For detection of antibody-protein complexes, the membrane was briefly dried 

between two Whatman papers and covered for 3 min with an appropriate mixture of ECL 
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solutions, prepared according to the manufacturer’s instructions. The membrane was dried 

quickly between two Whatman papers before exposition to X-ray films for signal detection. 

 

III.B.3.8 Band intensity quantification by ImageQuant TL 
Signal intensities were quantified using a ScanJet 4100C scanner (HP) and the Image Quant 

TL software (GE Healthcare). The Chi-Square (Х2) test or the two-way ANOVA with 

Bonferroni’s multiple comparison test were used for statistical analysis. 

 

III.B.3.9 Fibril assembly 
Aliquots containing 10 µM purified, bacterially expressed and soluble recombinant Sup35p-

NM protein were kindly provided by Michael Suhre (Spider lab, Prof. Thomas Scheibel, 

Lehrstuhl für Biomaterialien, Universität Bayreuth). The protein solutions (10 µM in PBS) 

were aliquoted and rotated (60 rpm) for 24 h at 4 °C or room temperature to generate 

recombinant NM fibrils. 

 

III.B.3.10 Preparation of AFM samples 
Morphology of amyloid fibrils was investigated by contact mode atomic force microscopy 

(AFM). Samples were placed on freshly cleaved mica attached to 15-mm AFM sample disks 

(Ted Pella, Redding, CA, U.S.A.). After 3 min of adsorption at room temperature, disks were 

rinsed several times with Millipore-filtered H2O. The samples were allowed to air dry. AFM 

microscopy was carried out by Michael Suhre (Spider lab, Prof. Thomas Scheibel, Lehrstuhl 

für Biomaterialien, Universität Bayreuth). 

 

III.B.4 CELL BIOLOGICAL METHODS 

III.B.4.1 Thawing of mammalian cells 
Cells stored in liquid nitrogen were briefly thawed at 37 °C in a water bath. Afterwards, cells 

were rinsed in 10 ml pre-warmed medium and centrifuged at 1000 rpm (Sigma 4K15 

centrifuge), 20 °C, for 10 min to remove DMSO in the cryoconservation medium. The 
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supernatant was discarded and the cell pellet was gently resuspended in 10 ml fresh culture 

medium and plated in a 10 cm cell culture dish. 

 

III.B.4.2 Cultivation of cells 
The cell line N2a (III.A.8) was maintained in Opti-MEM (III.A.9), HpL3-4 cells and COS-7 

cells (III.A.8) were maintained in D-MEM medium (III.A.9), and Ψ2 and PA317 cells 

(III.A.8) were maintained in RPMI medium (III.A.9) containing 10 % fetal calf serum (FCS) 

and 1% Pen/Strep (III.A.9) in a humidified 5 % CO2 atmosphere at 37 °C. The medium was 

changed every 48 h. For further passage, confluent adherent cells were rinsed once with 5 ml 

PBS and detached from the culture dish using 500 µl Trypsin/EDTA solution. Cells were 

suspended in 5 ml medium which was subsequently diluted into fresh media to the desired 

volume and transferred to a new cell culture dish. 

 

III.B.4.3 Cryoconservation of cells 
Media: 

Cryoconservation medium    90 %  FCS 

       10 %  DMSO 

 

At 80 % confluence, cells were detached from the culture dish (III.B.4.2), suspended in 7 ml 

culture medium and centrifuged at 1000 rpm (Sigma 4K15 centrifuge), 4 °C, for 5 min. The 

cell pellet was resuspended in 3-4 ml cryoconservation medium and 1 ml aliquots in cryovials 

were immediately placed at -80 °C for at least 24 h before being transferred to liquid nitrogen 

for long-term storage. 

 

III.B.4.4 Determination of cell numbers 
An aliquot of detached and resuspended cells (III.B.4.2) was diluted 1:2 in H2Odest. and 20 µl 

thereof were transferred to a Fuchs-Rosenthal hemocytometer. The number of cells in 4 

diagonally lying squares was counted. One square has an area of 1 mm2 and a depth of 0.2 

mm, thus a volume of 0.2 mm3. The cell concentration was calculated according to the 

following formula: 



MATERIALS AND METHODS 

 
60 

 

Cell number/ml = counted cells/number of counted squares x dilution factor x 5000 

 

III.B.4.5 Transient transfection of cells 
Transient transfections of recombinant plasmids were carried out using the FuGENE 

transfection Kit (Roche) with N2a and COS-1 cells. For HpL3-4 cells, the Lipofectamine 

2000 transfection reagent (Invitrogen) was used. Effectene transfection reagent (Qiagen) was 

used for Ψ2 and PA317 cells according to the manufacturer’s protocols. Briefly, cells were 

plated on 6 cm dishes and transfected 24 h later. Cells were analyzed 48 h post transfection. 

 

III.B.4.6 Production of retroviral particles 
The retroviral expression vector pSFF with the insert of interest was transfected into a mixed 

culture of Ψ2 and PA317 cells (III.B.4.5). These retroviral packaging cells provide genes for 

gag, pol and env in trans, thereby producing replication defective viral particles for 

subsequent transduction of target cells. As a control, a pSFF plasmid coding for GFP was 

also transfected. Once the cells were 80-100 % positive for GFP, the supernatant was 

harvested, cleared of cell debris by centrifugation at 120 x g and 4 °C for 10 min and stored 

at -80 °C. 

 

III.B.4.7 Transduction of cells 
III.B.4.7.1 Transduction of cells with recombinant retrovirus 

3 x 105 HpL3-4 cells were plated in 6-well plates. The next day, cells were incubated with 4 

g/ml Polybrene (Sigma) for 2h before exposure to 1 ml medium containing retroviral 

particles over night. 

 

III.B.4.7.2 Transduction of cells with recombinant lentivirus 

The day before transduction, 2.5 x 105 N2a cells were plated in 6-well plates. Stable 

expression of NM-HA was achieved by addition of recombinant lentivirus particles coding 

for NM-HA (containing 200 ng reverse transcriptase, as measured by ELISA) which were 

gently provided by Dr. Andreas Hofmann (Laboratory of Prof. Alexander Pfeifer; Institute of 

Pharmacology and Toxicology, University of Bonn) for 24 h. 
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III.B.4.8 Aggregate induction assay 
N2a cells were plated in 6 cm plates and recombinant NM fibrils were added to the medium 

at a final concentration of 1 µM for 24 h (if not otherwise stated). Cells were rinsed three 

times with PBS and subsequently passaged for further analysis. 

 

III.B.4.9 Subcloning of N2a cells by limiting dilution 
Detached cells (III.B.4.2) were counted (III.B.4.4) and diluted several times into medium to a 

final concentration of 10 cells per ml. 100 µl of this dilution were transferred to a 96-well 

plate. Wells containing only one cell clone were selected and clones were raised for further 

analysis. 

 

III.B.4.10 Preparation of cell extracts for infection experiments 
Confluent cell monolayers on a 10 cm dish were rinsed with PBS and scraped into 1 ml PBS. 

After centrifugation (1000 x g, 2-3 min, 4 °C) the supernatant was discarded and the cells 

were resuspended in 100 µl PBS before being stored at -80 °C for at least 24 h.  

 

III.B.4.11 Infection of cells with cell extracts 
On the day of infection cells in PBS (III.B.4.11) were thawed and crude cell lysates were 

generated by a short sonication step (15 - 30 s). Recipient cells plated in 12-well plates were 

incubated with extracts derived from cells of a whole 10 cm dish. After 24 h cells were rinsed 

three times with PBS and grown at least one week prior to analysis. 

 

III.B.4.12 Indirect immunofluorescence (IF) analysis 
Buffers and solutions: 

Quenching solution    50 mM  NH4Cl 

      20 mM  Glycine in PBS 

 

Permeabilization solution   0.1 %  Triton X-100 in PBS 
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Blocking solution    0.2 %  Gelatine in PBS 

 

Hoechst staining solution   2 µg/ml Hoechst in PBS 

 

The indirect immunofluorescence technique was used to visualize antigens in situ on a single 

cell level by binding of fluorochrome-labeled secondary antibody to a primary antibody 

directed against the protein of interest. Cells were plated on 6 cm dishes with glass cover 

slips. In some experiments, cells were transfected with the respective constructs (III.B.4.5). 

The next day or 48 h post transfection, cover slips were transferred to 12-well culture plates, 

rinsed 3 x with PBS, and fixed with 500 µl Roti-Histofix for 30 min at room temperature. 

After removal of the fixation solution cells were quenched with NH4Cl/glycine solution, 

permeabilized with 0.1 % Triton X-100 and blocked with blocking solution. Each step was 

performed for 10 min and terminated by 3 x rinsing steps with PBS. Eventually, the primary 

antibody (III.A.5) diluted in blocking solution was added for 45 min at room temperature in a 

humid chamber. Samples were rinsed 3 x with PBS prior to addition of the Cy2- or Cy3-

conjugated secondary antibody (III.A.5) diluted in blocking solution for 30 min at room 

temperature in the dark. Again, cells were rinsed 3 times and nuclei were stained by 

incubation with Hoechst DNA staining solution for 10 min at room temperature in the dark. 

After rinsing cover slips were mounted on microscope slides in anti-fading solution 

Permafluor and kept dry at -20 °C in the dark. Confocal laser scanning microscopy was 

carried out using a LSM510 confocal laser microscope (Zeiss). 

 

III.B.4.13 Fluorescence-activated cell sorting (FACS) 
Buffers and solutions: 

EDTA solution   1mM  EDTA in PBS 

 

FACS buffer    2.5 %  FCS 

     0.05 %  NaN3 in PBS 

 

Saponin buffer   0.1 %  Saponin in FACS buffer 
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Flow cytometry allows the analysis of single cells in suspension with respect to their size, 

granularity or fluorescence. Cells were washed twice with PBS and detached from the culture 

dish using an EDTA solution. Approximately 4 x 105 cells were transferred to FACS tubes 

and sedimented at 1.200 rpm (Sigma 4K15 centrifuge) at 4 °C for 2 min.  

 

Procedure for cell surface staining: 

After resuspension in 500 µl FACS buffer, cells were incubated on ice for 10 min in blocking 

solution. Again, cells were centrifuged (1.200 rpm, 3 min, 4 °C, Sigma 4K15) before the 

primary antibody (III.A.5) diluted in FACS buffer was added. The samples were vortexed 

carefully and incubated on ice for 30 min. Three rinsing steps were carried out by repeated 

sedimentation (1.200 rpm, 3 min, 4 °C, Sigma 4K15) followed by resuspension in 500 µl 

FACS buffer. The Cy2- or Cy3-conjugated secondary antibody (III.A.5) diluted in FACS 

buffer was added for 30 min on ice in the dark. Rinsing was repeated 3 times in 500 µl FACS 

buffer and subsequent sedimentation of cells at 1.200 rpm and 4 °C for 3 min. In order to 

exclude permeabilized or dead cells from analysis, 7-AAD diluted in FACS buffer was added 

to the samples and incubated for 5 min on ice in the dark immediately prior to the 

measurement. Cells double stained for secondary antibody and 7-AAD were excluded from 

the analysis. Permeabilized cells were used as positive controls for 7-AAD staining. Cells 

lacking 7-AAD staining were used for gating the cell population. Cells not incubated with 

primary antibody as well as cells not expressing the target protein served as controls. Samples 

were analyzed in a Coulter EPICS XL apparatus with testing 10.000 cells per experiment. 
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IV. RESULTS 

IV.A CHARACTERIZATION OF SUP35P-NM MOUSE PRP FUSION 

PROTEINS IN MAMMALIAN CELLS 

In contrast to mammalian PrP, the Sup35p domains that are important for prion formation 

and propagation in yeast are well characterized. To assess structural and environmental 

requirements for prion protein aggregation in mammalian cells comparative analysis of the 

aggregation behaviors of Sup35p, PrP and recombinant fusion proteins comprising fragments 

of both proteins were performed. Important domains known to influence mammalian and 

yeast prion formation were substituted by the corresponding region of the respective domain 

of the other prion protein. Sup35p and mouse PrP fusion proteins were transiently expressed 

in N2a, HpL3-4 and COS cells. Aim of this study was to investigate if a PrP fragment 

corresponding to aa 23-120 can compensate for the prion forming domain N. Furthermore, it 

was investigated if fusion of Sup35p domains N, M or NM could modify the aggregation 

behavior of PrP90-230. Since Sup35p is a cytosolic protein and PrP was shown to be able to 

form prion-like aggregates when expressed in the cytosol of mammalian cells (Ma & 

Lindquist 2002), constructs coding for cytosolic proteins were generated. 

 

IV.A.1 CLONING OF VECTORS CODING FOR SUP35P-NM AND MOUSE PRP 

FUSION PROTEINS 

PrP coding sequences were amplified by PCR using a vector coding for 3F4-tagged mouse 

PrP (described in (Nunziante et al. 2003)) as a template. The 3F4 epitope allows recognition 

of ectopically expressed mouse PrP using the monoclonal antibody (mAb) 3F4 and 

discrimination from endogenous wild-type mouse PrP. The pJC25-NM expression vector was 

used as template (Scheibel et al. 2001) for amplification of sequences encoding the Sup35p 

domains N, M and NM. All constructs for transient mammalian expression were cloned into 

the pcDNA3.1/Zeo expression vector (Invitrogen, Karlsruhe). Insertion of appropriate 

restriction sites allowed cloning of the respective coding sequences of mouse PrP and Sup35p 

as fusion proteins. A carboxyl-terminal HA epitope tag for NM expression in mammalian 

cells was generated using a primer coding for the peptide sequence of hemagglutinin 
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(YPYDYPDYA) for PCR amplification. Constructs were generated coding for cytosolic PrP 

(PrPcyto, PrP residues 23-230), PrP90-230 (PrP comprising residues 90-230), Sup35p-NM 

(Sup35p residues 1-250) or chimeric proteins thereof. For N-PrP, M-PrP and NM-PrP, 

residues 1-123, 124-250 or 1-250 of Sup35p were fused to the murine PrP (residues 90-230). 

In PrP-M, the amino-terminal N region of Sup35p (aa 1-123) was replaced by PrP residues 

23-120. If necessary, individual DNA fragments were first cloned into the plasmid vector 

pCR-BluntII-TOPO prior to introduction into pcDNA3.1/ZEO. A schematic presentation of 

the cloning strategy showing positions of restriction sites and primers used for each sequence 

is shown in Figure 19. Correct sequences of all constructs were confirmed by DNA 

sequencing, performed by GATC (Konstanz). 

 

 
Figure 19. Cloning strategy showing restriction sites and primers used to generate pcDNA3.1/Zeo expression vectors. Detailed primer 

sequences are listed under III.A.7. 
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IV.A.2 TRANSIENT EXPRESSION OF PRP90-230, PRPCYTO, N-PRP, M-PRP AND 

NM-PRP IN THE MAMMALIAN CYTOSOL LEADS TO AGGREGATE 

FORMATION  

The different constructs listed in Figure 20 were transfected into N2a cells and 48 h post 

transfection cells were lysed.  

 

 
Figure 20. Schematic representation of recombinant proteins. The prion-forming region NM (aa 1-250) of Sup35p contains a C-terminal 

HA antibody epitope tag for detection purposes in mammalian cells. All proteins harbouring PrP sequences contain a 3F4 antibody epitope 

that can be detected utilizing the hamster PrP specific antibody 3F4. Modified version published in (Krammer et al. 2008b). 

 

Cells expressing fusion proteins showed no overt growth defect for the course of the 

experiments and no obvious cytotoxic effects, except for cells expressing cytosolic PrP that 

appeared to be slightly toxic. Western blot analysis revealed that proteins migrated at the 

expected size of about 17 kDa (PrP90-230), 25 kDa (PrPcyto), 32 kDa (N-PrP), 45 kDa (M-PrP), 

50 kDa (NM-PrP), 35 kDa (PrP-M), and 40 kDa (NM-HA) respectively (Figure 21). 
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Figure 21. Expression of NM-HA, PrP90-230, cytosolic PrP and fusion proteins thereof in the cytosol of N2a cells 48 h post 

transfection. Cells were lysed and proteins analyzed by SDS gel electrophoresis and Western blot. Proteins were detected using antibodies 

3F4 or anti-HA. Modified version published in (Krammer et al. 2008b). 

 

Upon over-expression in yeast cells, the prion domain of Sup35p can assemble into 

aggregates that form visible foci (Zhou et al. 2001). Interestingly, 48 h post transfection, NM-

HA was almost completely soluble in the cytosol of transfected mammalian cells (Figure 

22). Similar to NM-HA, expression of PrP-M yielded visible aggregates in only very few 

cells, while the vast majority of PrP-M was dispersed homogeneously throughout the 

cytoplasm. By contrast, expression of cytosolic PrP (PrPcyto) led to formation of small 

aggregates (Figure 22) (Grenier et al. 2006). PrP90-230 formed aggregates comparable to 

PrPcyto in size and localization. Replacement of amino-terminal PrP aa residues 23-89 with 

Sup35p-N (N-PrP) did not abolish aggregate formation. PrPcyto and PrP90-230 formed multiple 

small aggregates that frequently clustered in one area of the cell. Surprisingly, fusion of M or 

NM, to the carboxyl-terminal domain of PrP (M- and NM-PrP) led to the spontaneous 

formation of large, single aggregates (or foci) that strongly differed from the smaller 

aggregates observed with PrP90-230, PrPcyto or N-PrP (Figure 22). A significant fraction of 

cells contained approx. 1-4 dot- and ring-shaped aggregates of M- and NM-PrP reminiscent 

of Sup35p aggregates associated with the [PSI+] status in yeast (Zhou et al. 2001). Multiple 

ring-shaped aggregates were occasionally present within one cell. Collection of sequential 

scans along the vertical (z) axis revealed a spherical structure of the giant M- and NM-PrP 

aggregates. Thus, the ring-like appearance of the aggregates is likely due to the antibody 

binding only to the surface of the aggregates. The size of single aggregates ranged from small 
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(PrP90-230, PrPcyto and N-PrP, less than 1µm) to big (NM-PrP) with aggregates about 5 µm in 

diameter. M-PrP foci sometimes even outgrew NM-PrP (up to 10 µm in diameter). 

 

 
Figure 22. Confocal images of transiently transfected N2a cells subjected to immunofluorescence analysis. Ectopically expressed 

proteins were stained with 3F4 or anti-HA (green), nuclei were stained with Hoechst (blue). Aggregate formation was observed with PrP90-

230, PrPcyto, N-PrP, M-PrP and NM-PrP, whereas no or very few aggregates were detected in cells expressing NM-HA or PrP-M. Schematic 

representations of recombinant proteins are depicted below the images. Scale bars: 10 µm. Modified version published in (Krammer et al. 

2008b). 
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Confocal microscopy analysis further demonstrated that foci were already present 6 h post 

transfection, indicating that newly translated proteins were immediately incorporated into the 

growing aggregates.  

 

 

Figure 23. Determination of the ratio of cells that exhibited aggregates to the cells that appeared to express soluble recombinant 

proteins. For each recombinant protein, protein aggregation was assessed in at least 300 transfected cells in three independent experiments. 

Aggregate formation was induced at similar levels in cells expressing PrP90-230, N-PrP and NM-PrP. Fewer cells with aggregates were 

detected when cytosolic PrP or M-PrP was expressed. Marginal aggregate formation was observed in cells expressing PrP-M or NM-HA. 

The standard deviation of mean is given (S.D.). Statistical analysis were performed using the Х2-test (n.s. = not significant; * = significant 

with p<0.05; ** and *** = highly significant, with p<0.01or p< 0.001 respectively). Modified version published in (Krammer et al. 2008b). 

 

Comparison of the numbers of cells containing aggregated proteins revealed very few 

cells containing visible foci of NM-HA or PrP-M (Figure 23). By contrast, expression of 

PrPcyto led to aggregate formation in approximately 24 ± 5 % of transfected cells. 

Significantly more cells exhibited visible PrP90-230 aggregates compared to cells expressing 

PrPcyto (45 ± 5 % vs. 24 ± 5 %, p<0.01), suggesting that the amino-terminal part of PrP had a 

negative effect on the nucleation rate of PrP90-230. Replacement of the amino-terminal region 

of PrP with the Sup35p-N or -NM regions significantly increased the number of cells that 

harboured visible foci to 50 ± 2 % and 55 ± 9 %, respectively, whereas fusion of M to PrP90-

230 did not. Thus, N had a positive effect on nucleation. Interestingly, the ratio of cells with 

visible M-PrP aggregates to total M-PrP expressing cells was significantly lower compared to 

the ratio of cells with visible PrP90-230 (30 ± 3 % vs. 45 ± 5 %, p<0.05), or NM-PrP foci to 
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total transfected cells (30 ± 3 % vs. 55 ± 9 %, p<0.001). This suggests that M alone exhibited 

an inhibitory effect on nucleation similar to the amino-terminal region of PrP, but that this 

activity could be counter-acted by N. 

In conclusion, when transiently expressed in the cytosol of mammalian cells, PrP90-230, 

PrPcyto, N-PrP, M-PrP and NM-PrP displayed an intrinsic property to aggregate, while NM-

HA and PrP-M did not. Interestingly, the frequency of aggregate induction seemed to be 

influenced by the N and M regions. Furthermore, striking qualitative differences were 

apparent between PrP90-230, PrPcyto or N-PrP and M- or NM-PrP foci, suggesting that the M 

region is capable of modulating aggregate size. Thus, the globular domain of PrP promotes 

aggregate induction whereas N and M domains of Sup35p influence nucleation and seeding. 

 

IV.A.3 CELL TYPE SPECIFIC DIFFERENCES IN NM-PRP AGGREGATE FORMATION 

Aggregate formation was also observed in HpL3-4 and COS cells transiently transfected with 

the respective constructs, except that for NM-PrP some COS cells appeared to harbor more 

aggregates compared to N2a cells. Confocal microscopy analysis of N2a and COS cells 

expressing NM-PrP revealed an unexpected high number of aggregates in some COS cells 

compared to N2a cells. To study if the amount of foci varied dependent on the cell type, 20 

cells per N2a and COS cell lines transiently expressing NM-PrP were analyzed for their 

aggregate contents (Table 8 and Figure 24). Due to the small aggregate sizes of N-PrP, 

PrPcyto and PrP90-230 it was not possible to determine if there was a quantitative difference in 

the number of foci per cell with these chimeric proteins. For N2a and COS cells the amount 

of NM-PrP aggregates per cell varied greatly. Surprisingly, however, in N2a cells aggregate 

numbers rarely exceeded 14 aggregates per cells, while in COS cells, 14 and more aggregates 

(up to 183) where detected in at least half of the studied cells. Notably, the observed 

differences in aggregate numbers per cell were dependent on N, as M-PrP failed to show a 

drastic cell type dependent difference in aggregate numbers. These data suggest that N 

influenced nucleation in a cell-type dependent manner. 
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Table 8. Number of visible aggregates in COS and N2a transiently expressing M-PrP or NM-PrP. Chimeric proteins were detected by 

antibodies 3F4 or anti-HA, respectively, and analyzed by confocal microscopy. Visible foci were counted in 20 cells. Mean values of foci 

per cell are given. Please note that the amount of visible foci can vary greatly between individual cells for NM-PrP but not so much for M-

PrP. Published in (Krammer et al. 2008b). 

 NM-PrP foci per cell M-PrP foci per cell 

Cell number COS N2a COS N2a 

1 183 9 1 1 

2 5 4 1 1 

3 20 2 1 1 

4 14 2 1 3 

5 36 2 2 2 

6 11 1 2 1 

7 2 1 1 11 

8 75 1 1 17 

9 54 7 1 16 

10 5 2 1 2 

11 173 3 2 1 

12 1 6 2 2 

13 10 1 4 1 

14 21 2 3 1 

15 29 2 1 4 

16 17 4 1 4 

17 11 4 2 3 

18 4 14 3 2 

19 9 7 1 1 

20 24 3 4 1 

Mean 35 4 2 4 
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Figure 24. Confocal microscopy analysis of COS cells transiently expressing NM-PrP or M-PrP. NM-PrP or M-PrP were detected 48 

hours post transfection using mAb 3F4. Representative COS cells harbouring NM-PrP or M-PrP aggregates are shown. NM-PrP or M-PrP 

were stained with mAb 3F4 (green), nuclei were visualized using Hoechst staining (blue). Scale bars: 10 µm. Published in (Krammer et al. 

2008b). 

 

IV.A.4 CHIMERIC AGGREGATES LACK CHARACTERISTIC AGGRESOME FEATURES 

Misfolded and aggregated proteins that are a potential hazard to the cell can be rapidly 

eliminated by sequestration into intracellular, perinuclear inclusions, so called aggresomes 

(Johnston JA et al. 1998; Wigley WC et al. 1999; Kopito 2000). Aggresome formation is an 

active cellular process dependent on retrograde protein transport along microtubule tracts 

leading to protein complex formation around the microtubule organization center. A common 

feature of aggresomes is therefore the co-localization with centrosome markers (Kopito 

2000). Sequestration of misfolded proteins into aggresomes has further been reported to be 

associated with a collapse of the intermediate filament vimentin forming a cage around the 

aggresome (Johnston JA et al. 1998). However, vimentin was not localized around any of the 

aggregates formed by PrP90-230, PrPcyto, N-PrP, M-PrP and NM-PrP (Figure 25). 

Unfortunately, the staining of vimentin in N2a cells was relatively diffuse unlike the 

filamentous (normal) or ring-like (around aggresomes) staining known for COS cells (Garcia-

Mata et al. 1999) making a definite conclusion impossible. Therefore, co-localization of the 

proteins with vimentin was also investigated in COS cells (Figure 26). However, co-staining 

did not demonstrate any association of recombinant proteins with vimentin. 
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Figure 25. Co-staining of PrP90-230, PrPcyto, N-PrP, M-PrP and NM-PrP aggregates in N2a cells with the aggresome marker vimentin. 

Transfected N2a cells were fixed and co-stained for PrP90-230, PrPcyto, N-PrP, M-PrP or NM-PrP and vimentin (red). Recombinant proteins 

were detected using antibody 3F4 (green). Nuclei were stained using Hoechst dye (blue). Only diffuse staining of vimentin was observed. 

Scale bars: 10 µm. Modified version published in (Krammer et al. 2008b). 
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Figure 26. Aggregates in COS cells do not display aggresome characteristics. Transfected COS cells were fixed and co-stained for PrP90-

230, PrPcyto, N-PrP, M-PrP or NM-PrP and vimentin (red). Recombinant proteins were detected using antibody 3F4 (green). Nuclei were 

stained using Hoechst dye (blue) No vimentin cage typical for aggresomes was apparent for any of the aggregates. Scale bars: 10 µm. 

Modified version published in (Krammer et al. 2008b). 
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As analysis of recombinant proteins gave similar results in the subsequent co-

localization studies, only PrPcyto, N-PrP, and NM-PrP are shown. Inclusions of recombinant 

proteins did not appear to be formed in the perinuclear region, suggesting that aggregates 

differed from conventional aggresomes (Figure 22). As expected, staining of N2a cells did 

not reveal any co-localization of the recombinant proteins with centrosome marker γ-tubulin 

(Figure 27). Additionally, disruption of the microtubule filaments by nocodazole for 24 h 

beginning at the time of transfection had no influence on aggregate formation, demonstrating 

that inclusions formed independently of an active transport along microtubule tracts (data not 

shown). In conclusion, the lack of aggresome markers suggests that PrPcyto, N-PrP and NM-

PrP aggregates do not evoke an active cellular sequestration into aggresomes. 

 

 
Figure 27. Cytosolic aggregates do not localize at the centrosome. N2a cells expressing chimeric proteins were fixed and stained for, 

PrPcyto, N-PrP, and NM-PrP with polyclonal anti-PrP antibody A7 and aggresome marker γ-tubulin 48 h post transfection. Nuclei were 

visualized using Hoechst staining. Merged images demonstrate a lack of co-localization of aggregates with the centrosome marker. Scale 

bars: 10 µm. Modified version published in (Krammer et al. 2008b). 
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IV.A.5 AGGREGATES ARE NOT LOCATED IN CELLULAR COMPARTMENTS 

The spheroidal structure of the cytosolic proteins could also result from a potential 

localization of recombinant proteins in vesicles rather than from intrinsic aggregation. To 

exclude this possibility, cells expressing recombinant proteins were either co-stained with 

markers for cellular compartments (Figure 28), like Calnexin (marker for ER) and Rab 6 

(marker for Golgi), or co-transfected with vectors coding for GFP-tagged Rab 4 and Rab 11 

(markers for early and late endosomes, respectively). The use of GFP-tagged marker proteins 

allows the detection of the respective protein without the need for an additional staining. The 

confocal microscopy data revealed that there was neither co-localization of PrPcyto, N-PrP, 

and NM-PrP with markers for the organelles ER and Golgi, nor for early and late endosomes. 

Cytosolic protein complexes can also actively be captured into bilammellar 

autophagosomes (Yorimitsu & Klionsky 2005) that ultimately fuse with lysosomes for acidic 

hydrolytic degradation (Rubinsztein 2006). To analyze if aggregates formed by PrPcyto and 

fusion proteins were subjected to lysosomal clearance, cells were co-stained for Lamp-1 that 

is abundant in lysosomes. None of the aggregated recombinant proteins co-stained with this 

lysosomal marker (Figure 29), demonstrating that protein aggregates were not present in this 

compartment of the endocytotic pathway.  
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Figure 28. Aggregates are not located in intracellular organelles or vesicles. N2a cells expressing the recombinant proteins were fixed 

and stained for PrPcyto, N-PrP and NM-PrP. Nuclei were visualized using Hoechst staining. A: Co-staining for ER marker Calnexin. B: 

Transfected N2a cells were co-stained for Rab 6. C: N2a cells were transfected with respective constructs and a construct coding for Rab 4-

GFP, a marker for early endosomes. D: N2a cells were co-transfected with the respective constructs and a construct coding for Rab 11-GFP 

that visualizes late and recycling endosomes. Scale bars: 10 µm. Modified version published in (Krammer et al. 2008b). 
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Figure 29. Aggregates were not subjected to lysosomal degradation. Transfected N2a cells were co-stained for the lysosomal marker 

protein Lamp-1 using the mouse monoclonal anti-CD107a (LAMP-1) antibody and for recombinant proteins using mAb 3F4. The merged 

image demonstrates a lack of co-localization of aggregates and the lysosomal marker. Scale bars: 10 µm. Published in (Krammer et al. 

2008b). 

 

These studies revealed that none of the recombinant proteins co-localized with markers for 

Golgi, ER or early or late endosomes. Furthermore, none of the protein aggregates was 

targeted to lysosomal degradation. The observed aggregate formation that occurred within 6 h 

post transfection indicates an intrinsic property of PrP90-230, PrPcyto, N-PrP, M-PrP and NM-

PrP to spontaneously aggregate in the cytosol of mammalian cells.  
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IV.A.6 PRP90-230, PRPCYTO, N-PRP, M-PRP AND NM-PRP FORM INSOLUBLE 

COMPLEXES IN THE CYTOSOL OF MAMMALIAN CELLS  

Fractionation analysis was performed to determine the ratio of insoluble to soluble 

recombinant proteins in N2a cells transiently transfected with the respective constructs. 

Whole cell lysates were subjected to centrifugation to separate soluble from insoluble 

proteins and fractions were analyzed by Western blot. Both NM-HA and PrP-M mainly 

remained soluble (Figure 30). By contrast, PrP90-230, PrPcyto, N-PrP, M-PrP and NM-PrP were 

detected in the pellet fraction.  

 

 
Figure 30. Insoluble protein aggregates in N2a cells expressing PrP90-230, PrPcyto, N-PrP, M-PrP and NM-PrP. N2a cells transiently 

expressing the respective proteins were lysed and insoluble protein fractions were pelleted by centrifugation. Fractions were subjected to 

SDS gel electrophoresis and WB analysis. The fractions of insoluble (pellet = P) and soluble recombinant proteins (supernatant = S) are 

shown. NM-HA was detected using an antibody against the HA tag, all PrP proteins were detected using mAb 3F4. As a control, 

untransfected cells were lysed and lysates fractioned into soluble and insoluble fractions. Few unspecific bands are apparent in untransfected 

cells. Modified version published in (Krammer et al. 2008b). 

 

Quantification of band intensities revealed that approximately 58 ± 10 % of PrP90-230, 55 ± 13 

% of PrPcyto, 68 ± 9 % of N-PrP, 60 ± 2 % of M-PrP and 71 ± 7 % of NM-PrP were 

sequestered into insoluble complexes that were pelleted by centrifugation (Figure 31). Thus, 

solubility analysis confirmed that PrP90- 230, PrPcyto, N-PrP, M-PrP and NM-PrP aggregated 

into insoluble high molecular mass complexes.  
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Figure 31. Quantification of recombinant proteins in soluble and insoluble fractions analyzed by SDS-PAGE and WB. Solubility 

assays were performed three times, and the amounts of pelleted to soluble recombinant proteins were determined. The graph shows the 

percentage of insoluble to soluble protein for each protein. The standard deviation is given (S.D.). Statistical analysis was performed using 

the Х2-test (n.s. = not significant; *** = highly significant, p<0.001). Modified version published in (Krammer et al. 2008b). 

 

IV.A.7 RECOMBINANT PROTEINS THAT HARBOR THE CARBOXY-TERMINAL PART 

OF PRP DISPLAY INCREASED RESISTANCE TO PROTEOLYSIS 

An increased protease resistance is a characteristic feature of Sup35p in [PSI+] cells and 

abnormal prion protein (PrPSc) in mammalian prion diseases. Analysis of PK resistance 

revealed a complete PK sensitivity of NM-HA (Figure 32). PrP90-230, PrPcyto and N-PrP 

displayed increased protease resistance up to 50 µg/ml PK tested (Figure 32). Surprisingly, 

M- and NM-PrP were less PK-resistant, implying that fusion with M altered the aggregate 

packing, rendering it more amenable to proteolysis. Full length protein was digested upon 

treatment with 20 µg/ml PK. Thus, resistance to PK appears to be conferred by the globular 

domain of PrP but can be modulated by the M fragment of Sup35p. Interestingly, PK 

treatment of PrP90-230, PrPcyto, N-PrP, M-PrP, NM-PrP, and to a minor extend of PrP-M, 

produced several low molecular weight fragments which were detected using the 3F4 

antibody. Taken together, the globular domain of PrP promotes aggregate induction and is 

sufficient to confer PK resistance and partial insolubility. 
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Figure 32 Proteinase K resistance of  NM-PrP, M-PrP, N-PrP, PrPcyto, and PrP90-230. N2a cells were transfected with the respective 

constructs and harvested 48 h later. Lysates were subjected to PK treatment using the indicated amounts of protease. NM-PrP, M-PrP, N-

PrP, PrPcyto, PrP90-230, and PrP-M were detected using mAb 3F4, while NM-HA was detected using anti-HA. Proteins harboring PrP90-230 

displayed increased protease resistance compared to NM-HA that was completely digested upon treatment with 5 µg/ml PK for 30 min. 

Some low molecular weight fragments were observed with PrP-M incubated with PK. Full-length proteins of the expected size are marked 

with arrows. Modified version published in (Krammer et al. 2008b). 

 

IV.A.8 VERIFICATION THAT NM-HA DOES NOT AGGREGATE WHEN EXPRESSED 

IN N2A CELLS 

The HA-tag in NM-HA is located at the very C-terminus of the protein. Therefore, it is 

possible that it is cleaved off after synthesis or during aggregate formation. In this case 

potential aggregates would not be detected. To test this possibility, an antibody against the N-

terminus of NM (7H5) (generated and kindly provided by Dr. E. Kremmer, Helmholtz 

Zentrum, München) was used to detect HA-tagged NM in confocal microscopy as well as in 

WB analysis, respectively (Figure 33). A repetition of tests with the use of 7H5 revealed that 

NM-HA was in its non-aggregated state, soluble and PK sensitive. Hence, these experiments 

confirmed the results already obtained by using an anti-HA antibody excluding an oversight 

of NM-HA aggregates due to a possible loss of the HA-tag. 
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Figure 33. The use of a N-specific antibody confirms that NM-HA does not form detectable aggregates in mammalian cells. N2a cells 

were transfected with the NM-HA construct and studied 48 h post transfection. NM-HA was detected using rat monoclonal antibody 7H5. 

A: N2a cells expressing NM-HA were fixed and stained for NM-HA (red). Nuclei were visualized using Hoechst staining (blue). No visible 

foci were observed. Scale bar: 10 µm. B: Sedimentation assay of NM-HA. Lysate fractions were subjected to SDS gel electrophoresis. The 

fractions of insoluble (pellet = P) and soluble recombinant proteins (supernatant = S) are shown. As a control, untransfected cells were used. 

NM-HA remains exclusively in the supernatant. C: Proteinase K digestion of NM-HA. Cell lysates were subjected to PK treatment using the 

indicated amounts of PK. NM-HA was completely digested upon treatment with 5 µg/ml PK for 30 min. Published in (Krammer et al. 

2008b). 

 

IV.A.9 CYTOSOLIC PRP AGGREGATES DO NOT SEQUESTER ENDOGENOUS PRP 

MOLECULES 

Aggregated Poly-Q proteins are able to incorporate normal soluble proteins harbouring 

sequence similarities to the aggregation domain (Haacke et al. 2006). PrPC is located on the 

cell surface or in endo- and lysosomal vesicles and is therefore unlikely to come into contact 

with cytosolic aggregates. However, recent studies indicated a possible retrograde transport 

and cytosolic localization of PrPC upon stress conditions (Orsi et al. 2006). Since the 

transfection procedure constitutes a stress situation for a cell due to overwhelming protein 

production it was tested if endogenous PrP is recruited into the cytosolic aggregates. An 

aliquot of N2a cells transfected with the different constructs was subjected to FACS analysis 

to detect cell surface PrP (Figure 34 A). The remaining cells were lysed and analyzed by 

Western blot to ensure proper transgenic protein expression (Figure 34 B). FACS analysis 

revealed that surface levels of PrP remained unaltered upon expression of chimeric 

constructs. 
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Figure 34. Examination of cell surface PrP expression. A: FACS analysis of cell surface PrP expression. N2a cells transiently transfected 

with the indicated constructs were harvested 48 h post transfection and surface PrP of unpermeabilized cells was stained with pAb A7 prior 

to FACS analysis. As controls N2a cells not stained with the primary Ab (black, negative control) and untransfected N2a cells (blue line, 

positive control) were used. B: Verification of cytosolic fusion protein expression. Fractions of transfected cells not used for FACS analysis 

were lysed and subjected to Western blot for detection of the indicated proteins with mAb 3F4 or anti-HA, respectively. 

 

It could not be entirely ruled out that small amounts of endogenous PrP were 

incorporated into the aggregates even if the amount of cell surface PrP did not change. To 

exclude this possibility, a sedimentation assay of cells transfected with the chimeric proteins 

was performed and a potential shift in the distribution of endogenous PrP from supernatant to 

the pellet fraction was examined (Figure 35). To discriminate between wild-type PrP and the 

ectopically expressed cytosolic PrP mutants HpLMoPrPL42 cells were used that express only 

L42-epitope tagged mouse PrP (generated and kindly provided by Elke Maas). This mouse 

PrP molecule is a GPI-anchored wild-type PrP that harbors the amino acid substitution 

W144Y (MoPrPL42) (Vorberg et al. 1999). By using the antibody L42, only ‘endogenous’ 
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L42 epitope tagged PrP can be detected. L42 epitope tagged mouse PrP is expressed properly 

on the cell surface of HpL3-4 cells (data not shown). This experiment demonstrated that 

endogenous PrP was not recruited into the cytosolic aggregates. 

 

 
Figure 35. Endogenous L42 epitope tagged mouse PrP in transiently transfected cells is not localized in the pellet fraction. 

HpLMoPrPL42 cells transfected with the respective constructs were lysed and lysates were subjected to a sedimentation assay. The same 

supernatant and pellet fractions were loaded on two separate SDS-gels. In the subsequent Western blots, L42-tagged endogenous PrP as well 

as 3F4- and HA-tagged proteins were detected. 

 

IV.A.10 CO-AGGREGATION OF CO-EXPRESSED CYTOSOLIC RECOMBINANT 

PROTEINS 

Next, it was investigated if the cytosolic recombinant proteins were able to influence the 

aggregation propensity of another recombinant protein (Krammer et al. 2008a). Due to 

sequence overlap, only some recombinant proteins could be discriminated by the use of 

different antibodies. Cytosolic PrP was stained with an antibody against the octarepeat 

region, POM2 (Polymenidou et al. 2005), a kind gift of Dr. Polymenidou and Prof. A. 

Agguzzi (Institute of Neuropathology, University of Zürich). The N and M domains of 

Sup35p were visualized with the specific antibodies 7H5 or 4A5 (generated in collaboration 

with Dr. Elisabeth Kremmer; Helmholtz Zentrum München), respectively. First, the construct 

coding for cytosolic PrP was co-transfected with vectors coding for N-PrP, M-PrP or NM-

PrP. Interestingly, PrPcyto and N-PrP localized in the same aggregates (Figure 36). 

Furthermore, M-PrP and NM-PrP also co-aggregated with PrPcyto. Surprisingly, only small 

heterologous aggregates were formed, and the large foci typical for M- and NM-PrP 

disappeared.  
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Figure 36. Co-aggregation of cytosolic recombinant proteins. N2a cells were transiently transfected with constructs coding for PrPcyto and 

N-, M- or NM-PrP. 48 h post transfection cells were stained for PrPcyto (POM2) and N-PrP (7H5), M- or NM-PrP (4A5), respectively, and 

analyzed by confocal microscopy. Nuclei were visualized using Hoechst staining (blue). Yellow color in the merged pictures indicates co-

localization of both recombinant proteins. Scale bars: 10 µm. Published in (Krammer et al. 2008a). 

 

Surprisingly, none of the aggregates was able to seed of NM-HA aggregation. Even co-

expression of NM-PrP which harbors almost 100 % of the sequence of NM-HA did not lead 

to NM-HA aggregation (Figure 37). Taken together, PrP90-230 expression promotes co-

seeding of proteins harbouring the PrP globular domain and leads to the appearance of small 

aggregates. By contrast, proteins that lacked sequence similarity to the globular domain of 

PrP were not able to co-aggregate. Thus, co-aggregation depends on the globular domain of 

PrP (Krammer et al. 2008a). 
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Figure 37. Co-expression of NM-HA and NM-PrP. N2a cells were transiently transfected with NM-HA and NM-PrP. 48 h post 

transfection cells were stained for NM-HA (anti-HA) and NM-PrP (3F4), respectively, for confocal microscopic analysis. Nuclei were 

visualized using Hoechst staining (blue). No co-aggregation was observed. Scale bars: 10 µm. Published in (Krammer et al. 2008a). 

 

IV.B SEEDING OF ECTOPICALLY EXPRESSED SUP35P-NM IN 

MAMMALIAN CELLS 

The examined fusion proteins exhibited several characteristics of prions like an aggregated 

state, insolubility and partial PK-resistance. However, the induction rate of spontaneous 

aggregation was much higher (> 30 %) than the normal spontaneous incidence of the prion 

phenotype (1:106 [PSI+] in yeast and sporadic CJD in humans). By contrast, NM-HA seemed 

to be soluble in the cytosol of mammalian cells even though an aggregation in one per million 

cells would probably remain undetected. Therefore, we wanted to test if Sup35p-NM 

aggregation could be seeded in the mammalian cytosol. Furthermore, possible prion-like 

properties of potential NM-HA aggregates should be investigated. 

 

IV.B.1 SUB-CLONING OF SUP35P-NM-HA INTO RETRO- AND LENTIVIRAL 

EXPRESSION VECTORS 

For the following experiments NM-HA should be stably expressed in N2a cells. In order to 

achieve this, NM-HA was subcloned from the pcDNA3.1/Zeo plasmid into retro- (pSFF) and 

lentiviral (LV-PGK) vectors (Figure 38). Retroviral particles were generated by transfection 

of pSFF into a co-culture of Ψ2 and PA317 packaging cells. Recombinant lentivirus was 

produced by Dr. Alexander Hofmann (laboratory of Prof. Alexander Pfeifer; Institute of 

Pharmacology and Toxicology, University of Bonn). 
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Figure 38. Cloning strategy with indicated restriction sites and/or primers used to generate retro- and lentiviral expression vectors. 

Detailed primer sequences are listed under III.A.7. 

 

IV.B.2 GENERATION OF HPL3-4 AND N2A CELLS STABLY EXPRESSING NM-HA 

HpL3-4 cells are highly susceptible to transduction with a retroviral vector system described 

previously (Maas et al. 2007). Therefore, this system was used to generate HpL3-4 cells 

stably expressing NM-HA, subsequently referred to as HpL3-4_NM-HA cells. Upon 

transduction, close to 100 % of the transduced cells expressed NM-HA (Figure 39). 

Unfortunately, this system was not suitable for N2a cells, as only about 40 % of the cells 

were positive after transduction with the retroviral particles. Therefore, recombinant 

lentivirus was used for the stable ectopic expression of NM-HA in N2a cells (N2a_NM-HA 

cells). With this system, almost 100 % of N2a cells were transduced and expressed the 

transgene (Figure 39). Similar to the results obtained with transient expression, NM-HA 

stayed soluble and was evenly distributed throughout the cytosol. 

 

 
Figure 39. HpL3-4 and N2a cells stably expressing NM-HA. HpL3-4 cells were transduced using retroviral particles, N2a_NM-HA cells 

were generated using lentiviral particles. Cells were fixed and stained for NM-HA with anti-HA mAb and analized by confocal microscopy. 

Nuclei were stained with Hoechst dye (blue). No aggregation of NM-HA was observed. Scale bars: 10 µm. 
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IV.B.3 INDUCTION OF NM-HA AGGREGATION UPON TRANSIENT CO-

EXPRESSION WITH POLYQ AGGREGATES 

In yeast, de novo appearance of [PSI+] and aggregate formation is strongly enhanced in the 

presence of the host protein Rnq1 in its prion state, [PIN+] (Derkatch et al. 1996; Derkatch et 

al. 2000; Sondheimer & Lindquist 2000). Nevertheless, it was shown that other proteins 

harboring Q/N-rich regions or polyQ moieties can substitute [PIN+], potentially by acting as 

heterologous seeds (Osherovich & Weissman 2001; Derkatch et al. 2004) (Figure 40 A). To 

test if a Q/N-rich protein could also seed NM-HA aggregation in mammalian cells, N2a_NM-

HA cells were transiently transfected with pEGFP-HD72Q, a construct encoding the exon 1 

of huntingtin protein with a polyQ stretch of 72 glutamines (Sittler et al. 2001), kindly 

provided by Prof. E. Wanker (Max Delbrück Center of Molecular Medicine, Berlin). Indeed, 

NM-HA co-localized with HD72Q-GFP aggregates 48 h post transfection as assessed by 

confocal microscopy (Figure 40 B). However, NM-HA aggregates disappeared one week 

post transfection of HD72Q-GFP (Figure 40 C). The same results were obtained using 

HpL3-4_NM-HA cells. Thus, HD72Q-GFP was capable of seeding NM-HA aggregation, but 

the aggregated state was not maintained (Krammer et al. 2008a). 

 

 
Figure 40. Aggregate induction by Q/N-rich proteins. A: Spontaneous induction of [PSI+] in yeast usually requires the presence of the 

Q/N-rich protein Rnq1 in its prion state [PIN+], potentially by acting as a heterologous seed for Sup35p aggregation. In [pin-] cells the [PSI+] 

phenotype can be induced by expression of a polyQ rich protein (Osherovich & Weissman 2001; Derkatch et al. 2004). B: Induction of NM-

HA aggregation in mammalian cells by HD72Q-GFP. N2a cells stably expressing NM-HA (N2a_NM-HA cells) were transiently transfected 

with a construct coding for HD72Q-GFP. 48 h post transfection cells were stained for NM-HA (anti-HA) for confocal microscopic analysis. 

NM-HA appeared to aggregate around polyQ aggregates, forming ring-like structures. C: NM-HA aggregates did not propagate. One week 

post transfection cells were stained for NM-HA (anti-HA) and analyzed by confocal microscopy. No aggregates of NM-HA were detected. 

Nuclei were visualized using Hoechst staining (blue). Scale bars: 10 µm. Modified version published in (Krammer et al. 2008a). 
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IV.B.4 SEEDING OF ECTOPICALLY EXPRESSED NM-HA WITH RECOMBINANT 

SUP35P-NM FIBRILS  

In vitro formed amyloid fibrils from recombinant fungi prion proteins are infectious in yeast 

and fungi providing formal proof of the protein-only hypothesis (Tanaka et al. 2004; King & 

Diaz-Avalos 2004). According to experiments of the R. Wetzel group cultured cells are able 

to take up proteinaceous aggregates from the medium into the cytosol without the necessity 

of liposomal packaging (Yang et al. 2002). In analogy to these experiments, recombinant 

Sup35p NM (kindly provided from Michael Suhre from the laboratory of Prof. Thomas 

Scheibel; Lehrstuhl für Biomaterialien, Universität Bayreuth) was fibrillized in vitro and 

added to N2a_NM-HA cells for 24 h in a final concentration of 1 µM (Krammer et al. 

2009a). The cartoon (Figure 41) outlines the procedure in detail. N2a_NM-HA cells exposed 

to NM fibrils were termed N2a_NM-HA+F. 

 

 
Figure 41. Schematic outline of the generation of N2a_NM-HA cells and the subsequent exposure to NM fibrils. N2a cells were 

transduced using lentiviral particles to stably express NM-HA (N2a_NM-HA cells). These cells were treated with recombinant NM fibrils 

(made at 4 °C rotating 60 rpm for 24 h) for 24 h, thereafter called N2a_NM-HA+F cells. Modified version published in (Krammer et al. 

2009a). 

 

The morphology of in vitro generated fibrils was investigated by atomic force microscopy 

(AFM) with the kind support of Michael Suhre, confirming the formation of recombinant NM 

fibrils (Figure 42). Additionally, recombinant NM fibrils were stained with our 4A5 mAb 

and analyzed by confocal microscopy. Fibrillar structures with comparable sizes to the fibrils 

observed by AFM were apparent. 
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Figure 42. Morphology of NM fibrils. Recombinant NM (10 µM in PBS) was rotated at 60 rpm and 4 °C for 24 h, diluted 1: 10 in H2Odest. 

and subsequently subjected to AFM analysis (right panel) or diluted 1:10 into cell culture medium incubated on cover slips, and analyzed by 

confocal microscopy after staining with 4A5 mAb (left panel). Scale bars: 1 or 10 µm, respectively. Modified version published in 

(Krammer et al. 2009a). 

 

  Sedimentation assays 48 h post exposure of cells to recombinant NM fibrils 

demonstrated insoluble NM-HA in cells exposed to fibrillar NM, while no NM-HA was 

present in the pellet fraction of untreated N2a_NM-HA cells (Figure 43 A). Furthermore, 

confocal microscopy analysis 48 h post fibril exposure was performed to assess induction of 

aggregate formation. In line with previous experiments, stably expressed NM-HA remained 

soluble in N2a_NM-HA cells not exposed to NM fibrils (Figure 43 B). By contrast, exposure 

of N2a_NM-HA cells to recombinant NM fibrils led to aggregation of endogenous NM-HA 

in about 50-60 % of the cells due to NM fibrils taken up by the cell (Figure 43 C), indicating 

that external addition of NM induced cytosolic co-aggregation with NM-HA.  

 

 
Figure 43. Induction of NM-HA aggregation by exogenous NM fibrils. A: Sedimentation assay of NM-HA in cell lysates upon aggregate 

induction by exogenous recombinant NM fibrils (NM-HA+F). S: Supernatant; P: Pellet. Antibody: anti-HA (detects only endogenous HA-

tagged NM). B and C: Confocal microscopy analysis of N2a_NM-HA before (B) and after (C) exposure to recombinant NM fibrils. NM-

HA was detected using an anti-HA antibody, total NM (endogenous and exogenous) was identified using NM-specific antibody 4A5. Scale 

bars: 10 µm. Published in (Krammer et al. 2009a). 

IF AFM 
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IV.B.5 INDUCTION ACTIVITY CORRELATES WITH THE FIBRILLAR FORM OF 

RECOMBINANT NM 

The recombinant protein solution added to the cells likely contained a mixture of soluble NM 

and NM fibrils. Therefore, we investigated which conformational state of NM was 

responsible for aggregation. Vortexing of the fibril suspension previous to dilution into the 

medium led to increased fibril particles with decreased sizes (Figure 44 B). When these 

fibrils were used for treatment, the induction rate increased to about 70 - 80 %. 

  The effect of soluble recombinant NM on endogenous NM-HA aggregation could not 

be assessed under the given experimental conditions, as it readily formed fibrils as soon as 1 

h post dilution into cell culture medium (data not shown). Subsequent kinetics of aggregate 

induction revealed that a 30 min exposure to recombinant NM fibrils was sufficient to induce 

NM-HA aggregates in N2a_NM-HA cells (Figure 44 B, C and D). Under these conditions, 

the majority of recombinant freshly dissolved NM stayed soluble and failed to induce NM-

HA aggregation in N2a_NM-HA cells as determined by confocal microscopy and 

sedimentation analysis of NM-HA (Figure 44 B, C and D), strongly arguing that aggregate 

inducing activity correlated with the amyloid-like state of recombinant NM. In summary, 

exogenously added NM-HA fibrils serve as templates for the aggregation of soluble 

endogenous NM-HA (Krammer et al. 2009a). 
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Figure 44. Induction of aggregate formation by recombinant NM is dependent on fibrillar NM. A: The bulk population of N2a_NM-

HA cells expressing soluble NM-HA was exposed to recombinant NM fibrils or soluble recombinant NM for 30 min and the aggregation 

state of endogenous NM-HA was assessed 1 week later. B: AFM analysis of recombinant NM used for NM-HA aggregate induction in 

N2a_NM-HA cells. Left panel: Recombinant NM fibrils (1 µM in cell culture medium) after rotation at 4 °C, 24 h, vortexing and incubation 

for 30 min at 37 °C (under cell culture conditions). Right panel: recombinant soluble NM (1 µM in cell culture medium) after incubation for 

30 min at 37 °C (under cell culture conditions). C: Confocal microscopy analysis of N2a_NM-HA cells 1 week post exposure to soluble NM 

or NM fibrils. Scale bars: 10 µm. D: Sedimentation assay of NM-HA expressed by N2a_NM-HA cells 1 week post exposure to soluble NM 

or NM fibrils. S: Supernatant, P: Pellet. Antibody: anti-HA. Published in (Krammer et al. 2009a). 

 

IV.B.6 KINETICS OF ENDOGENOUS AGGREGATE FORMATION 

Next, we investigated when endogenous NM-HA begins to aggregate after fibril application. 

Therefore, N2a_NM-HA cells were treated with 1 µM NM fibrils and cells were fixed for 

subsequent immunofluorescence analysis at different time points post exposure. Small 

endogenous NM-HA aggregates were found as soon as 6 h after fibril application (Figure 45) 

while there were no aggregates in control cells incubated with PBS. The shape of the cellular 

membrane was altered after the addition of fibrils, also in N2a cells not expressing NM-HA 

(Figure 45). These membrane alterations resemble membrane ruffles that are usually 

associated with uptake of larger particles or bacteria (Steele-Mortimer et al. 2000; Chhabra & 

Higgs 2007). 
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Figure 45. Kinetics of endogenous NM-HA aggregation. N2a_NM-HA cells were treated with PBS (upper panels) or recombinant NM 

fibrils (lower panels). 6 hours post exposure endogenous NM-HA began to aggregate due to exogenous fibril application while there were 

no aggregates in N2a_NM-HA cells incubated with PBS. Membrane ruffles were also seen with N2a cells not expressing NM-HA after 

addition of NM fibrils (right panel). Total amounts of NM were detected with 4A5 mAb, while endogenous NM-HA was visualized using 

anti-HA antibody. Scale bars: 10 µm. 

 

IV.B.7 NM-HA AGGREGATES ARE HERITABLE IN MAMMALIAN CELLS 

Surprisingly, one passage post exposure to recombinant fibrils, approximately 40-60% of 

cells still contained dot-or spindle-shaped aggregates, while the remainder cells displayed 

diffuse cytosolic fluorescence. Additionally, a substantial amount of NM-HA was present in 

the insoluble fraction upon sedimentation, while NM-HA that had not been induced to 

aggregate remained soluble (Figure 46 A). NM-HA aggregation was also evident ten 

passages post induction, indicating that the aggregated NM-HA state was inherited by 

daughter cells (Figure 46 A and B). Up to now, aggregates were faithfully propagated for 

more than 30 passages (data not shown). Hence, mammalian cells maintain NM-HA 

aggregates despite the lack of cytosolic disaggregase Hsp104, an important chaperone for 

prion propagation in yeast (Chernoff et al. 1995), and any known ortholog thereof. 
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Figure 46. N2a_NM-HA cells were exposed to NM fibril preparations and subsequently passaged one to ten times. A. Sedimentation 

assay of lysates of cells expressing NM-HA that were not treated with fibrils (N2a_NM-HA) or exposed to fibrils (N2a_NM-HA+F). S: 

Supernatant; P: Pellet. Anti-HA antibody was used for detection. B. Confocal microscopy analysis of N2a_NM-HA cells ten passages post 

exposure to fibrils (N2a_NM-HA+F) using HA-specific antibody. Scale bar: 10 µm. Published in (Krammer et al. 2009a). 

 

IV.B.8 AGGREGATED NM-HA DISPLAYS SLIGHTLY INCREASED PK 

RESISTANCE COMPARED TO SOLUBLE NM-HA 

Resistance to PK digestion is a characteristic property of PrPSc and the aggregated form of 

Sup35p. However, the difference in PK resistance of Sup35p in [psi-] versus [PSI+] cells is 

not as dramatic as the difference in PK resistance between PrPC and PrPSc (Meyer et al. 1986; 

Paushkin et al. 1996). Investigations of PK sensitivity of NM-HA in N2a_NM-HA and 

N2a_NM-HA+F cells revealed a marginally increased PK resistance of NM-HA after 

aggregate induction with recombinant fibrils (Figure 47). Soluble NM-HA originated from 

uninduced cells was almost fully degraded upon treatment with 1 µg/ml PK. However, 

uninduced NM-HA exhibited a significant PK-resistance upon digestion with 1 µg/ml PK in 

N2a cells resulting in a protein band at 30 kDa. Characteristic degradation products were also 

shown for Sup35p in [psi-] but not in [PSI+] yeast cells (Paushkin et al. 1996). Interestingly, a 

small fraction of NM-HA originated from N2a_NM-HA+F cells was still not degraded by 5 

µg/ml PK.  
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Figure 47. Comparison of PK resistance of induced (NM-HA+F) and not induced HA-tagged Sup35p-NM. N2a cells stably expressing 

NM-HA before and after induction with recombinant Sup35p-NM fibrils were lysed and lysates treated with the indicated amounts of 

proteinase K (PK) at 37 °C for 30 min. After SDS-PAGE, the subsequent WB was developed with anti-HA antibodies. 

 

IV.B.9 PHENOTYPICALLY DISTINCT NM-HA AGGREGATES IN PROGENY CELLS 

In vitro generated Sup35p-NM molecules are known to form multiple, distinct and faithfully 

propagated fiber types (DePace & Weissman 2002) and infection of yeast with these different 

amyloid conformations leads to the emergence of different [PSI+] variants (Tanaka et al. 

2004). Therefore, we examined if the recombinant Sup35p-NM fibrils we used gave rise to 

different aggregate types in the induced cells. Indeed, high resolution images of cells 

exhibiting NM-HA aggregates revealed several phenotypically distinct aggregate types that 

appeared to be present in different cells (Figure 48 A). Some cells contained several larger 

spindle-shaped NM-HA aggregates, while in others small punctuate NM-HA aggregates 

occurred at high frequency, and a lot of other intermediate aggregate types were found. 

Additionally, some cells displaying soluble NM-HA were observed.  

 

 
Figure 48. Distinct NM-HA aggregates are heritable. A: Higher resolution images of N2a_NM-HA+F cells reveal distinct aggregate 

types. B: dividing cells indicate hereditary NM-HA aggregates by daughter cells. Antibody: anti-HA. Scale bars: 10 µm. Published in 

(Krammer et al. 2009a). 

 

Cells with similar aggregate types were localized in close proximity and cells undergoing 

division appeared to transfer only their specific aggregate type to offspring (Figure 48 B), 

indicating that one cell clone might propagate only one aggregate type. To investigate this 

hypothesis cells were diluted to a single cell level and single clones were raised for analysis 

(Figure 49).  
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Figure 49. Schematic cartoon of single cell cloning. The N2a_NM-HA bulk population that had been exposed to recombinant NM fibrils 

was cloned and individual subclones were isolated. Published in (Krammer et al. 2009a). 

 

Indeed, distinct NM-HA aggregates in individual clones were stably propagated (Figure 50 

A).  

 

 
Figure 50. Distinct aggregate phenotypes in progeny cells. A: Confocal microscopy analysis of N2a_NM-HA+F subclones demonstrates 

inheritance of aggregate phenotypes by progeny cells. Anti-HA antibody. Clones 4G and 11C displayed no visible NM-HA aggregates. 

Scale bars: 10 µm. B: Relative expression levels of NM-HA by individual clones. NM-HA was detected by anti-HA antibody, GAPDH 

expression demonstrates equal loading of the samples. Published in (Krammer et al. 2009a). 
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The majority of daughter cells displayed similar NM-HA aggregate phenotypes, indicating 

that only one given variant was faithfully propagated in a certain cell clone once induced 

(Krammer et al. 2009a). Aggregation was observed also in clones with relatively low NM 

expression levels (compare Figure 50 A and B). Thus, aggregate induction did not appear to 

correlate with increased expression of NM-HA. Clones 3B and 5D that exhibited relatively 

low expression levels displayed long fibrillar NM-HA aggregates and clone 4G and 11C, 

which expressed relatively high levels of NM-HA, did not contain visible aggregates. Of 

note, sedimentation assays confirmed insoluble NM-HA only in clones that displayed NM-

HA aggregates by confocal microscopy (Figure 51). 

 

 
Figure 51. Sedimentation assay of NM-HA in individual cell clones of N2a_NM-HA+F cells. S: Supernatant; P: Pellet. Antibody: anti-

HA. Published in (Krammer et al. 2009a). 

 

IV.B.10 CELL TYPE DEPENDENT DIFFERENCES IN INDUCED NM-HA 

PHENOTYPES 

Induction of endogenous NM-HA aggregation by addition of recombinant NM fibrils to the 

medium was also possible in HpL3-4 cells that stably express NM-HA. Similar to aggregates 

induced in N2a cells, aggregates were heritable and were maintained upon continuous 

passage. However, HpL3-4_NM-HA+F cells displayed only dot-like aggregates of different 

sizes; no fibrillar aggregates could be detected (Figure 52). Thus, the appearance of 

phenotypical variants of NM-HA aggregates appears to be cell-type specific. 
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Figure 52. Heritable aggregates in HpL3-4_NM-HA+F cells. HpL3-4 cells stably expressing NM-HA were treated with recombinant NM 

fibrils and analyzed by confocal microscopy after passage 2. Only dot-like aggregates were found. NM-HA aggregates were stained with 

anti-HA antibody. Scale bars: 10 µm. 

 

IV.B.11 NM-HA AGGREGATES ARE INFECTIOUS 

An extraordinary characteristic that sets prions apart from other misfolded proteins is that 

they are infectious. To assess if NM-HA aggregates derived from N2a cells were infectious, 

single cell clones with distinct aggregate phenotypes and bulk N2a_NM-HA expressing 

soluble NM-HA were sonicated into PBS and cell extracts were incubated with N2a_NM-HA 

cells for 24 h (Figure 53).  

 

 
Figure 53. Cartoon of infection assay. The bulk population of N2a_NM-HA cells was exposed to cell extracts of N2a_NM-HA+F 

subclones 1C and 5D both displaying aggregated NM-HA or to cell lysates of N2a_NM-HA cells expressing soluble NM-HA. Published in 

(Krammer et al. 2009a). 

 

Rinsed cells were passaged one week and studied for endogenous NM-HA aggregation by 

confocal microscopy. Exposure of wild-type N2a cells to cell extract of clone 5D that 

displayed visible NM-HA aggregates confirmed that exogenous NM-HA aggregates were no 
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longer detectable one week post exposure (Figure 54, upper panel left). Aggregation was 

induced only in N2a_NM-HA cells exposed to lysates containing aggregated NM-HA but not 

in cells incubated with cell lysates containing soluble NM-HA (Figure 54). Aggregation of 

NM-HA was also apparent in subsequent passages of cells exposed to aggregated NM-HA, 

demonstrating that aggregation was not a transient phenomenon. Interestingly, infection of 

N2a_NM-HA cells with phenotypically distinct NM-HA aggregates gave rise to NM-HA 

aggregates of various sizes and shapes similar to N2a_NM-HA cells after induction with 

recombinant fibrils (Figure 54, see two characteristic aggregate types per infection with a 

lysate of a single cell clone). Thus, NM-HA aggregates are infectious but do not necessarily 

replicate as the dominant variant of the precursor cell clone (Krammer et al. 2009a). 

 

 
Figure 54. NM-HA aggregates are infectious. Confocal microscopy analysis of cell extract exposed N2a (control) and N2a_NM-HA cells 

one week post exposure using anti-HA antibody. Note that the aggregate phenotype was not precisely phenocopied upon induction in 

recipient bulk N2a_NM-HA population. Published in (Krammer et al. 2009a). 

 

IV.B.12 CELLULAR FACTORS INFLUENCE AGGREGATE TYPES 

Phenotypically distinct aggregate types of donor cells were not faithfully propagated in the 

infected recipient N2a_NM-HA bulk population, although in this case the infectious agents 

should consist of only one type of aggregate and not of a mixture as in the case of 

recombinant NM fibrils used in the first set of experiments. Therefore the cellular influence 

on aggregate formation was investigated. The bulk population of N2a_NM-HA cells not 

exposed to recombinant NM fibrils was cloned (Figure 55).  
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Figure 55. Schematic outline of the experiment. The bulk population of N2a_NM-HA cells was cloned prior to exposure to recombinant 

NM fibrils. Published in (Krammer et al. 2009a). 

 

Ten clones were raised and analyzed. Results of six clones are shown. All studied clones 

expressed NM-HA as investigated by confocal microscopy (Figure 56). 

 

 
Figure 56. Immunofluorescence analysis of individual N2a_NM-HA subclones. Clones were analyzed for NM-HA solubility by 

confocal microscopy using anti-HA antibodies. No aggregates were detected. Scale bars: 10 µm. Published in (Krammer et al. 2009a). 

 

In a sedimentation assay the NM-HA solubility in the different clones was investigated 

(Figure 57). Of note, for clone 8B a small amount of NM-HA was found in the pellet 

fraction, indicating NM-HA insolubility before treatment with recombinant NM fibrils, 

potentially due to high over-expression. 



RESULTS 

 
102 

 

 
Figure 57. Characterization of NM-HA solubility in individual N2a_NM-HA cell clones. A sedimentation assay was performed to 

demonstrate solubility of NM-HA before aggregate induction. NM-HA of clone 8B exhibited some insolubility. S: Supernatant, P: Pellet. 

Antibody: anti-HA. Published in (Krammer et al. 2009a). 

 

Single cell clones expressing different amounts of soluble NM-HA (Figure 58 B) were 

subsequently exposed to recombinant NM fibrils. In all ten clones tested (six are shown here), 

aggregates were induced upon fibril application (Figure 58 A). 

 

 
Figure 58. Cellular factors influence the NM-HA aggregate phenotype. A: N2a_NM-HA subclones were exposed to recombinant NM 

fibrils and analyzed one week later. Individual cells in a given clonal population exhibit similar aggregate phenotypes as assessed by 

confocal microscopy using anti-HA antibodies. Scale bars: 10 µm. B: Relative NM-HA expression levels in N2a_NM-HA cells clones prior 

to exposure to recombinant NM fibrils. The blot was probed with anti-HA antibodies, GAPDH was detected to demonstrate comparable 

protein loading. Published in (Krammer et al. 2009a). 
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Interestingly, cell clones preferentially propagated one or sometimes two aggregate types, 

suggesting a strong clonal effect on variant selection. Fibrillar and dot-like aggregates were 

comparable to aggregates observed in Figure 50 A. Aggregate induction did not appear to 

correlate with increased expression of NM-HA, as clone 2G exhibited a very low expression 

level but displayed visible NM-HA aggregates (compare Figure 58 A and B). A subsequent 

sedimentation assay confirmed induction of insoluble aggregates upon treatment with 

recombinant fibrils (Figure 59). 

 

 
Figure 59. Insolubility of NM-HA in subclones exposed to recombinant NM fibrils. A sedimentation assay was performed to 

demonstrate insolubility of NM-HA upon aggregate induction. Note the increased amount of insoluble NM-HA in the pellet fraction of 

clone 8B+F. S: Supernatant, P: Pellet. Antibody: anti-HA. Published in (Krammer et al. 2009a). 

 

IV.B.13 VARIATIONS IN TEMPERATURE SENSITIVITY OF PHENOTYPICALLY 

DISTINCT NM-HA AGGREGATES INDICATES DIFFERENT PROTEIN 

CONFORMATIONS  

The diverse NM-HA aggregate types could result from different amyloid structures of 

recombinant NM fibrils taken up by single cells. To investigate potential structural variations 

biochemical characteristics of the different aggregate types were determined. It has 

previously been shown that fibrils of Sup35p-NM generated in vitro at different temperature 

exhibited differences in resistance to thermal solubilization in the presence of SDS (Tanaka et 

al. 2004). These distinct physical properties indicate different fiber conformations. To detect 

potential conformational variations, temperature sensitivity of NM-HA in lysates of 

individual clones was assessed. Cell lysates with equal protein amounts were mixed with 1 % 

SDS and incubated for 15 min at indicated temperatures (Figure 60). Adequate volumes were 
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loaded on a one-dimensional SDS gel (12,5 %) according to the expression level of NM-HA 

of individual clones to ensure comparable amounts of NM-HA on the gel. 

 

 
Figure 60. Resistance of NM-HA aggregates from individual N2a_NM-HA+F subclones to thermal denaturation in the presence of 

SDS. Cell lysates supplemented with 1 % SDS were incubated for 15 min at indicated temperatures. Subsequent SDS-PAGE and Western 

blot analysis revealed solubilization of NM-HA aggregates in lysates of clones 1C, 2E, 3B, and 5D at different temperatures. The upper 

bands (marked with #) depict SDS insoluble protein remaining in the pockets of the gel whereas the lower bands represent SDS soluble NM-

HA (marked with *). Antibody: anti-HA. Published in (Krammer et al. 2009a). 

 

Band intensities were quantified and relative amounts of SDS soluble proteins were plotted 

against temperature and fitted to a sigmoidal function (Boltzmann equation) (Figure 61).  

 

 
Figure 61. Graphic representation of NM-HA aggregate solubilization. Band intensities of SDS soluble proteins were plotted against 

temperature and fitted to a sigmoidal function. Statistical analysis was performed using two-way ANOVA with Bonferroni’s multiple 

comparison test and revealed highly significant differences between all curves (p<0.0001). Published in (Krammer et al. 2009a). 
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The resulting curves exhibited statistically highly significant differences (two-way ANOVA 

with Bonferroni’s multiple comparison test, p<0.0001). NM-HA aggregates from clone 2E 

displayed the lowest melting temperature (Tm = 45 ± 3 °C), followed by NM-HA aggregates 

of clone 1C (Tm = 55 ± 3 °C) and clone 5D (Tm = 62 ± 3 °C). NM-HA aggregates of clone 

3B were most resistant to thermal denaturation (Tm = 69 ± 3 °C). The melting transition was 

comparable, only NM-HA aggregates from clone 3B (W = 5 ± 0 °C) differed to some extend 

from NM-HA aggregates of the other clones 1C (W = 9 ± 6 °C), 2E (W = 15 ± 4 °C) and 5D 

(W = 11 ± 4 °C). As curves were generated from cells of continuous passages, passage 

history appeared to have little effect on the relative stabilities of NM-HA aggregates. In 

summary, NM-HA aggregates from individual clones exhibit different biochemical 

properties. While the possibility that relative NM-HA expression levels of individual clones 

may influence the aggregate phenotypes cannot completely be ruled out, it is possible that the 

distinct NM-HA conformations observed for different cell clones represent diverse NM-HA 

variants/strains (Krammer et al. 2009a).  

 

IV.B.14 OVER-EXPRESSION OF NM-HA AFFECTS THE APPEARANCE OF 

AGGREGATE TYPES 

To investigate the influence of NM-HA expression level on the aggregate phenotype, NM-

HA was transiently over-expressed in individual clones exhibiting different phenotypical 

variants. Clones displaying the highest variation in NM-HA expression levels and aggregate 

phenotypes were selected and transiently transfected with NM-HA to increase the expression 

level of NM-HA. (Figure 62). The phenotype of the different types of aggregates was altered 

in individual cells upon transient over-expression of NM-HA, suggesting that the aggregate 

phenotype is influenced by NM-HA expression levels. The thick and long fibrillar aggregates 

of clone 3B turned into many smaller and shorter aggregates upon transient over-expression 

of NM-HA. Interestingly, they clustered in a semi-circular mode and tended to localize along 

the membrane. A similar phenomenon of aggregate clustering along the membrane has 

previously been described for yeast over-expressing either NM or wild-type Sup35p (Zhou, 

2001). Taken together, the phenotypically distinct appearance of the aggregates appears to be 

not a direct result of different NM-HA conformations as the aggregate phenotype could be 

modulated by increasing the amount of NM-HA. Of note, NM-HA over-expression in one 

clone did not lead to a change into the NM-HA aggregate phenotype of a clone with a higher 
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NM-HA expression level but rather gave rise to a new phenotypical variant. Thus, aggregate 

phenotypes of the different clones are changeable but not inter-changeable among each other 

by elevating levels of NM-HA. It is possible that a higher NM-HA expression level increases 

the induction rate and thus results in more frequent and smaller aggregates. Of note, the 

aggregate phenotypes returned to the original phenotypes one week post transfection (data 

not shown), demonstrating that phenotype changes upon NM-HA over-expression were 

transient. 

 

 
Figure 62. Over-expression of NM-HA changes the phenotype of aggregates propagated in different clones. Three NM-HA+F clones 

which were cloned after aggregate induction (clone 2E, 3B and 5D) and three NM-HA clones that were first isolated and subsequently 

exposed to recombinant NM fibrils (clone 2G+F, 7G+F and 8B+F) were chosen for analysis. Cells were transiently transfected with a 

plasmid coding for NM-HA and analyzed 48 h post transfection by confocal microscopy. Antibody: anti-HA. Scale bars: 10 µm. 
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IV.B.15 OVER-EXPRESSION OF NM-HA ONLY MARGINALLY INFLUENCES 

BIOCHEMICAL CHARACTERISTICS OF NM-HA AGGREGATES PROPAGATED 

BY DIFFERENT CLONES 

The results above suggested that phenotypical and possibly also biochemical differences in 

aggregate types were not indicative of different variants or strains but rather a result of 

different NM-HA expression levels in individual clones. To test if also biochemical 

characteristics of aggregates changed, the influence of NM-HA over-expression on the 

temperature sensitivity of NM-HA aggregates was tested. If the different types of NM-HA 

aggregates have distinct conformations, then the relative NM-HA expression levels should 

have no effect on their characteristic melting curve. Clone 3B and 5D were chosen to test this 

hypothesis. Western blot analysis confirmed that the expression levels of NM-HA in these 

clones were increased about 2-fold 48h post transfection of pcDNA3.1/Zeo-NM-HA (Figure 

63). 

 

 
Figure 63. Expression levels of NM-HA after transient over-expression of NM-HA in wild-type N2a and N2a_NM-HA+F subclones 

3B and 5D. Cells were transfected with pcDNA3.1/Zeo-NM-HA and lysates were subjected to SDS-PAGE and WB 48 h later. Antibody: 

anti-HA. Anti-GAPDH was used as a loading control. 

 

The temperature sensitivity of NM-HA aggregates in lysates of clone 3B and 5D after over-

expression of NM-HA was assessed as described above (Figure 64).  

 

 
Figure 64. Resistance of NM-HA from clone 3B and 5D to thermal denaturation in the presence of SDS after over-expression of 

NM-HA. Cell clones were transiently transfected with pcDNA3.1/Zeo-NM-HA and analyzed 48 h later. Lysates supplemented with 1 % 

SDS were incubated for 15 min at indicated temperatures. Subsequent SDS-PAGE and Western blot analysis revealed solubilization of NM-

HA aggregates in lysates of clones 3B+NM, and 5D+NM at different temperatures. The upper bands (marked with #) depict SDS insoluble 

proteins remaining in the pockets of the gel whereas the lower bands represent SDS soluble NM-HA (marked with *). Antibody: anti-HA. 
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As before, band intensities were quantified and relative amounts of SDS soluble proteins 

were plotted against temperature and fitted to a sigmoidal function (Figure 65). Again, the 

resulting curves highly significantly differed (two-way ANOVA with Bonferroni’s multiple 

comparison test, p<0.001). NM-HA aggregates from clone 3B+NM-HA exhibited a melting 

temperature of Tm = 71 ± 2 °C and a melting transition of W = 7 ± 2 °C, whereas NM-HA 

aggregates from clone 5D+NM-HA were less resistant to thermal denaturation (Tm = 64 ± 5 

°C; W = 11 ± 5 °C). More importantly, the curves of clone 3B+NM-HA and 5D+NM-HA did 

not significantly differ from the curves of clone 3B and 5D, respectively. Thus, the 

biochemical properties of the different aggregate types remained stable upon transient over-

expression of NM-HA. While the relative NM-HA expression levels of individual clones do 

influence the aggregate phenotypes, the stable biochemical properties still strongly suggest 

distinct NM-HA conformations in different cell clones. 

 

 
Figure 65. Graphic representation of NM-HA aggregate solubilization. Band intensities of SDS soluble proteins of clone 3B+NM-HA 

and clone 5D+NM-HA were plotted against temperature and fitted to a sigmoidal function (left panel). The graphs of SDS temperature 

sensitivity of NM-HA from clone 3B and 5D were added to the graphic for a direct comparison (right panel). Statistical analysis were 

performed using two-way ANOVA with Bonferroni’s multiple comparison test and revealed significant differences between the curves of 

clone 3B+NM-HA and 5D+NM-HA (p<0.001) but no significant differences between the curves of clone 3B and 3B+NM-HA or clone 5D 

and clone 5D+NM-HA, respectively.  
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V. DISCUSSION 

V.A AGGREGATION PROPENSITIES OF CYTOSOLIC PRP AND 

PRP/SUP35-NM FUSION PROTEINS 

Almost every protein is able to form amyloids in vitro (Dobson 2003; Stefani & Dobson 

2003). Still, why some proteins also aggregate in vivo is poorly understood. Intracellular 

deposits of misfolded proteins are a feature of many neurodegenerative diseases, but only 

prions appear to be infectious. Aim of this study was to elucidate general aspects of protein 

aggregation and the mechanisms of prion formation in mammalian cells. In the first part of 

this work a model system was established to compare Sup35p and mouse PrP in mammalian 

cell cultures to elucidate potential cis acting elements involved in cytosolic aggregate 

formation. Here we demonstrate that although both prion proteins were able to form amyloid-

like fibrils in vitro (Bousset & Melki 2002), they exhibited very different aggregation 

behaviors when expressed in mammalian cells. While Sup35p-NM remained soluble, all 

recombinant proteins containing the C-terminal part of PrP (PrP90-230) underwent rapid 

spontaneous aggregation in N2a cells. 

 

V.A.1 THE NM DOMAIN IS INSUFFICIENT TO PROMOTE AGGREGATION IN 

MAMMALIAN CELLS 

An interesting finding of this work was that the prion forming domain of yeast Sup35p alone 

was incapable of acquiring an aggregated state when expressed in the cytosol of mammalian 

cells (Figures 22, 30, 32, 33 and 39). The exact mechanism of prion induction in yeast 

remains enigmatic. De novo [PSI+] prion induction in yeast is a rare event (Lund & Cox 

1981; Liu & Lindquist 1999) but can be increased up to 1000-fold by over-expression of the 

Sup35p prion domain (Derkatch et al. 1996). However, studies with GFP tagged Sup35p-NM 

have demonstrated that the de novo appearance of [PSI+] upon over-expression of NM-GFP 

requires the presence of another prion-like element, termed [PIN+] (Derkatch et al. 1996; 

Derkatch et al. 1997; Derkatch et al. 2000; Osherovich & Weissman 2001; Derkatch et al. 

2001; Derkatch et al. 2004). Alternatively, endogenous Sup35p-NM can be seeded by 

transformation of in vitro converted Sup35p into uninfected yeast cells (Sparrer et al. 2000). 
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These experiments strongly argue that [PIN+] or other aggregation prone Q/N-rich proteins 

can act in trans as a heterologous seeds that support Sup35p aggregate initiation. 

Proteinaceous deposits that are capable of cross-seeding the aggregation of NM might thus be 

missing in the cytosol of N2a cells under normal cell culture conditions. This normal 

solubility of NM is similar to the aggregation behaviour of proteins causing polyQ diseases. 

The normal cellular proteins are mainly soluble in cell culture, only large extensions of the 

GAT sequence of the respective genes and/or a proteolytic cleavage results in aggregate 

formation of the encoded proteins (Taylor et al. 2002; Hoffner & Djian 2002; Haacke et al. 

2006). Therefore, it might be possible, that the Q/N-rich tract in NM is too short to be able to 

spontaneously aggregate in mammalian cells. However, it is also feasible that aggregated or 

misfolded NM is recognized by the cell and rapidly destined to cellular degradation. In this 

case, impairment of protein degradation, for example by inhibition of the proteasome and 

autophagic system, might facilitate NM aggregate formation, as has been demonstrated for 

other aggregation-prone proteins, such as membrane-anchored PrP (Mishra et al. 2003). 

 

V.A.2 CYTOSOLIC PRP SPONTANEOUSLY FORMS VISIBLE AGGREGATES IN N2A 

CELLS 

Over-expression of PrPcyto in N2a cells led to the formation of visible aggregates in 

approximately one forth of the transfected cells (Figure 22). Cells expressing PrPcyto 

appeared to grow slower and detached more easily than cells transfected with other constructs 

or control vector, indicating that PrPcyto exerted at least some toxic effect on cells. 

Aggregated cytosolic PrP exhibited several biochemical characteristics similar to that of 

PrPSc, such as insolubility in non ionic detergents and partial resistance to PK (Figures 30 

and 32). These findings are in good agreement with previously reported results (Ma & 

Lindquist 2002; Drisaldi et al. 2003; Rambold et al. 2006). Several lines of evidence argue 

that aggregate induction of the fusion proteins was mediated by the globular domain of PrP 

comprising residues 90-230. First, PrP90-230 alone is able to form visible aggregates. Second, 

fusion of N, M or NM to this PrP region yielded aggregation-prone molecules that readily 

formed large deposits in mammalian cells, while NM alone appeared to be incapable of 

forming visible aggregates. Third, replacement of the N domain in Sup35p-NM with the 

amino-terminal part of PrP (aa 23-120) in PrP-M only led to a very marginal increase in the 

tendency to spontaneously aggregate. Our data are consistent with recent findings suggesting 
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that the intracellular aggregation determinant of PrP lies within its globular domain (Grenier 

et al. 2006). Interestingly, the amino-terminal region of PrP (aa 23-89) appeared to negatively 

influence the nucleation rate of the globular domain of PrP, as deletion of this region (PrP90-

230) resulted in a significant increase in the amount of cells with aggregates (Figure 23). 

Thus, fusion of PrP23-89 to PrP90-230 leads to a lower rate of nucleation. So far no overt 

cytotoxic effect has been observed for N-PrP, M-PrP and NM-PrP (data not shown). Further 

studies will be necessary to elucidate if replacement of the amino-terminal part of PrP with 

Sup35p regions can modulate toxicity of cytosolic PrP. 

 

V.A.3 AGGREGATE FORMATION APPEARS TO BE INDEPENDENT OF AN ACTIVE 

CELLULAR SEQUESTRATION INTO AGGRESOMES OR LYSOSOMES 

Many neurodegenerative diseases and several other systemic diseases are caused by toxic, 

misfolded proteins that negatively affect cellular function and viability (Scheibel & Buchner 

2006). Therefore, cells have evolved several defense mechanisms against potentially 

dangerous aggregation-prone proteins. The first line of defense constitutes molecular 

chaperones which are responsible for appropriate folding of nascent proteins. If they fail, 

proteins that are not properly folded are transported to the ubiquitin-proteasome system for 

degradation. Large amounts of misfolded proteins would eventually overwhelm these two 

systems. Thus, misfolded proteins can be sequestered into aggresomes and/or subjected to 

degradation by autophagy. Recent studies revealed that aggresome formation takes place in 

several neurodegenerative disorders (Kopito 2000; Taylor et al. 2002). However, there are 

conflicting data about aggresome formation of PrP and its beneficial or disadvantageous 

effects. Most studies suggested a positive role of aggresome formation rendering aggregation-

prone proteins inert and not capable of impairing cellular function (Kopito 2000). By 

contrast, in permanently scrapie infected cells, PrPSc was shown to accumulate under mild 

proteasome impairment. These aggresomes appeared to negatively influence cell viability 

(Kristiansen et al. 2005) while non-disease associated, normal PrP remained soluble, even 

though it was also localized in the cytosol. Another study reported that transiently over-

expressed cytosolic PrP leads to the assembly of aggregated PrPcyto into juxtanuclear 

aggresome-like structures (Grenier et al. 2006). Additionally, mutant GPI-anchored PrP 

molecules were shown to accumulate in the cytosol in response to proteasome inhibition and 

were sequestered into aggresomes (Mishra et al. 2003). In our hands, transiently expressed 



DISCUSSION 

 
112 

 

PrPcyto as well as the other fusion proteins readily formed aggregates which were distributed 

throughout the cytosol. Aggregates neither located in close proximity to the nucleus in the 

microtubule organization center (MTOC), nor were they encaged by vimentin intermediate 

filaments. Thus, our results argue that the observed proteinaceous deposits do not constitute 

classical aggresomes. Moreover, it has been shown that aggresome formation might facilitate 

the final degradation of aggregation-prone proteins by autophagy (Kopito 2000). 

Autophagosomes that engulf misfolded proteins subsequently fuse with lysosomes. However, 

there was no co-staining of any of the visible aggregates with the lysosomal marker Lamp-1, 

indicating that protein aggregates were not cleared by lysosomes. Furthermore, we have 

demonstrated that none of the aggregates were enclosed by membranous structures 

suggesting that aggregation of PrP90-230, PrPcyto, N-PrP, M-PrP and NM-PrP in the cytosol of 

mammalian cells is a spontaneous event independent of an active cellular sequestration of 

misfolded proteins. In vitro fibrillization experiments revealed that both NM-HA and NM-

PrP are able to form amyloid-like fibrils (Krammer et al. 2008b). This fact suggests that 

conditions in the cellular environment highly influence their ability to aggregate. The 

following reasons may account for the finding that PrP90-230, PrPcyto, N-PrP, M-PrP and NM-

PrP are capable of accumulating in the cytosol of mammalian cells, while Sup35p NM and 

PrP-M remain soluble (Figure 66).  

First, the physiological conditions in the mammalian cytosol per se (e. g., pH) might 

promote aggregation of the globular domain of PrP, while the same conditions leave soluble 

NM-HA and PrP-M relatively unaffected. Second, a so far unidentified anti-aggregation 

molecule (e. g., a chaperone) might bind to NM-HA and PrP-M and thus inhibit aggregation, 

while this factor is unable to inhibit aggregation of PrP90-230, PrPcyto, N-PrP, M-PrP and NM-

PrP. Third, interaction of an aggregation co-factor with the globular domain of PrP might 

induce aggregation of PrP90-230, PrPcyto, N-PrP, M-PrP and NM-PrP. This factor, however, is 

not able to bind to NM-HA and PrP-M, explaining why these proteins remain soluble. 

Finally, in mammalian cells a seed composed of aggregated heterologous protein might exist 

that can specifically cross-seed cytosolic PrP or fusion proteins containing the globular 

domain of PrP. This seed is incapable of interacting with the NM domain of Sup35p. Further 

investigations are necessary to confirm this model and to narrow down the important regions 

in mouse PrP for aggregation as well as to identify potential interaction molecules in the 
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cytosol. Taken together, cell-specific conditions or factors influence nucleation rate and 

seeding capacity of N, M and PrP regions. 

 

 
Figure 66. Hypothetical model to explain how aggregation is influenced by the mammalian cell. PrPcyto, PrP90-230, N-PrP, M-PrP and 

NM-PrP spontaneously aggregate in the cytosol of mammalian cells, either due to the specific cellular environment, to un-identified pro-

aggregation molecules or to cross-seeding by heterologous protein aggregates. Environmental conditions or missing co-factors as well as a 

NM-specific anti-aggregation molecule might inhibit aggregation of NM-HA. Published in (Krammer et al. 2008b). 

 

V.A.4 THE N AND M DOMAINS OF SUP35P MODULATE NUCLEATION AND SIZE 

OF CYTOSOLIC PRP AGGREGATES 

Our data suggest that substitution of the amino-terminus of PrP by N and M confers altered 

aggregation characteristics to PrP, since fusion of the Sup35p N and M regions to PrP 

influenced frequency and size of aggregates in the cytosol of mammalian cells. N-PrP mainly 

formed granular deposits similar to the smaller aggregates observed with PrPcyto (Figure 22). 

By contrast, expression of M- and NM-PrP led to the appearance of large, dot-like or ring-

shaped aggregates (Figure 22). A similar phenomenon of ring-shaped and dot-like NM 

aggregates has previously been reported for yeast over-expressing either NM or wild-type 

Sup35p (Zhou et al. 2001). In yeast, worm- or ring-like aggregates appeared frequently 

during de novo prion induction, while they were usually absent when Sup35p was over-

expressed in [PSI+] cells. These findings suggest that large aggregates represent intermediates 

involved in the early stages of [PSI+] formation rather than mature prion aggregates (Zhou et 

al. 2001; Ganusova et al. 2006). However, aggregates observed in yeast displayed a true ring 

structure that could also appear as twisted or branched. Projection of z series demonstrated a 

spheroidal shape and ball-like structure for M- and NM-PrP aggregates in N2a cells, arguing 
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that the ring-like appearance observed in our studies was likely due to antibodies solely 

binding to the outer rim of the dense, large aggregates.  

The fact that fusion of Sup35p regions to the globular domain of PrP influenced 

frequency of aggregate appearance and/or aggregate size indicates that these domains could 

still exert a modulating activity on PrP aggregation. Here, the nucleation rate was only 

marginally influenced by the N domain of Sup35p, as fusion of N to PrP90-230 did not lead to a 

higher number of cells displaying visible aggregates (Figure 23). The Sup35p-N domain 

constitutes the prion-forming domain in yeast and comprises oligopeptide repeats as well as a 

Q/N-rich domain reminiscent to the polyQ stretches in several disease-associated 

aggregation-prone proteins. Despite the fact that yeast Sup35p and PrP do not share sequence 

similarities, the amino-termini of both proteins are flexibly unstructured and harbor an 

oligopeptide repeat region. Expansions of the repeat regions are associated with familial 

prion diseases in humans and spontaneous induction of the [PSI+] status in yeast (Liu & 

Lindquist 1999; Scheibel & Lindquist 2001). It was shown recently that in yeast the 

octarepeat region of human PrP can functionally replace the oligopeptide repeats of Sup35p 

(Parham et al. 2001), giving rise to de novo induced [PSI+]. These data argue that both repeat 

stretches may exert similar functions in aggregation and can be interchangeable. 

Interestingly, the oligorepeats in Sup35p are longer than that of mouse PrP. This might be the 

reason why N might positively modulate aggregation when fused to PrP90-230 (Liu & 

Lindquist 1999; Moore et al. 2006). Nevertheless, N did not increase nucleation of N-PrP 

compared to PrP90-230 (Figure 23). Furthermore, substitution of N with PrP23-120 in PrP-M did 

not change the solubility of the protein, indicating a different role of these domains in 

mammalian cells compared to yeast cells. However, a precise and concrete evaluation of the 

influence of N could not be performed, as the very high numbers of aggregates in cells 

expressing PrP90-230 and N-PrP did not allow quantitative analysis. 

Fusion of either Sup35p-M or -NM to PrP90-230 led to drastic qualitative differences in 

aggregates suggesting a modulating role of the M domain for aggregate size. Thus, M appears 

to increase the seeding activity of existing nuclei, potentially by enhancing sequestration of 

soluble newly formed protein into the growing aggregates. Experiments in yeast 

demonstrated that deletion of the middle region in Sup35p results in a protein which is mostly 

insoluble and aggregated and not able to efficiently propagate the [PSI+] status (Liu et al. 

2002). These and in vitro studies clearly demonstrate that the middle region of Sup35p is 
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important for the solubility of the protein (Liu et al. 2002). The decreased resistance of M- 

and NM-PrP to PK digestion might also be due to the solubilizing effect of Sup35p M 

domain which could render the protein more sensitive to proteolysis (Liu et al. 2002). M 

additionally decreased the nucleation rate of PrP90-230. The ratio of PrP90-230 aggregate 

containing cells to transfected cells was significantly higher than the ratio of M-PrP foci 

harboring cells to transfected cells (Figure 23). Furthermore, fewer aggregates per single cell 

were detected for M-PrP compared to PrP90-230 (Figure 22). Thus, M lowered the nucleation 

rate like the amino-terminal region of PrP, suggesting that both regions might share at least 

some function in prion protein aggregate assembly. Interestingly, N counter-acted the 

solubilizing effect of M when fused to M-PrP. The ratio of cells bearing NM-PrP aggregates 

to total transfected N2a cells was significantly higher compared to the relative amount of M-

PrP foci containing cells (Figure 23). Depending on the cell-type, fusion of N to M-PrP 

increased also the number of aggregates per single cell (Figure 24).  

Overall, the globular domain of PrP seems to be the driving force for aggregation but 

both nucleation rate and seeding activity can be modulated by the Sup35p-N and -M regions 

(Figure 67). 

 

 
Figure 67. Schematic illustration to explain how N and M modulate PrP90-230 aggregation. The globular domain of PrP spontaneously 

aggregates in the cytosol of mammalian cells. Both PrP23-89 and Sup35p-M decrease the nucleation rate when fused to PrP90-230, leading to 

fewer cells displaying visible aggregates. The influence of M can be counter-acted by N. Fusion of M to PrP90-230 increases aggregate size, 

potentially by an increased seeding capacity. Published in (Krammer et al. 2008b). 

 

The here described interplay between N and M domains might also be important for 

the [PSI+] phenotype in yeast that is known to depend on a crucial equilibration between seed 

formation and aggregate growth for prion propagation. 
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V.A.5 CO-AGGREGATION AND SEEDING OF PROTEINS ARE SPECIFIC EVENTS 

An accumulation of misfolded proteins is the key event in various proteinopathies. It is 

commonly anticipated that the toxicity of these proteinaceous deposits is at least partially 

mediated by sequestering unrelated cellular proteins, thereby disturbing their normal cellular 

functions (Perutz et al. 1994). The different proteins used in this study did not only 

spontaneously aggregate per se but sometimes even co-aggregate with one another. Evidence 

that aggregation prone proteins can also co-aggregate with heterologous proteins in 

mammalian cells comes from studies with diverse proteins (Rajan et al. 2001). Interestingly, 

in this study co-aggregation was not driven by a non-specific co-agglomeration of solvent-

exposed hydrophobic surfaces. Instead, seeding appeared to occur with extraordinary 

specificity for example amongst Q/N-rich stretches. Our data are consistent with this study in 

that PrP90-230-containing proteins were able to co-aggregate. By contrast PrP90-230-containing 

proteins were not able to interact with NM-HA, while HD72-GFP was (Figures 36, 37 and 

40). It is likely that co-aggregation of chimeric proteins is due to the aggregated globular 

domain of PrP that allows correct intermolecular interaction necessary for aggregate 

formation. Interestingly, PrPcyto can confer its nucleation propensity to other aggregates, 

enabling them to form more nuclei in concert with PrPcyto. In contrast, seeding of M- and 

NM-PrP seemed to be less efficient as both chimeric proteins were unable to incorporate 

PrPcyto into large aggregates (Figure 36). However, aggregates containing both proteins, 

PrPcyto and M-PrP or PrPcyto and NM-PrP, respectively, appeared bigger and less frequent as 

aggregates of PrPcyto alone, indicating at least a minor influence of M on aggregate size and 

nucleation frequency. Thus, normally cis acting elements can also modulate protein 

aggregation in trans. Unfortunately, quantification was impossible due to the high number of 

aggregates.  

Co-aggregation did not solely depend on a common aggregation-promoting motif. If 

this was the case, NM-PrP would be able to seed NM-HA as they share almost 100% amino 

acid sequence in their Q/N-rich region. Our data rather suggest that co-aggregation depends 

on sequence similarities in the domain that assembles into an ordered aggregate. As the C-

terminal domain of PrP is the proposed aggregation domain in all fusion proteins, NM in 

NM-PrP is likely not in an aggregated state and, therefore, cannot seed NM-HA (Figure 37). 

In contrast, the aggregated domain in HD72-GFP is definitively the polyQ region. In its 

aggregated state, this polyQ rich region enables NM-HA to sediment around HD72-GFP 
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aggregates (Figure 40). Taken together, this study reveals important details about structural 

requirements for aggregation and co-aggregation. 

 

V.A.6 DO AGGREGATES DISPLAY PRION-LIKE CHARACTERISTICS? 

PrP90-230, cytosolic PrP and chimera of Sup35p N and NM domains and PrP90-230 underwent 

rapid spontaneous aggregation when expressed in the cytosol of mammalian cells. All 

aggregates observed displayed typical characteristics of both yeast and mammalian prions 

such as detergent insolubility and at least partial PK resistance. Moreover, in vitro studies 

utilizing purified recombinant NM, PrP-M and NM-PrP confirmed that both NM and NM-

PrP were capable of forming amyloid-like fibrils whereas PrP-M was not (Krammer et al. 

2008b). However, relative PK resistance, insolubility and in vitro fibrillization are key 

characteristics not only of prions but also of amyloid-like proteins in general (Soto et al. 

2006). Numerous studies reveal striking similarities in assembly pathways of both non-prion 

amyloidogenic proteins and prions. The extraordinary hallmark that sets prions apart is that 

they are also infectious. This discrimination between typical amyloid-like proteins and prions 

has recently been challenged by findings that injection of protein aggregates can at least 

accelerate aggregation of homologous proteins in some animal models of amyloid diseases 

(Meyer-Luehmann et al. 2006). Elegant experiments that demonstrate that in vitro fibrillized 

NM can increase the rate of prion induction in yeast have been used as evidence that 

aggregated Sup35p is indeed infectious (King & Diaz-Avalos 2004; Tanaka et al. 2004). 

Interestingly, a self-perpetuating mechanism of aggregate formation for cytosolic PrP has 

been proposed (Ma & Lindquist 2002). Are the aggregates observed with our recombinant 

proteins also infectious? Studying if external PrPcyto, N-PrP and NM-PrP aggregates can 

induce aggregation of their respective soluble counterparts is a difficult task as spontaneous 

aggregate formation of these proteins already occurs at high frequency in mammalian cells. 

Experiments are underway to test if PrPcyto, NM-PrP and N-PrP aggregates produced in 

mammalian cells can seed aggregation of the recombinant soluble proteins in vitro. Similar 

experiments have successfully been performed with yeast derived NM aggregates (Glover et 

al. 1997). Although fibrillization studies already provide evidence that NM and NM-PrP are 

capable of forming amyloid-like fibrils, aggregates formed by PrP90-230, PrPcyto, N-PrP, M-

PrP and NM-PrP in N2a cells may have taken on an alternative fold that might be incapable 

of promoting assembly of soluble NM or NM-PrP into amyloid-like aggregates in vitro. 
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Indeed, evidence that the same NM can form aggregates that drastically differ in their 

intermolecular organization also comes from recent in vitro studies. Here, NM could form 

amyloid-like fibrils or alternatively assemble into filaments that appeared to be off-pathway 

for amyloid formation (Hess et al. 2007). 

There is increasing evidence that prion propagation in yeast critically depends on 

Hsp104 that fractionizes growing multimers into seeds that can be transmitted to daughter 

cells. Thus, it is the disaggregating activity of Hsp104 that actually turns Sup35p aggregates 

into prions (Chernoff 2004). In mammalian cells, so far no Hsp104 ortholog has been 

identified in the cytosol that is capable of disaggregating already existing aggregates. In light 

of this, it will be interesting to study how cellular chaperones or co-expression of Hsp104 in 

mammalian cells will influence the appearance and/or maintenance of PrP90-230, PrPcyto, N-

PrP, M-PrP, and NM-PrP aggregates. 

 

V.B THE YEAST SUP35P NM DOMAIN PROPAGATES AS A PRION IN 

MAMMALIAN CELLS 

Aggregation of Sup35p in yeast leads to modifications in translation termination and the 

induction of [PSI+] prion phenotype that is associated with changes in growth capabilities on 

differentiation medium. Spontaneous induction of [PSI+] in yeast is a rare event and occurs at 

a frequency of 1:106 (Lund & Cox 1981; Liu & Lindquist 1999). Still, the prion phenotype 

can be induced by over expression of Sup35p or Sup35p-NM in the presence of another 

prion, termed [PIN+] that appears to cross-seed Sup35p aggregation (Derkatch et al. 1996; 

Derkatch et al. 1997; Derkatch et al. 2000). In the mammalian cell line N2a, spontaneous 

NM aggregation was negligible, suggesting that appropriate heterologous seeds were either 

missing in the cytosol of N2a cells or that the rare event of spontaneous induction was not 

detected. Aim of the second project was to investigate if addition of recombinant Sup35p-NM 

fibrils to the medium of mammalian cells ectopically expressing HA-tagged NM could 

induce endogenous NM aggregation and lead to the propagation of potential NM-HA 

aggregates as prions. 
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V.B.1 INDUCTION OF ENDOGENOUS NM-HA AGGREGATION BY ADDITION OF 

RECOMBINANT SUP35P-NM FIBRILS TO THE CELL CULTURE MEDIUM 

Experiments in yeast have demonstrated that in vitro fibrillized NM can induce prion 

formation upon transformation (King & Diaz-Avalos 2004; Tanaka et al. 2004). The same 

results were obtained here with soluble NM in N2a and HpL3-4 cells (Krammer et al. 2009a). 

Here, addition of NM fibrils led to the aggregation of endogenous HA-tagged NM (Figure 43 

and 52). Surprisingly, active introduction of fibrils into the cytosol by transformation was not 

necessary. Bacterially expressed, purified NM was efficiently taken up by the cells and 

eventually even reached the cytosol. These observations were also made by others (Yang et 

al. 2002). It is possible that a net positive charge of proteins might facilitate their 

transmembrane transport (Yang et al. 2002). However, due to protein fibril size, it is very 

unlikely that they are able to simply penetrate the membrane. Therefore, how fibrils enter the 

cytosol remains a conundrum. Some viruses enter the cell via endocytosis and eventually 

escape from endosomal compartments into the cytosol. After clathrin-mediated endocytosis 

adenovirus escapes from endosomes (Blumenthal et al. 1986) by a yet unknown mechanism 

that probably requires virus induced signaling (Meier & Greber 2003). Interestingly, PrPSc 

was found in cytosolic aggresomes (Kristiansen et al. 2005) implying potential translocation 

of prion aggregates from endosomal or lysosomal compartments into the cytosol. If this is 

due to an unspecific leakage in the endocytotic pathway or by a specific mechanism remains 

enigmatic. Further investigations are necessary to delineate the underlying mechanism.  

 

V.B.2 PROPAGATION OF NM-HA AGGREGATES IN MAMMALIAN CELLS IS 

INDEPENDENT OF HSP104 

Yeast prion inheritance requires aggregate formation and replication, two events that strongly 

depend on cellular factors. The disaggregase Hsp104 appears to be crucial for both generation 

and propagation of yeast prions (True 2006). Unlike in yeast, induction of aggregates and 

their transmission to progeny was independent of Hsp104 expression in N2a cells, as no 

ortholog of Hsp104 has been discovered in the mammalian cytosol. Our results strongly 

suggest that other mechanisms promote protein disaggregation in mammals. In this context, 

another question arises: why were NM aggregates propagated after seeding with recombinant 

NM fibrils but not upon co-aggregation with HD72-GFP? One reason could be that HD72-
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GFP aggregates are slightly toxic (Waelter et al. 2001). Thus, cells with HD72-GFP / NM-

HA aggregates might die. Indeed, similar to cells expressing PrPcyto, N2a cells with HD72-

GFP aggregates grew slower and appeared to be less viable in our hands. However, it is very 

unlikely that all cells expressing HD72-GFP were killed. It is more likely that cellular factors 

necessary for prion formation were not able to access NM-HA in HD72-GFP / NM-HA co-

aggregates. Which cellular proteins might be involved in the cytosolic propagation of NM-

HA as a prion remains to be seen. 

One possible candidate factor could be the cortical actin cytoskeleton as it was shown 

in yeast that deletion of Sla1 which regulates the assembly and disassembly of actin filaments 

decreased the de novo induction of [PSI+] by over-expression of Sup35p (Engqvist-Goldstein 

& Drubin 2003). Sla1 is involved in the assembly of endocytotic vesicles and excess Sup35p 

was shown to sediment around these vacuoles (Ganusova et al. 2006). Moreover, Sla2, 

another component of the yeast cytoskeleton machinery and the yeast homolog of 

mammalian huntingtin-interacting protein Hip1 (Kalchman et al. 1997), was found to interact 

with Sup35p from [psi-] and [PSI+] cells, indicating its possible role in [PSI+] induction 

(Ganusova et al. 2006; Bagriantsev et al. 2008). One could imagine that NM fibrils taken up 

by the cell initially reside within endocytotic vesicles. Cytosolic NM may interact with 

recombinant NM fibrils near such structures. This interaction could then facilitate not only 

NM aggregation but also subsequent generation of seeds for transmission to daughter cells 

(Tuite & Cox 2003). Another reason for the successful propagation of NM-HA aggregates 

seeded by NM fibrils could be that the preexisting NM fibrils depleted an inhibitor of prion 

conversion and/or propagation, for example a cytosolic chaperone, whereas HD72-GFP was 

unable to capture this inhibitor (Derkatch et al. 2001).  

The fact that anti-prion compounds were found to act on both mammalian and yeast 

prions indicates that similar targets, thus mechanisms of prion propagation, other than 

Hsp104, appear to be present in both organisms (Bach et al. 2006; Tribouillard et al. 2006). 

The disaggregase Hsp104 is crucially involved in seed formation in yeast for efficient prion 

transmission to daughter cells (Chernoff et al. 1995). As a member of the AAA+ protein 

superfamiliy, Hsp104 exhibits ATPase activity which mediates ATP-dependend disassembly 

of protein complexes (Weibezahn et al. 2004). Although no known homologs or orthologs of 

Hsp104 are present in the mammalian cytosol there are other AAA+ proteins which share at 

least some sequence similarities. One of them is p97/VCP/Cdc48p, a protein involved in the 
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translocation of misfolded proteins from the ER into the cytosol and their subsequent delivery 

to the proteasome (Richly et al. 2005; Raasi & Wolf 2007). Over-expression of 

p97/VCP/Cdc48p was shown to suppress the formation of polyQ aggregates (Yamanaka et 

al. 2004), but it failed to promote Sup35p-NM fibril disassembly in vitro (Shorter & 

Lindquist 2004).  

With regard to the known complexity of the chaperone-prion interaction in yeast it is 

very difficult to predict the influence of certain chaperones on NM aggregate propagation in 

the cytosol of mammalian cells. Despite the dependence on Hsp104, yeast prion 

dissemination was shown to be influenced by several other chaperones as well as their co-

chaperones with homologs in mammals including Hsp70s, Hsp40s, Hsp110s, Fes1 and Sti1 

(Tuite & Cox 2003; Jones & Tuite 2005; True 2006; Perrett & Jones 2008). Their impact on 

prion propagation could be either direct or indirect by interacting with each other, thereby 

either inhibiting or supporting fibril assembly. Conflicting data exist on the role of these 

chaperones for prion propagation due to the complexity of interaction and functional 

redundancy of chaperones. Of note, some Sup35p chimera were able to propagate in the 

absence of Hsp104 in yeast, thus the existence for Hsp104 is not an absolute requirement (Liu 

et al. 2002; Crist et al. 2003; Alexandrov et al. 2008). Therefore, it is very likely that other 

chaperones are able to propagate the prion state of Sup35p-NM also in mammalian cells.  

Little information is available on mammalian chaperones involved in prion 

biogenesis. Several chaperones have been shown to interact with PrP, but if they are required 

for prion formation remains enigmatic. BiP was shown to bind to native PrPC and remained 

associated with a mutant form of PrP for a prolonged period of time (Jin et al. 2000). 

However, BiP resides in the ER. Thus, it is unlikely that BiP plays a role in cytosolic prion 

formation. The bacterial chaperonin GroEL appears to promote the in vitro conversion of 

PrPC into a PK-resistant form (DebBurman et al. 1997; Stockel & Hartl 2001). Indeed, one 

mammalian homolog of GroEL, the mitochondrial Hsp60 was identified in a yeast-two-

hybrid screen as an interactor of PrPC (Edenhofer et al. 1996). The in vivo relevance of these 

findings remains to be shown. Another chaperone complex, the CCT (cytosolic chaperonin 

containing T-complex polypeptide-1) or TriC (tailless complex polypeptide-1 [TCP-1] ring 

complex) belongs to the same class as the bacterial GroEL/ES chaperonin (Spiess et al. 2004) 

and is highly conserved between yeast and humans (Stoldt et al. 1996; Spiess et al. 2004). 

This complex was shown to promote the accumulation of polyQ proteins into non-toxic 
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oligomers in yeast cells (Behrends et al. 2006). However, recent data suggest that TriC is not 

able to influence fibril assembly of the yeast prion protein Ure2 in vitro (Savistchenko et al. 

2008). Inhibition of Hsp90 by geldanamycin leads to a modulation of the structural integrity 

of PrPC (Winklhofer et al. 2003; Ochel et al. 2003) indicating that Hsp90 might play a role in 

PrPC folding. Unlike the other chaperones Hsp90 seems to have only specific target proteins 

(Wandinger et al. 2008). It remains to be seen if Hsp90 can interact with NM-HA aggregates. 

The most promising candidates that might effect Sup35p-NM aggregate propagation in the 

mammalian cytosol are Hsp70s, Hsp40s and other co-chaperones of Hsp70 which were 

shown to have diverse effects on yeast prions including prion formation, variant 

determination, propagation and toxicity (Kryndushkin et al. 2002; Kryndushkin & Wickner 

2007; Lian et al. 2007; Fan et al. 2007; Sadlish et al. 2008; Bagriantsev et al. 2008; Douglas 

et al. 2008; Savistchenko et al. 2008). Interestingly, scrapie-infected N2a cells (ScN2a) 

exhibited an impaired stress response compared to uninfected control cells due to an altered 

regulation of HSF-1 (heat shock factor-1) (Tatzelt et al. 1995; Winklhofer et al. 2001). Of 

note, over-expression of heat shock proteins, especially Hsp70 and Hsp40, could counteract 

the cytotoxic effect of cytosolic PrP (Rambold et al. 2006) and inhibited aggregate formation 

of polyglutamine proteins (Muchowski et al. 2000; Sittler et al. 2001). An interesting link 

between yeast prions and mammalian PrP regarding the Hsp90/Hsp70 machinery constitutes 

the co-chaperone Sti1 which was shown to play a role in [PSI+] propagation in yeast (Abbas-

Terki et al. 2001; Jones et al. 2004) and seems to be a ligand for PrPC (Zanata et al. 2002). It 

is important to note that the distinct Hsp70 family members are able to work in concert with 

different co-chaperones and also other chaperones (Kushnirov et al. 2000; Jones & Tuite 

2005) allowing them to exert different functions. Therefore, it is important to study 

chaperone networks to provide correct information on chaperone effects on prion formation 

or propagation. Furthermore, different prion variants have different conformations which 

might affect the ability of chaperones or chaperone networks to interact with them (Jones & 

Tuite 2005).  

Prion formation and loss was shown to be influenced not only be chaperones but also 

by ubiquitin system alterations in yeast (Allen et al. 2007). Hence, degradation pathways like 

the proteasome or autophagic activity might be, besides chaperones, reasonable candidates 

for NM propagon formation in the mammalian cytosol. While the exact factors that allow 

prion propagation in the mammalian cytosol need to be identified, the artificial prion 
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transmission across phylogenetic kingdoms by not more than ectopically expressing the 

responsible gene, suggests that the ability to propagate prions is highly conserved since early 

life. 

 

V.B.3 ARE THERE CONFORMATIONAL VARIANTS OF NM-HA AGGREGATES IN 

MAMMALIAN CELLS? 

Prions can exist as distinct heritable states defined as prion strains or variants (Derkatch et al. 

1996) that appear to be based on different conformational states of the prion proteins. It has 

been postulated that the ability to adopt multiple different aggregation states is an intrinsic 

propensity of prion proteins and thus independent of cellular factors (DePace & Weissman 

2002; Vanik et al. 2004; Jones & Tuite 2005; Makarava & Baskakov 2008). Indeed, it has 

recently been shown that recombinant NM can give rise to several different prion strains 

when transformed into yeast, suggesting that these phenotypically distinct strains were 

induced by NM fibrils of different folds (Tanaka et al. 2004; King & Diaz-Avalos 2004). It is 

tempting to speculate that NM-HA aggregates induced by bacterially expressed fibrillized 

NM in individual cell clones represent prion strains/variants, a hypothesis supported by 

biochemical analysis of distinct NM-HA aggregate types. While the NM-HA expression 

levels modulated the phenotypical appearance of specific aggregate types, their biochemical 

characteristics stayed stable, strongly suggesting distinct NM-HA conformations in individual 

cell clones. Hence, our results support the hypothesis that prion strains are based on different 

folds of the same protein as we provided only one exogenous prion protein and obtained a 

variety of different aggregate phenotypes in cell culture. Furthermore, homogenous aggregate 

types propagated by individual cell clones strongly argue for a clonal effect on NM 

aggregation characteristics. Host factors in both yeast and mammals undoubtedly 

dramatically influence strain propagation efficiencies (Kushnirov et al. 2000; Kryndushkin et 

al. 2002; Asante et al. 2002; Lloyd et al. 2004; Park et al. 2006; Kryndushkin & Wickner 

2007; Fan et al. 2007; Lawson et al. 2008). The conformational selection model for prion 

strain propagation (Collinge 1999) may explain the unexpected finding that infection of 

N2a_NM-Ha bulk cells with extracts from cell clones propagating one prevalent aggregate 

type gave rise to a variety of phenotypically distinct aggregate types in recipient cells. 

According to this model, the primary sequence of prion proteins allows only a certain subset 

of different folds (Figure 68). Prion strains may either exist as ensembles of prion proteins 
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with different conformations from which the host organism preferentially propagates a 

prevalent one or a subset of protein conformation variants. Alternatively, they may exist as 

one clonal protein conformer that might mutate when transferred to another host (Collinge & 

Clarke 2007).  

 

 
Figure 68. Models to explain prion strain mutations.  Prion strains might constitute a mixture of different protein conformers (indicated 

by different symbols) in a given host with one predominant conformer (indicated by an increased size of the symbol). Upon transmission 

(passage 1 and 2) to a new host, a non-prevalent conformer is preferentially propagated, associated with a different phenotype. Alternatively, 

prion strains might constitute a clonal protein conformer that mutates to a new conformer upon transmission to a new host. For details see 

main text. 

 

The high ‘mutation rate’ to other variants that was observed when aggregates from 

one cell clone were used to induce NM-HA aggregates in bulk N2a_NM-HA cells suggests 

that individual cells of the bulk N2a_NM-HA culture selected out the variant that it could 

replicate best. If these clones either ‘silently’ (which means under the detection limit of our 

conventional methods) propagated also other aggregate types or if the dominant aggregate 

variant per se mutated and refolded due to different host cell factors remains an open 

question. As prion variants have distinct chaperone requirements for propagation (Kushnirov 

et al. 2000), it is possible that differences in the cellular chaperone environment of individual 

cells account for the preferential replication of a dominant variant. Recent experiments with 
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N2a cells and mammalian prions indeed demonstrate that preferential propagation of 

individual prion strains also occurs in N2a subclones (Mahal et al. 2007). In line of this, our 

work clearly demonstrates the strong influence of the cell’s genetic or epigenetic background 

on conformational selection. Furthermore, HpL_NM-HA cells did not display the same 

variety of NM aggregate phenotypes indicating a cell-type specific effect. Hence, the great 

diversity of NM aggregate types is characteristic for N2a cells. If and which host specific 

factors influence propagation of specific phenotypically and biochemically distinct variants 

remains to be determined. Due to the fact that recombinant Sup35p NM is known to form 

diverse types of fibrils (DePace & Weissman 2002) our data prefer a model in which strains 

exist as a mixture of conformationally different molecules rather than of a molecular clone 

(Collinge & Clarke 2007). Out of this pool the host cell seems to select one variant which is 

preferentially propagated and which phenotype becomes subsequently dominant and evident 

(Figure 69).  

 

 
Figure 69. Conformational selection model adapted to NM-HA aggregate propagation. The NM-HA phenotype variation in N2a cells 

can be explained when we assume that cells propagate an ensemble of aggregate phenotypes with one predominant phenotype (symbolized 

by squares, circles and triangles). When N2a_NM-HA bulk cells were treated with recombinant Sup35p NM fibrils, the resulting N2a_NM-

HA+F cell population exhibited various types of NM-HA aggregates. Single clones of N2a_NM-HA+F cells preferentially propagated one 

specific phenotypical variant. However, according to this model, also non prevalent variants were concomitantly propagated. Thus, infection 

of N2a_NM-HA bulk cells with cell extracts of clones showing only one aggregate type gave rise to various different aggregate phenotypes 

in the recipient cells indicating a strong influence of the host cell on prion variant selection. To confirm this hypothesis, N2a_NM-HA bulk 

cells were cloned prior to induction with recombinant NM fibrils. Individual N2a_NM-HA clones preferentially propagated one or two 

distinct aggregate phenotypes. 
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In collaboration with Dr. Kryndushkin and Prof. R. Wickner (Laboratory of 

Biochemistry and Genetics, NIH/NIDDK, Bethesda, MD, USA) we showed that mammalian 

NM prions only inefficiently induced the [PSI+] phenotype in yeast cells (Krammer et al. 

2009a). A possible explanation could be that NM amyloids have adapted to the cellular 

environment of mammalian cells and thus lack the chaperone environment necessary for 

efficient propagation.  

 

V.B.4 EVIDENCE FOR A PRION PROPAGATION MACHINERY IN THE CYTOSOL OF 

MAMMALIAN CELLS 

Amyloids in humans have classically been considered to be detrimental to the host, but 

increasing evidence accumulates that amyloid formation plays an important role in normal 

cellular physiology of diverse microorganisms and even mammals. Several physiologically 

relevant non-prion amyloids have been identified that exert novel biological functions, for 

example the curli protein of E. coli and other bacteria, the hydrophobins of fungi, and human 

Pmel17 (Fowler et al. 2007). Even more intriguingly, elegant studies on the filamentous 

fungus Podospora anserina demonstrate that the prion form of the protein HETs [Het-s] is 

the biological active form mediating heterokaryon incompatibility (Maddelein et al. 2002; 

Balguerie et al. 2003). Thus, it is feasible to assume that prion-based inheritance might also 

be a natural regulatory process in higher eukaryotes for proteins of diverse function. Still, 

evidence that prion-like phenomena exist in the mammalian cytosol is missing. Our results 

show that ectopically expressed Sup35p NM can propagate as a prion in neuroblastoma cells 

and thus provides proof-of-principle that prion-like inheritance in the mammalian cytosol is 

possible. Future studies will help to elucidate if mechanisms of prion biogenesis are also of 

physiological relevance in mammals. 
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VI. ABBREVIATIONS 

A  Adenine, Ampere 
Å  Angström 
Aa  Amino acid 
AAA+  ATPase associated with diverse activities 
Ab  Antibody 
AFM  Atomic force microscopy 
Amp  Ampicillin 
APS  Ammoniumpersulfate 
Approx. Approximately 
Asn/N  Asparagine 
ATCC  American Type Culture Collection 
ATP  Adenosintriphosphate 
bp  Base pair 
BSA  Bovine serum albumin 
BSE  Bovine spongiforme enzephalopathy 
c  Concentration 
C  Cytosine 
°C  Degree Celsius 
CD  Circular dichroism 
CLD  Caveolae-like domains 
cm  centimeter 
CNS  central nervous system 
CWD  Chronic wasting disease 
Cys  Cysteine 
Da  Dalton 
Dest.  Destilled 
CJD  Creutzfeldt-Jakob disease 
DMEM Dulbecco’s modified Eagle Medium 
DMSO  Dimethylsulfoxid 
DNA  Deoxyribonucleic acid 
DNase  Desoxyribonuclease 
dNTP  Desoxyribonucleoside-5’-triphosphate 
ddNTP  Didesoxyribonucleoside-5’-triphosphat 
d  Day 
ds  Double stranded 
EDTA  Ethylenediamine-N,N,N´,N´-Tetraacetate 
EGFP  Enhanced green fluorescent protein 
ER  Endoplasmic reticulum 
ERAD  ER associated degradation 
Et al.  And others (‘et alii’) 
EtBr  Ethidiumbromide 
EtOH  Ethanol 
fCJD  familial Creutzfeldt-Jakob disease 
FCS  Fetal calf serum 
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FFI  Fatal familial insomnia 
Fig.  Figure 
FITC  Fluoresceine isothiocyanate 
FSE  Feline spongiforme enzephalopathy 
g  Gram; acceleration of gravity 
G  Guanine 
GFP  Green fluorescent protein 
Gln/Q  Glutamine 
GPI  Glykosyl-phosphatidyl-inositol 
GSS  Gerstmann-Sträußler-Scheinker syndrome 
h  Hour 
H2Odest. Destilled water 
H2Obidest. Destilled, deionized water 
HA  Hemagglutinin 
Hsp  Heat shock protein 
IF  Immunofluorescence 
Ig  Immune globuline 
k  Kilo 
kb  Kilo base pairs 
kDa  Kilodalton 
L  Liter 
LB  Luria-Bertani medium 
LR  Laminin receptor 
LRP  Laminin receptor precursor 
LRP1  Lipoprotein receptor- related protein 1 
m  Meter, mili 
M  Molar 
mAb  Monoclonal antibody 
mcs  Multiple cloning site 
MEM  Minimal essential medium 
MetOH Methanol 
min  Minute 
mRNA  Messenger RNA 
MTOC  Microtubule organization center 
n  Nano 
NCC  Nucleated conformational conversion 
NMR  Nuclear magnetic resonance 
OD  Optical density 
OPR  Oligopeptide repeats 
OR  Octarepeats 
ORF  Open reading frame 
p  Piko 
PA  Polyacrylamide  
PAGE  Polyacrylamide gel electrophoresis 
pAK  Polyclonal antibody 
PBS  Phosphate buffered saline 
PCR  Polymerase chain reaction 
PFA  Paraformaldehyde 
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PGK  Phosphoglycerate kinase 
PK  Proteinase K 
PRD  Prion forming domain 
PrP  Prion protein 
PrP0/0  PrP knock-out 
PrPC  Cellular non-pathogenic form of the prion protein 
CtmPrP  Carboxylterminal-trans transmembrane form of PrP 
NtmPrP  Aminoterminal-trans transmembrane form of PrP 
PrPSc  Pathogenic form of the prion protein 
PVDF  Polyvinyl difluoride 
QNR  Glutamine and asparagine-rich 
RNA  Ribonucleic acid 
RNase  Ribonuclease 
rpm  Rounds per minute 
RT  Room temperature 
SDS  Sodium dodecyle sulfate 
s  Second 
S.D.  Standard deviation 
ss  Single stranded 
t  Time 
T  Thymine 
Tm  Melting temperature 
Tab.  Table 
TEMED N,N,N´,N´-Tetramethylethylendiamin 
Tris  Tris-(hydroxymethyl-)aminomethan 
tRNA  transfer-RNA 
TME  Transmissible mink encephalopathy 
TSE  Transmissible spongiform encephalopathy 
U  Unit 
µ  Micro 
UV  ultraviolet 
V  Volt 
vCJD  variant Creutzfeldt-Jakob disease 
Vol.  Volume 
Vs.  Versus 
W  Watt 
WB  Western blot 
WT  Wild type 
% (v/v) Volume percentage 
% (w/v) Weight percentage 
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