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Abbreviations

Abbreviations

CD

circular dichroism spectroscopy

Chol

cholesterol

CJD

Creutzfeldt-Jakob disease

DPPC

1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DTT

dithiothreitol

FFI

fatal familial insomnia

FTIR

Fourier transform infrared spectroscopy

GdmCl

guanidinium chloride

GPI-anchor

glycosylphosphatidylinositol anchor

GSS

Gerstmann-Sträussler Scheinker syndrome

H2-H3

segment of PrP comprising residues 170-231, corresponding
to α-helices 2 and 3

MALDI-TOF

matrix-assisted laser desorption time-of-flight mass spectrometry

MOPS

3-morpholino-propanesulfonic acid

NMR

nuclear magnetic resonance spectroscopy

PC

phosphatidylcholine

PDP-DHPE

N-((2-pyridyldithio)propionyl)-1,2-dihexadecanoyl-sn-glycero-3phosphoethanol-amine, triethylammo-nium salt

PrP

C

cellular isoform of the prion protein

PrP

Sc

scrapie isoform of the prion protein

PrP(121-231)

folded C-terminal domain of recombinant PrP

PrP(121-231)-∆H1

deletion variant PrP(121-231) lacking α-helix 1 (residues 135-160 are
replaced by the β-turn dipeptide Asn-Gly)

PrP-SH

recombinant, murine full-length PrP with a C-terminal Gly5Cys-linker

PrP-SS-PDHPE

PrP-SH after covalent coupling to PDP-DHPE

MES

Morpholinoethane-sulfonic acid

Tris

Tris-hydroxymethyl-aminomethane

TSE

transmissible spongiform encephalopathy
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1. Abstract
Transmissible spongiform encephalopathies (TSEs) are a group of infectious
disorders, among which are scrapie in sheep, bovine spongiform encephalopathy
(BSE) in cattle and Creutzfeldt-Jakob disease in humans. According to the “proteinonly” hypothesis the infectious agent of all TSEs consists mainly, if not entirely, of an
abnormal isoform, PrPSc, of the benign, cellular prion protein, PrPC. PrPC and PrPSc
have identical covalent structures, but differ in their conformations. The molecular
mechanism of the conversion process from PrPC to PrPSc is still unknown today.
The main parts of this thesis were dedicated to elucidate the influence of selected
environmental conditions on the structure and stability of the recombinant murine
prion protein produced in E. coli and variants thereof. The recombinant PrP is
considered structurally equivalent to PrPC.
In the first part of the thesis the intrinsic stabilities of deletion variants of the Cterminal domain of PrP, PrP(121-231), the only part of the protein with a defined
tertiary structure, were investigated. The question of whether parts of the structure of
PrPC are sufficiently stable to be retained in PrPSc was directly addressed with the
help of two deletion variants of the C-terminal domain of PrP. One of the variants,
H2-H3, comprised only the last two α-helices of the C-terminal domain. In the other
variant, PrP(121-231)-∆H1, the first α-helix of the C-terminal domain was deleted and
replaced by the β-turn dipeptide Asn-Gly introduced between the strands of the
single β-sheet of the C-terminal domain. Although both deletion constructs still
showed α-helical circular dichroism spectra, they were more disordered and
thermodynamically strongly destabilized compared to the intact C-terminal domain,
with free energies of folding close to zero. These data demonstrated that the tertiary
structure context is critical for the conformation of the segment 170-231, comprising
α-helices 2 and 3 in the solution structure of recombinant PrP. This suggests that the
tertiary structure of this segment in PrPSc subunits could well differ from that
observed in PrPC, in contrast to present theoretical models for the tertiary structure of
PrPSc subunits.
In the second part of this thesis the effect of a membrane environment on the
structure and stability of PrP was investigated. The cellular prion protein is attached
to the cell membrane via its C-terminal GPI-anchor in vivo, which directs the prion
protein to certain microdomains in the cell membrane, so-called rafts. The influence
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of this particular membrane attachment on the structure and stability of recombinant,
full-length PrP was investigated by use of a PrP variant containing a C-terminal linker
to which a phospholipid was covalently coupled via a cysteine residue. This PrP
variant was incorporated into liposomes and served as a model to study possible
changes in structure and stability of recombinant PrP upon membrane attachment.
Covalent coupling of PrP to liposomes did not result in significant structural changes
observable by far-UV circular dichroism. Moreover, limited proteolysis experiments
could not detect any changes in the stability of liposome-bound PrP relative to
soluble, recombinant PrP. These data suggest that a membranous environment has
no significant influence on the structure and stability of recombinant PrP. A direct
influence of raft lipids on the structure of membrane-bound PrPC molecules therefore
seems rather unlikely.
In the third part of the thesis, the influence of certain point mutations in the PrP gene,
associated with genetic forms of human TSEs, on the reducibility of the single
disulfide bond in the resulting prion protein variants was investigated, as reduction of
PrP had been suggested to be a potential step in the formation of PrPSc. It could be
demonstrated that PrP variants with unaltered thermodynamic stabilities relative to
the wildtype protein show the same reduction kinetics as observed for the wildtype,
whereas PrP variants with lowered thermodynamic stability are reduced at faster
rates than the wildtype. Furthermore increased tendencies of the prion proteins to
form a small fraction of disulfide-bonded dimers seem to be correlated with facilitated
reducibility of the disulfide bond. However, a concerted behaviour of all investigated
PrP variants that would indicate a correlation between reducibility of the disulfide
bond, covalent dimer formation and development of prion disease was not observed.
These results argue against the involvement of a transient reduction step and/or
formation of intermolecular disulfide bonds in the pathogenesis of prion diseases.
In the last part of this thesis, expression in E. coli of an open reading frame (ORF) on
the antisense strand of the prion protein gene was tried. Expression of several
antisense ORF constructs failed, however, possibly due to instability or foldingincompetence of the resulting amino acid sequence and a resulting high susceptibility
to digestion by proteases.
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2. Zusammenfassung
Übertragbare spongiforme Enzephalopathien (TSEs, von englisch: transmissible
spongiform encephalopathies) stellen eine Gruppe von infektiösen Erkrankungen
dar, zu denen „Scrapie“ beim Schaf, die „Bovine spongiforme Enzephalopathie (BSE)
beim Rind und die Creutzfeldt-Jakob Krankheit beim Menschen gehören. Gemäss
der „Protein only“-Hypothese besteht das infektiöse Agens all dieser Erkrankungen
hauptsächlich, wenn nicht gänzlich, aus einer abnormalen Isoform (PrPSc) des
normalen, zellulären Prionproteins (PrPC). Beide Isoformen besitzen identische,
kovalente Strukturen, unterscheiden sich jedoch in ihrer Konformation. Der
molekulare Mechanismus, der dem Umwandlungsprozess von PrPC zu PrPSc
zugrunde liegt, ist bis heute unbekannt.
Die Hauptteile der vorliegenden Doktorarbeit zielten darauf ab, die Auswirkungen
ausgesuchter,

äusserer

Bedingungen

auf

die

Struktur

und

Stabilität

des

rekombinanten Prionproteins der Maus, sowie Varianten desselben, zu beleuchten.
Rekombinates PrP wird in struktureller Hinsicht als der zellulären Form des
Prionproteins, PrPC, äquivalent erachtet.
Im ersten Teil der vorliegenden Arbeit wurde die intrinsische Stabilität von
Deletionsvarianten der C-terminalen Domäne des Prionproteins untersucht. Diese Cterminale Domäne, PrP(121-231), stellt den einzigen Teil des Prionproteins dar, der
eine definierte Tertiärstruktur besitzt. Die Frage, ob Teile der Struktur von PrPC
ausreichend stabil sind, um in PrPSc-Untereinheiten erhalten zu bleiben, wurde direkt
mit Hilfe zweier Deletionsvarianten der C-terminalen Domäne von PrP angegangen.
Eine dieser Varianten, H2-H3, bestand nur aus den letzten beiden α-Helices der Cterminalen Domäne. In der anderen Varianten, PrP(12-231)-∆H1, wurde die erste αHelix der C-terminalen Domäne deletiert und durch das β-Turn-Dipeptid Asn-Gly
ersetzt, das zwischen die Stränge des einzelnen β-Faltblattes der C-terminalen
Domäne eingefügt wurde. Obwohl beide Deletionskonstrukte noch α-helikale
Circulardichroismus-Spektren im Fern-UV-Bereich zeigten, waren sie im Vergleich
zur

intakten

C-terminalen

Domäne

schwächer

strukturiert

und

mit

freien

Faltungsenergien um Null stark destabilisiert. Diese Daten zeigten, dass der
Tertiärstrukturkontext für die Konformation des Segments 170-231, das in der
Struktur des rekombinanten Prionproteins Helix 2 und 3 umfasst, eine kritische Rolle
spielt. Dies lässt vermuten, dass die Tertiärstruktur dieses Segments in PrPSc-
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Untereinheiten sich sehr wohl von der Tertiärstruktur, die in PrPC beobachtet wurde,
unterscheiden könnte, im Widerspruch zu theroretischen Modellen, die derzeit zur
Tertiärstruktur von PrPSc-Untereinheiten existieren.
Im zweiten Teil der vorliegenden Arbeit wurden die Auswirkungen einer
Membranumgebung auf die Struktur und Stabilität des Prionproteins näher
untersucht. Das Prionprotein ist in vivo mit der Zellmembran über einen C-terminalen
GPI-Anker verknüpft, der das Protein zu bestimmten Mikrodomänen in der
Zellmembran

lenkt,

sogenannten

„rafts“.

Der

Einfluss

dieser

speziellen

Membranumgebung auf die Struktur und Stabilität des rekombinanten, VolllängenPrionproteins wurde mit Hilfe einer PrP-Variante untersucht, die einen C-terminalen
Linker besitzt, an den ein Phospholipid über einen Cysteinrest kovalent gekoppelt
werden kann. Dieses PrP-Konstrukt wurde in Liposomen integriert und diente als
Modell, um mögliche Auswirkungen auf Struktur und Stabilität von rekombinantem
PrP bei Verknüpfung mit Membranen zu untersuchen. Kovalente Kopplung von PrP
an Liposomenmembranen resultierte in keiner signifikanten Strukturveränderung, die
mittels Fern-UV Circulardichroismus hätte verfolgt werden können. Weiterhin
konnten auch mit limitierten Proteolyseexperimenten keine Veränderungen in der
Stabilität von liposomengebundenem PrP im Vergleich zu löslichem, rekombinantem
PrP

festgestellt

werden.

Diese

Daten

weisen

darauf

hin,

dass

eine

Membranumgebung keinen signifikanten Einfluss auf die Struktur und Stabilität von
rekombinantem PrP hat. Ein direkter Einfluss von Raftlipiden auf die Struktur von
membrangebundenen PrPC Molekülen ist deshalb eher auszuschliessen.
Im dritten Teil der Arbeit wurde der Einfluss bestimmter Punktmutationen des
Prionproteingens, die genetisch bedingte Prionerkrankungen beim Menschen
auslösen,

auf

die

Reduzierbarkeit

der

einzelnen

Disulfidbrücke

in

den

entsprechenden Proteinvarianten untersucht, da vermutet worden war, die
Konversion von PrPC zu PrPSc könne über einen transienten Reduktionsschritt
verlaufen. Es konnte gezeigt werden, dass Proteinvarianten mit einer unveränderten
thermodynamischen

Stabilität

relativ

zum

Wildtyp-Protein

dieselben

Reduktionskinetiken wie der Wildtyp besitzen, während PrP-Varianten mit einer
verringerten thermodynamischen Stabilität schneller reduziert werden als der
Wildtyp. Weiterhin scheinen erhöhte Dimerisierungstendenzen bei einigen der
untersuchten Prionproteine von einer erleichterten Reduzierbarkeit der Disulfidbrücke
in den entsprechenden Proteinen abzuhängen. Ein konzertiertes Verhalten aller PrP-
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Varianten, das auf eine Verbindung zwischen Reduzierbarkeit der Disulfidbrücke,
sowie der Ausbildung kovalenter Dimere und dem Ausbruch einer Prionerkrankung
hinweisen würde, konnte allerdings nicht beobachtet werden. Diese Ergebnisse
sprechen gegen das Auftreten eines transienten Reduktionsschrittes und/oder der
Formation

von

intermolekularen

Disulfidbrücken

in

der

Pathogenese

von

Prionerkrankungen.
In einem weiteren Teil der Doktorarbeit wurde versucht, einen offenen Leserahmen
(ORF, von englisch: open reading frame), der auf dem Antisense-Strang des
Prionproteingens

zu

finden

ist,

rekombinant

in

E.

coli

zu

exprimieren.

Expressionsversuche für verschiedene aus dem Antisense-ORF abgeleitete
Konstrukte schlugen jedoch fehl, was vermutlich auf eine hohe Instabilität

oder

Faltungsinkompetenz der resultierenden Aminosäuresequenz und eine sich daraus
ergebende hohe Anfälligkeit für den Abbau durch Proteasen zurückzuführen ist.
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3. Introduction
3.1. Prion diseases
3.1.1. Neuropathological features of prion diseases
Prion diseases also known as transmissible spongiform encephalopathies (TSEs) are
fatal neurodegenerative disorders with sporadic, genetic or acquired infectious
manifestations, that can affect humans and other mammalian species (Prusiner,
1998). According to the “protein-only” hypothesis these dise ases are caused by the
prion, an agent that consists mainly, if not entirely, of PrPSc, the abnormal, amyloid
isoform of the normal, cellular prion protein, PrPC. Common lesions of TSEs are
neuronal loss, vacuolisation leading to spongiform change, gliosis and the presence
of amyloid plaques of PrPSc in the brain of affected individuals. These four
pathological features can occur individually or in combination, varying in brain
localization and intensity due to the particular form of prion disease involved (Aguzzi
and Heppner, 2000; Heppner and Aguzzi, 2001a).
Although the precise mechanisms leading to brain cell damage are not yet well
understood, several studies indicate that neuronal loss, i.e. death of neurons, is due
to two main causes: a toxic mechanism by the accumulation of PrPSc in the
cytoplasm of neurons (Ma et al., 2002) and apoptosis induced by PrP (Dormont,
2002; Forloni et al., 1993; Gray et al., 1999; Van Everbroeck et al., 2002). The
programmed cell death seems to require the presence of microglial cells. These cells
also dominate the inflammatory response in prion diseases and are besides
macrophage activation usually the only cellular immune response detectable in post
mortem tissue from human prion diseases (Perry et al., 2002; Rezaie and Lantos,
2001; Williams et al., 1994). Together with the activation of astrocytes, microglia
activation makes up the characteristic phenomenon of gliosis.

3.1.2. Human transmissible spongiform encephalopathies
The most common TSE in humans is by far sporadic Creutzfeldt-Jakob disease
(CJD) with a worldwide incidence of 1-2 cases per million per year (Heppner and
Aguzzi, 2001a). CJD can also manifest in genetic or iatrogenic forms. Clinical
characteristics

are

progressive

multifocal

neurologic

dysfunction,

myoclonic
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involuntary movements and severe impairment of cognitive skills (Will et al., 1999). In
1996 a new form of CJD, termed new variant CJD (nvCJD), was recognized (Will et
al., 1996). What distinguishes nvCJD from sporadic cases of the disease are the
much lower age of individuals affected (nvCJD: 19-39 years; sporadic CJD: 55-70
years) and the rather long duration of the illness (nvCJD: 7.5 – 22 months; sporadic
CJD: 2.5 – 6.5 months) (Aguzzi and Heppner, 2000). Furthermore the clinical
features of nvCJD differ from the classical forms of CJD insofar as personality
changes, psychiatric abnormalities as well as ataxia and myoclonus precede
intellectual deterioration and dementia (Will et al., 1999). Till November 2002 the
worldwide number of definite and probable cases of nvCJD listed by the British
Department of Health was 138, including 93 definite cases confirmed by post mortem
examination of brain tissue. Most of these cases, i.e. 128, have been observed in the
UK (Nathanson et al., 1999; Zeidler and Ironside, 2000) and due to several lines of
evidence it is now widely accepted that the occurrence of nvCJD is causally linked to
the epidemic of bovine spongiform encephalopathy (BSE) in Great Britain (Bruce et
al., 1997; Collinge et al., 1996; Hill et al., 1997a; Knight, 1999; Lasmezas et al., 1996;
Lasmezas et al., 2001; Nathanson et al., 1999; Scott et al., 1999).
Besides CJD, inherited prion diseases in humans are Gerstmann-SträusslerScheinker syndrome (GSS) and fatal familial insomnia (FFI). GSS is transmitted by
autosomal dominant inheritance of certain mutations in the prion protein gene. It is
associated with specific neuropathological lesions and multicentric amyloid plaques
in the brain of affected individuals and leads to ataxia and progressive dementia
around the age of 40 (Budka, 2001; Heppner and Aguzzi, 2001a). FFI is also
associated with certain mutations in the prion gene and shows a similar inheritance
pattern. Clinical features are lethal insomnia and disturbances of the autonomic
nervous system (Gambetti et al., 1993; Manetto et al., 1992). The disease can also
occur in a sporadic form, then termed FSI (Gambetti and Parchi, 1999). Another form
of spongiform encephalopathy that was found to affect the Fore population in the
Northern provinces of New Guinea is kuru. It was transmitted by ritual cannibalism
(Gajdusek, 1967; Gajdusek, 1977; Hörnlimann, 2001c).
All human prion diseases could be successfully transmitted to experimental animals,
like chimpanzees and mice, for further clinical studies (see 3.2.1. and 3.2.2.).
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Disease

Host

Etiology

Typical symptoms

Creutzfeldt-Jakob
disease (CJD)
sporadic
Creutzfeldt-Jakob
disease (CJD)
familial
Creutzfeldt-Jakob
disease (CJD)
iatrogenic
new variant
Creutzfeldt-Jakob
disease (nvCJD)
GerstmannSträusslerScheinker
syndrome
(GSS), familial
Fatal familial
insomnia
(FFI)
Fatal sporadic
insomnia
(FSI)
Kuru

human

spontaneous conversion or
somatic mutation of the Prnp gene (?)

human

germ line mutations in the Prnp gene,
many variants

dementia, coordination
loss, loss of memory, motor
disturbances,
myoclonic, involuntary
movements

human

infection by contaminated growth
hormone, surgical instruments,
dura mater and cornea transplants
consumption of BSE-infected beef

Scrapie
Transmissible mink
encephalopathy
(TME)
Chronic wasting
disease (CWD)
Bovine spongiform
encephalopathy
(BSE)
Feline spongiform
encephalopathy
(FSE)
Exotic ungulate
encephalopathy

human

human

germ line mutations in the Prnp
gene

human

germ line mutations in the Prnp
gene

human

spontaneous conversion or
somatic mutation of the Prnp gene

human

infection via ritual cannibalism

sheep,
goats
mink

infection of genetically susceptible
animals, sporadic (?)
infection through contaminated food
ingredients (?)

elk, mule
deer
cow

unknown

cat

antelope

infection through contaminated
meat and bone meal, maternal
transmission (?)
infection through contaminated
beef
infection through contaminated
meat and bone meal

behavioural changes,
ataxia, dysaesthesia
(age of onset:19-39)
ataxia, progessive
dementia

trouble sleeping
followed by insomnia
and dementia
lethal insomnia,
autonomic
dysfunctions
ataxia, tremor,
incoordination,
dementia
ataxia, metabolic
wasting, rubbing
ataxia, metabolic
wasting, itching
metabolic wasting,
itching, incoordination
ataxia, metabolic
wasting, rubbing
ataxia, metabolic
wasting, rubbing
ataxia, metabolic
wasting, rubbing

Table 1: Mammalian prion diseases

3.1.3. Scrapie and bovine spongiform encephalopathy (BSE)
Scrapie in sheep is the best-known prion disease in mammals. Affected animals
exhibit symptoms like ataxia, incoordination and the eponymous scraping (Detwiler,
2001). Scrapie is also discussed as a potential source of infection that led to the
outbreak of the bovine spongiform encephalopathy (BSE) epidemic in Great Britain in
1986. BSE in cattle manifests by hypersensitive, nervous, sometimes aggressive
behaviour and the typical uncoordinate gait with falling and loss of balance
(Hörnlimann, 2001b).

Introduction

10

One hypothesis about the cause of the BSE epidemic assumes that transmission of
the scrapie agent to cattle might have occurred via scrapie-infected meat and bone
meal, fed as a nutritional supplement to calves and dairy cows. A change in the
production process of meat and bone meal in the UK between 1971-1984 is
assumed to have led to a continued failure in the inactivation of the scrapie agent.
Particularly noteworthy in this context are the abandonment of organic solvents and a
lowering of the processing temperature from 120°C to below 100°C (Hörnlimann,
2001b). It is further hypothesized that once the scrapie agent had crossed the
species barrier to cattle, the BSE epidemic could have been accelerated by the
processing of infected bovine tissues to meat and bone meal, thus reentering the
feed stream (Nathanson et al., 1999).
This acceleration scenario was also suggested by another hypothesis about the
origin of BSE that favours a sporadic case of BSE as the first source of infection over
the scrapie hypothesis (Hörnlimann, 2001b). When the feeding of meat and bone
meal of ruminant origin to ruminants was banned in the UK in 1988 in the so-called
“feed ban”, the BSE epidemic continued to peak at the beginning of 1993 and has
declined substantially since then (Wickner, 1997a). It is estimated that in total
between 800 000 and 1.2 million animals were infected throughout the BSE epidemic
(Glatzel and Aguzzi, 2001).

3.1.4. Other transmissible spongiform encephalopathies in animals
The only prion disease found in free-ranging species is chronic wasting disease
(CWD) in deer and elk in multiple areas of the plains and Rocky Mountain foothills of
Western North America. Striking clinical features of the disease are abnormal
behaviour and deterioration of bodily condition, especially wasting, eventually leading
to death. CWD is transmitted laterally; environmental contamination may play a role
in local maintenance of the disease. About a potential risk imposed on human health
by CWD nothing is known so far (Laplanche et al., 1999; Williams and Miller, 2002).
Transmissible mink encephalopathy (TME) is a rare lethal disease of ranch-raised
mink, caused by exposure to an as yet unidentified contaminated food ingredient in
the ration. Clinical symptoms include changes in behaviour like loss of cleanliness,
confusion and somnolence (Marsh and Bessen, 1993; Marsh and Hadlow, 1992).
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Another carnivore species for which a form of TSE was described are the felidae.
The disease termed feline spongiform encephalopathy (FSE) was first reported in
Great Britain in 1990 in domestic cats, later on also in captive wild cats in several
British zoos. Clinical symptoms were behavioural changes and ataxia. FSE is
assumed to have resulted from the consumption of food contaminated by the BSE
agent. The same is suggested for the origin of several cases of exotic ungulate
encephalopathy in British zoos (Bradley, 1997; Hewicker-Trautwein, 2001; Kirkwood,
2001).
Since 1986 also five cases of an avian spongiform encephalopathy in ostrich have
been reported. Data on the transmissibility of the disease or detection of PrPSc in the
brains of the affected birds, however, are not available so far (Pohlenz, 2001).

3.2. The infectious agent
3.2.1. Early studies
First reports of a disease, affecting sheep referred to as “scrapie” date back to the
eighteenth century in England, France and Germany. The first human TSEs to be
recognized were Creutzfeldt-Jacob disease and Gerstmann-Sträussler-Scheinker
syndrome in the 1920s. In 1936, Cuille and Chelle could report the first successful
transmission of a prion disease. By intraocular injection with spinal cord material from
animals suffering of scrapie they could infect healthy sheep with the disease.
Another important progress in the early studies of prion diseases came in 1959,
when Hadlow first recognized the similarities between scrapie and kuru, a
neurological syndrome among the Fore people in the highlands of Papua-New
Guinea described two years earlier by Zigas and Gajdusek (Hörnlimann, 2001a;
Wickner, 1997c). It took till 1966, however, that the transmissibility of kuru and with it
the infectious cause of a human prion disease could be demonstrated by Gibbs and
Gajdusek (Gajdusek et al., 1966).
The infectious agent was soon found to exhibit puzzling properties, differing from the
properties of all known viruses and bacteria that usually are the cause of
transmissible diseases. Infectivity of the infectious agent of prion diseases is not
destroyed by treatment with harsh organic solvents (Hartley, 1967; Lavelle, 1972;
Pattison, 1965a), non-denaturing detergents, nucleases, proteases and glycosidases
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(Hunter et al., 1969; Hunter and Millson, 1967; Millson et al., 1976). The agent is also
resistant to steam autoclaving at 120°C (Brown et al., 1982) and UV-irradiation
(Alper, 1997; Alper et al., 1967; Alper et al., 1966). From the UV-irradiation
experiments it could be concluded using radiation target theory that the agent
possesses too little nucleic acids to encode for even a single protein. Furthermore
the action spectrum of the scrapie agent differs from the spectra observed for DNA or
RNA viruses, that are more efficiently inactivated by UV-light of wavelengths near the
nucleic acid absorption maximum at 260 nm and several fold less well inactivated at
230 or 280 nm, where proteins show high absorption. The higher sensitivity for
inactivation at 230 nm for the scrapie agent supports the idea that no nucleic acid is
involved in infectivity (Latarjet et al., 1970). Enhancement of the inactivation effect by
oxygen was observed (Alper, 1997), contradicting the known protection of oxygen
against harmful radiation.

3.2.2. Bioassays
Infectivity of the TSE agent can to date be assessed only by infection of living
animals. Early studies used sheep and goats to test for transmissibility. The animals
had to be observed for 18 months after the inoculation before onset of disease
occurred. The presence of infectivity was only qualitatively determined (Hunter,
1972). An advance brought the successful transmission of scrapie to laboratory
animals, i.e. hamster and mice that exhibited relatively short incubation times of 70200 days, thus shortening the time range of infectivity experiments tremendously and
allowing to quantify the amount of infectivity by end point titration studies (Chandler,
1961; Kimberlin, 1976; Kimberlin and Marsh, 1975; Kimberlin and Walker, 1977;
Marsh and Kimberlin, 1975). For these studies four to six animals were inoculated for
each of about eight logarithmic dilutions of the putative infectious agent. The
concentration of infectious units was then calculated from the infectivity rate after the
longest possible incubation time (200-400 days). Still the time interval between start
of the experiment and availability of the results was about one year (Prusiner, 1988;
Siakotos et al., 1976). In either mice or hamsters, however, there is an inverse
relation of dose of scrapie agent to incubation time before onset of symptoms. This
relationship was used for establishment of incubation time assays for example for
hamster-adapted scrapie, that drastically reduced the number of animals and the
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time span required for assaying the amount of infectivity in a certain sample (Prusiner
et al., 1982b; Prusiner et al., 1980).
As all known TSEs are lethal for infected individuals, a single infectious unit of a
certain prion disease is defined as the mean lethal dose, LD50, the inoculum amount
that kills 50% of subjects in the test system. The LD50 is only of use for strains of
infectious agents for which an incubation time curve has previously been determined.
For non-established TSE agents, end point titration is still the only method to
determine the amount of infectivity.

3.2.3. Purification of the infectious agent
Only after the establishment of a faster and reliable bioassay for scrapie infectivity,
purification of the infectious agent of TSEs became possible (see also 3.2.2.). In the
1980s the infectious agent of TSEs could be partially purified by Prusiner and
coworkers (Prusiner et al., 1982a; Prusiner et al., 1980). They were successful in
enriching the infectious agent about 400fold from hamster brain extracts of hamsters
successfully infected with the scrapie agent by using successive steps of differential
centrifugation, detergent extractions and precipitations, limited digestions with
nucleases and proteases and finally a velocity sedimentation in a sucrose gradient.
The major component in the final enrichment product could be identified as a single,
protease-resistant protein species of 27-30 kDa that is not present in parallel
preparations from non-infected brain tissues (Prusiner et al., 1984). Being the major
component of the infectious agent of TSEs, termed prion for “proteinaceous
infectious particle” (Prusiner, 1982) or alternatively “proteinaceous infectious only”
(Heppner and Aguzzi, 2001b), the protein species was named prion protein (PrP).
Soon afterwards the prion protein was found to be encoded by a cellular gene of the
host. The prion protein is present at the same levels in the brain and other tissues of
healthy and scrapie-infected animals (Oesch et al., 1985). It was therefore supposed
that PrP exists in two forms. In the brain of non-infected individuals the cellular form
of the prion protein, PrPC, prevails that is sensitive to digestion with proteinase K.
Contrarily, in the brain of infected individuals a fraction of the protein exists in a
partially proteinase K resistant form that is associated with TSEs and therefore
termed PrPSc (scrapie-associated form of the prion protein). PrPSc can only be
isolated in an aggregated form; proteinase K digestion yields protease-resistant
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protein subunits with an apparent molecular mass of 27-30 kDa, in which the Nterminal segment until amino acid 88 is cleaved off. The uniform digestion pattern
indicates that PrPSc is an ordered aggregate.
After the initial findings of Alper et al. (Alper et al., 1967) (see 3.2.1.) enormous
efforts have been undertaken in order to detect nucleic acids in the infectious agent
of TSEs. Despite these efforts, no nucleic acid component exceeding 100 bp per
infectious unit could be identified (Diringer et al., 1997; Kellings et al., 1992; Kellings
et al., 1993; Kellings et al., 1994; Oesch et al., 1988; Riesner et al., 1993).
Highly enriched prion preparations furthermore contain about 1.5% lipids. Infectivity
does not seem to depend on this lipid component, it is rather likely that these lipids
are copurified from rafts, membraneous subdomains in which the prion protein
resides due to its GPI-anchorage (Klein et al., 1998b). However, certain findings let
an involvement of lipids in the infectivity of the scrapie agent not completely be ruled
out. Inactivation of infectivity by UV-irradiation became more efficient in oxygensaturated water, conditions that especially target lipids (Alper, 1997). Furthermore
infectivity could be increased by about two orders of magnitude by dispersion of prion
agent in liposomes or detergent-lipid-protein-complexes (Gabizon et al., 1987) and
preparations of two distinct mink prion strains differ in their density, which might
indicate a difference in their lipid contents (Bessen and Marsh, 1992).
Additionally an inert homopolysaccharide consisting mainly of 1,4-linked glucose
subunits was detected in preparations of the infectious agent and proposed as an
essential scaffold for prions (Appel et al., 1999).

3.2.4. The “protein-only” hypothesis
It was first suggested in 1967, in the works of Alper (Alper et al., 1967), Griffith
(Griffith, 1967), Pattison and Jones (Pattison and Jones, 1967) (see also 3.2.1.) that
the prion agent might solely consist of protein. Prusiner picked up this idea after
finding that a protein is the major component of the purified infectious scrapie agent
to establish the “protein-only” hypothesis (Prusiner, 1982). It states that the prion is
devoid of informational nucleic acid and consists of protein as the propagating
infectious agent (Prusiner, 1989). This view is further supported by studies on PrP
knockout mice (Bueler et al., 1993) (see also 3.5.3.).
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However, it is impossible to exclude the presence of some other component or
covalent modification that might be required for infectivity (Chesebro, 1998; Farquhar
et al., 1998; Weissmann, 1991a), because even in the most enriched samples, the
ratio of PrP molecules to infectious units is about 100 000 to 1 (Bolton et al., 1991).
Furthermore the final proof of the “protein-only” hypothesis – the in vitro conversion
of the cellular form of the prion protein to its infectious form under well-defined
conditions – has not been achieved so far (see also 3.4.3.).

3.3. The cellular prion protein, PrPC
3.3.1. The prion protein gene, Prnp
Proteolytic peptides of the prion protein, the major component of enriched fractions of
the scrapie agent, led to the identification of the gene for the protein, Prnp (Basler et
al., 1986; Chesebro et al., 1985; Oesch et al., 1985; Prusiner et al., 1984). It is a
single chromosomal gene, encoded by the host. The murine prion protein gene
contains three exons; the entire protein coding region is included in the third exon. To
date PrP genes have been identified in many mammalian species and the sequence
identity among mammalian PrP genes is generally very high with above 90%
(Schatzl et al., 1995; Schatzl et al., 1997a; Wopfner et al., 1999).
The high conservation of the prion protein genes throughout evolution was confirmed
by the detection of several avian PrP genes (Gabriel et al., 1992; Wopfner et al.,
1999), the sequencing of the prion protein gene of the African clawed frog, Xenopus
laevis (Strumbo et al., 2001), and the red-eared slider turtle,Trachemys scripta
(Simonic et al., 2000), and most recently of the Japanese puffer fish, Fugu rubripes
(Suzuki et al., 2002).

3.3.2. Biosynthesis
The cellular prion protein is expressed constitutively in the brain and to a lesser
extent in most other organs such as heart, skeletal muscle, liver and the
lymphoreticular system. The complete amino acid sequence of the prion protein as
encoded by the Prnp gene also contains two peptides that are not part of the mature
protein (Harris et al., 1993). One of these propeptides is a N-terminal signal
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sequence (residues 1-22) that directs the protein to the endoplasmic reticulum (ER)
where the signal peptide is cleaved off the primary translation product. While in the
ER PrP is furthermore glycosylated at Asn181 and Asn197 and the protein’s single
disulfide bond is formed by the two cysteine residues, Cys179 and Cys214. Upon
attachment of a glycosyl-phosphatidyl-inositol (GPI)-anchor to Ser231 the C-terminal
propeptide (residues 232-253) is split off the prion protein.
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Figure 1: Biosynthesis of PrPC and its supposed conversion to PrPSc in endosomes.
1) nucleus, 2) endoplasmic reticulum, 3) transgolgi network, 4) secretory vesicles, 5) raft domain, 6)
C
Sc
uncoated vesicle, 7) acidic endosome, 8) lysosome, ● PrP , ■ PrP , ▲ PrP(27-30); adapted from
Caughey 1991 and Prusiner 1998.

PrP then follows the secretory pathway via Golgi apparatus and secretory vesicles to
the cell surface (Wickner, 1997b). Here it is attached to the cell membrane by its
GPI-anchor that targets PrP to special membrane compartments or subdomains
(Taraboulos et al., 1995). These so-called rafts are rich in cholesterol, sphingolipids
and saturated phospholipids (Brown, 2002b; Brown and London, 2000a; Schroeder
et al., 1994).
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The prion protein at the cell surface is subjected to endocytosis and cellular recycling
(Borchelt et al., 1992; Caughey et al., 1991; Shyng et al., 1993). Conversion of the
cellular isoform of PrP, PrPC, to the scrapie isoform of PrP, PrPSc, is a
posttranslational process that may occur in lysosomes, i.e. at acidic pH, after
endocytosis (Caughey et al., 1991; Harris, 1999; McKinley et al., 1991b; Taraboulos
et al., 1992) (Fig. 1).
Besides the major biosynthesis pathway of PrPC, resulting in a GPI-anchored form of
PrP, several transmembrane forms of PrP have been observed, that are supposed to
be caused by co-translational dissassembly of the ER import machinery (De Fea et
al., 1994; Hay et al., 1987a; Hegde et al., 1998; Yost et al., 1990). Furthermore
evidence for a secretory form of PrP has been found (Hay et al., 1987b; Lopez et al.,
1990).
All these results on the subcellular pathways followed by PrPC and PrPSc were
obtained from tissue culture systems persistently infected by scrapie (Clarke and
Haig, 1970a; Clarke and Haig, 1970b; Race et al., 1987; Rubenstein et al., 1984). In
these systems propagation of the scrapie agent is continuously maintained.

3.3.3. Folding and stability of recombinant prion proteins
Studies on folding, stability and structure of the prion protein were performed with
recombinant PrP, expressed in E. coli. Recombinant PrP is a monomer that harbours
a single disulfide bond and shows a circular dichroism (CD) spectrum of a highly αhelical protein. These features, as well as all further spectroscopic properties of
recombinant PrP are in complete agreement with those of the cellular isoform of the
prion protein, PrPC, indicating that recombinant PrP adopts the same threedimensional structure as PrPC (Hornemann and Glockshuber, 1996; Hornemann et
al., 1997; Pan et al., 1993a).
Kinetic experiments with the recombinant C-terminal domain of PrP, the only part
with a defined structure in full-length PrP, showed that PrP folds extremely fast
without kinetic intermediates. A conversion mechanism from PrPC to PrPSc where
kinetic folding intermediates of PrPC would play a crucial role is therefore unlikely
(Wildegger et al., 1999).
Furthermore recombinant PrPs – either full-length or truncated forms that include the
folded C-terminal domain of PrP – were found to fold cooperatively and reversibly in
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guanidinium chloride- and urea-induced folding transitions at neutral pH according to
a two-state-model of folding (Hornemann and Glockshuber, 1996; Hornemann and
Glockshuber, 1998; Hornemann et al., 1997; Hosszu et al., 1999; Liemann and
Glockshuber, 1999b; Swietnicki et al., 1997). These results do not only imply that the
most likely route for the conversion of PrPC to PrPSc is through a highly unfolded state
(Hosszu et al., 1999), but also that PrPC, too, folds reversibly; this would explain why
attempts to reconstitute infectivity after treatment of PrPSc with high concentrations of
denaturants have failed (Prusiner et al., 1993), as unfolded PrPC and unfolded PrPSc
are identical and yield PrPC after removal of denaturant.
Folding pathways and stabilities of recombinant PrPs turned out to be pH-dependent
in further studies. The stabilities decrease towards acidic pH, and at around pH 4.0
folding no longer follows a two state process, but involves at least three molecular
species at equilibrium, i.e. the native form, the unfolded form and at least one folding
intermediate (Hornemann and Glockshuber, 1998; Jackson et al., 1999a; Swietnicki
et al., 1997). Analysis revealed that this intermediate is highly accumulated under
certain conditions and contains a high amount of β-sheet structure. Further studies
on recombinant human PrP(90-231) showed that the intermediate is probably a
dimer, that polymerizes to fibrillar aggregates at high ionic strength (Swietnicki et al.,
2000).
This high structural plasticity of oxidized, i.e. disulfide-intact, recombinant PrPs upon
changes in pH, ionic strength and denaturant concentrations is even increased upon
reduction of the protein’s single disulfide bond (Jackson et al., 1999a; Jackson et al.,
1999b; Mehlhorn et al., 1996a; Post et al., 1998; Swietnicki et al., 1997; Zhang et al.,
1997a). The structure of reduced recombinant PrP can change from prevalently αhelical to prevalently β-sheet depending on pH. At acidic pH, reduced PrP exhibits
CD spectra reminiscent of β-sheet structure and upon an increase in ionic strength
reduced human PrP(90-231) was found to form fibrillar aggregates with a slightly
increased proteinase K resistance (Jackson et al., 1999b).
The biological relevance of all these folding experiments becomes clear when PrPC is
traced through the cell. There the protein encounters the various conditions from
oxidizing (ER) to reducing (endosomes, lysosomes) and neutral (ER, cell surface) to
acidic pH (endosomes, lysosomes) (Harris, 1999).
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Since the discovery that certain human prion diseases are associated with mutations
in the prion gene, it was speculated about the mechanism by which these mutations
cause disease. The mutations were proposed to decrease the thermodynamic
stabilities of PrPC, facilitate its conversion to PrPSc and/or increase the stability of
PrPSc (Cohen, 1999; Cohen et al., 1994; Huang et al., 1995). Thermodynamic
measurements on the corresponding protein variants, however, detected a
destabilizing effect for some – but not all - of these mutations (Liemann and
Glockshuber, 1999b; Swietnicki et al., 1998a). The NMR structure of the E200K
variant was recently solved and showed no differences in structure, but in the surface
charge distribution. This might imply that abnormalities in interactions with auxiliary
proteins or cell membranes might be the cause for disease (Zhang et al., 2000). No
general mechanism that would explain development of inherited TSEs is at the
moment available from stability data, as well as from cell cultural studies (Lehmann
and Harris, 1995; Lehmann and Harris, 1996a; Lehmann and Harris, 1996b; Liemann
and Glockshuber, 1999b; Singh et al., 1997; Swietnicki et al., 1998a).

3.3.4. Structures of recombinant prion proteins
To date the solution structures of the murine, hamster, human and bovine
recombinant prion proteins have been published (Donne et al., 1997; James et al.,
1997; Liu et al., 1999; Lopez Garcia et al., 2000; Riek et al., 1996; Riek et al., 1997;
Riek et al., 1998; Zahn et al., 2000). In accordance with the high sequence identity
on the DNA level of about 90% among all mammalian prion protein sequences
(Schatzl et al., 1995; Schatzl et al., 1997a), the structures of all prion proteins are
very similar. All proteins consist of a highly flexible, unstructured N-terminal domain
(residues 23-124) and a globular, folded, C-terminal domain (residues 125-231) (Fig.
2).
The N-terminal domain harbours the five characteristic Gly-Pro-rich octapeptide
repeats. Histidine residues in these repeats are supposed to be mainly responsible
for the binding of copper ions to PrP observed in various studies (Viles et al., 1999).
The C-terminal domain contains three α-helices and a short, two-stranded, antiparallel β-sheet. The two C-terminal helices 2 and 3 are linked by a single disulfide
bond. Closer comparisons of all four PrP structures reveals that local differences
between the backbone conformations are mainly seen near helix 1, at the end of
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helix 3 and in the nearby loop comprising residues 166-172. Mutational studies could
assign those differences in the surface area around helix 3 and the adjacent loop to
single amino acid exchanges between the different species (Calzolai et al., 2000;
Lopez Garcia et al., 2000).
In the context of a transmission of BSE to humans it is important to note that the
structures of bovine and human PrP are essentially identical whereas the local
differences mentioned above are more pronounced when compared to murine or
hamster PrP. There are, however, differences in the surface charge distributions of
human and bovine PrP that might have an influence on the transmission of BSE to
humans (Lopez Garcia et al., 2000).
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Figure 2: Structure of the cellular and recombinant murine prion protein.
a) Linear presentation of the structure of the cellular murine prion protein: α-helices are marked H1-H3
and β-sheets S1 and S2. Localization of the GPI-anchor, disulfide bond and glycosylation sites are
indicated.
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b) Corresponding linear presentation of the structure of the recombinant murine prion protein: αhelices are marked H1-H3 and β-sheets S1 and S2. The disulfide bond is indicated.
c) NMR structure of the recombinant murine prion protein according to Riek et al., 1997, showing the
folded, C-terminal domain (residues 121-231) and the flexibly-disordered, N-terminal tail (residues 23120).

3.3.5. Possible biological functions of PrP
The function of the normal, cellular prion protein is still unknown. The protein shares
no homology with any other proteins of known function; the only homologue identified
to date is the doppel protein from an additional coding region downstream of the
Prnp-locus. Doppel shows about 25% sequence identity to the prion protein (Lu et
al., 2000; Moore et al., 1999) (see also 3.3.6.).
First attempts to assess the cellular function of the prion protein were made by
knockout mice. Development and behaviour of these mice is normal, showing only a
few minor defects such as an impairment of synaptic plasticity that seems to be
important for learning and short-term memory (Bueler et al., 1992; Collinge et al.,
1994; Manson et al., 1994). Furthermore in certain strains of knockout mice an
impairment of their circadian rhythm and changes in sleep behaviour was observed
(Tobler et al., 1996). The development of late onset ataxia with cerebellar Purkinje
cell loss reported for another line of knockout mice (Sakaguchi et al., 1996), is
probably due to additional ablation of the locus of the doppel protein (Moore et al.,
1999; Weissmann and Aguzzi, 1999). Regarding the weak phenotype of PrP
knockout mice, the normal, cellular function of the prion protein is not obvious, as
adaption to the lack of PrP during early phases of development might have occurred
by expression or overexpression of other proteins that can complement the normal
PrP function (Aguzzi and Weissmann, 1997).
From various other studies a role of PrP in copper transport and/or metabolism was
suggested, as copper binding could be detected in several studies to the N-terminal
octapeptide repeats as well as to the C-terminal domain (Brockes, 1999; Cereghetti
et al., 2001; Herms et al., 1999; Pauly and Harris, 1998; Viles et al., 1999).
Furthermore a role of PrP in oxidative stress was suggested from observations of
altered levels of Cu/Zn superoxide dismutase activity in the brains of mice expressing
different levels of PrP (Brown and Besinger, 1998; Brown et al., 1997; Brown and
Sassoon, 2002; Daniels and Brown, 2002) and superoxide dismutase acitivity was
reported for PrP refolded in the presence of copper (Brown, 2001; Brown et al., 1999;
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Wong et al., 2000). These results might, however, be impaired by the presence of
minimal traces of copper ions, that exhibit superoxid dismutase activity on their own
in the test system.
Further studies concentrated on the identification of binding partners of the prion
protein. The physiological relevance of many of these interactions is, however, still in
question, as only few of the reported interactions could be confirmed in vivo so far
and some of them involve proteins from cellular compartments that are not entered
by PrP. Interactions have been reported for Bcl-2 (Kurschner and Morgan, 1995), the
human 37kDa- and 67kDa- laminin receptors (Gauczynski et al., 2001a; Gauczynski
et al., 2001b; Hundt et al., 2001; Rieger et al., 1997), laminin itself (Graner et al.,
2000), and molecular chaperones of the Hsp60 family (Edenhofer et al., 1996). More
recently PrP was found to interact with proteins involved in signaling pathways, i.e.
synapsin 1b and Grb2 (Spielhaupter and Schatzl, 2001). For both proteins
interactions were confirmed in vivo by immunoprecipitation assays. These findings
might imply a role for PrP in cell surface signaling. Signal transduction through prion
protein was also reported via coupling to the tyrosine kinase Fyn (Mouillet-Richard et
al., 2000).
Another interesting interaction was reported recently; PrP was found to interact with
stress-inducible protein 1 (STI1) (Zanata et al., 2002). Furthermore this interaction
seems to induce neuroprotective signals that rescue cells from apoptosis (Chiarini et
al., 2002). This is in accordance with reports that the prion protein can prevent
neuronal cell line death (Kuwahara et al., 1999).
Furthermore an interaction of PrP with a species-specific component termed protein
X was postulated that is required for prion propagation (Telling et al., 1996). In
addition, plasminogen was reported to selectively bind the scrapie form of the prion
protein (Fischer et al., 2000; Maissen et al., 2001).

3.3.6. A PrP-homologue: Doppel
About 10 years after the identification of the prion gene, Prnp, the first sequence
homologue of PrP was found. The novel gene was termed Prnd and the encoded
protein “doppel”, Dpl (Moore et al., 1999).
Doppel shares about 25% sequence identity with the C-terminal two thirds of PrP.
Both proteins have two N-glycosylation sites and are attached to the cell surface via
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a GPI-anchorage (Silverman et al., 2000). Structure determination by NMR of a Nterminally truncated, recombinant Dpl-fragment revealed that the overall topologies of
Dpl and PrP are indeed very similar. Both proteins consist of an unstructured, Nterminal domain and a globular, C-terminal domain with three α-helices and two short
β-strands. Significant differences between the two proteins are the complete lack of
octapeptide repeats in the smaller N-terminal domain of Dpl, a kink in one of the
helices of Dpl and a different orientation of the β-strands. Dpl furthermore possesses
two disulfide bonds between its helices 2 and 3, whereas PrP only harbours one
disulfide bridge (Mo et al., 2001).
The cellular function of Dpl is still unclear. Dpl knockout mice exhibit no obvious
phenotypic alterations, except for male sterility, indicating a role of the protein in
gametogenesis and sperm-egg interactions (Behrens et al., 2002). Dpl has
furthermore been found to be responsible for the onset of ataxia and Purkinje cell
loss observed in certain PrP knockout mice (Moore et al., 1999; Rossi et al., 2001).
Dpl itself does not support prion replication, it has no apparent influence on the
incubation period, vacuolar pathology or the amount and distribution of PrPSc
deposits in the brains of TSE infected mice (Tuzi et al., 2002), instead
overexpression of Dpl seems to cause a completely different neurodegenerative
disease (Moore et al., 2001).

3.4. Formation of PrPSc
3.4.1. Differences between PrPC and PrPSc
Although ultimate proof for the “protein-only” hypothesis is still lacking, the
conversion from PrPC to PrPSc seems to be a crucial step in the development of
disease. PrPC and PrPSc are isoforms of the prion protein, encoded by the same
chromosomal single-copy gene (Basler et al., 1986). Both isoforms have identical
primary structures (Hope et al., 1986; Stahl et al., 1993; Stahl and Prusiner, 1991);
they can occur in mono- or diglycosylated forms as well as unglycosylated, both have
a GPI-anchor (Stahl et al., 1992) and possess a disulfide bond (Turk et al., 1988),
although the nature of the disulfide bond in PrPSc has been discussed controversially
as to whether the bond is intra- or intermolecular (Feughelman and Willis, 2000;
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Herrmann and Caughey, 1998; Maiti and Surewicz, 2001; Muramoto et al., 1996;
Welker et al., 2002; Welker et al., 2001).
Besides the absence of covalent differences, PrPC and PrPSc can be readily
distinguished due to their biophysical and biochemical properties. PrPC is a monomer
with a high content of α-helix structure as revealed by CD and FTIR measurements
(Baldwin et al., 1994; Pan et al., 1993a; Pergami et al., 1996) and confirmed by the
solution of the NMR structures of recombinant PrP (see also 3.3.4.). PrPSc on the
other hand is an ordered oligomer with an in comparison to PrPC increased content of
β-sheet structure (Caughey and Raymond, 1991; Gasset et al., 1993; Pan et al.,
1993a; Safar et al., 1993). Recent studies on 2-dimensional PrPSc crystals propose a
structural organisation termed β-helix for PrPSc (Wille et al., 2002). Whereas PrPSc is
insoluble in non-ionic detergents and shows high partial protease resistance, i.e.
PrPSc is only cleaved up to about amino acid 90 resulting in the protease resistant
core PrP(27-30) (Meyer et al., 1986), PrPC is soluble in non-ionic detergents and is
readily digested by proteases. PrPC and PrPSc also differ in their prevalent cellular
localizations; while PrPC is mainly found on the cell surface, PrPSc accumulates in the
endosomes of scrapie-infected cells (Taraboulos et al., 1990b). After proteinase K
treatment PrPSc forms amyloid-like fibers; these are not formed by PrPC in uninfected
brains (McKinley et al., 1991a; Merz et al., 1981).

3.4.2. Theoretical models for the conversion reaction
Theoretical deliberations on the conversion of PrPC to PrPSc sum up to two general
models that were postulated to explain the mechanism by which PrPSc could induce
the refolding of PrPC to a likeness of itself (Heppner and Aguzzi, 2001b; Weissmann,
1996b) (Fig. 3).
In the kinetically controlled “refolding model”, a PrPSc monomer promotes the
conformational conversion of a partially destabilized PrP intermediate to the PrPSc
isoform. PrPSc is more stable than PrPC, but kinetically inaccessible (Cohen and
Prusiner, 1998; Harrison et al., 1997). Spontaneous conversion is a very rare event,
as the activation energy for the reaction is high. Replication is achieved directly by
PrPSc acting as a refolding template and does not require amyloid formation.
The alternate “seeding model” proposes that PrPC is in a fast reversible equilibrium
with a monomeric precursor of PrPSc. Formation of PrPSc is initiated by an aggregate

25

Introduction

of PrPSc that acts as a seed for nucleation dependent polymerisation (Jarrett and
Lansbury, 1993). In the absence of a stable PrPSc polymerisation nucleus, PrPC is
thermodynamically strongly favoured. Only by the very slow oligomerization of
several monomeric precursors, a PrPSc nucleus is formed which then irreversibly
pulls further PrPSc monomers from the equilibrium into the oligomer. For propagation
formation of new seeds by fragmentation of a large PrPSc aggregate is required. The
“seeding model” does not necessarily require a physical contact between PrPC and
PrPSc for the conversion to occur.
Trials to evaluate these theoretical models with the help of kinetic simulations, in
order to select the correct model for the in vivo conversion reaction, stressed that
aggregation is necessary in both models and that both mechanisms are otherwise
kinetically indistinguishable (Eigen, 1996).
a)
PrPC
conversion
prevented
by energy
barrier

PrPSc
heterodimer

homodimer

amyloid; not
essential for
replication

b)
PrPC
equilibrium
between
both forms

infectious
seed

seed formation
(very slow)

PrPSc

recruitment
of monomeric
PrPSc (fast)

fragmentation
into several
Infectious seeds

amyloid

Figure 3: Theoretical models of PrPSc formation.
a) refolding model; b) seeding model; adapted from Heppner and Aguzzi, 2001b
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Arguments derived from experimental data are also biased. On the one hand
enrichment of infectivity is always accompanied by aggregated PrPSc (Prusiner et al.,
1980) and disruption of these so-called prion-rods causes loss of infectivity (Riesner
et al., 1996). This indicates that the infectious unit is likely to be an aggregate or an
oligomer. On the other hand, the infectious unit is supposed to be small, only about
100 kDa as derived from irradiation experiments (Alper et al., 1966; Gabizon and
Prusiner, 1990) and for liposomes bearing prions it was calculated that they contain
2-4 PrPSc molecules per liposome (Gabizon et al., 1987). The results of these
experiments, however, might be influenced by the association of PrPSc with
liposomes or other co-components, resulting in a smaller apparent size of the
infectious agent.
Taken together, the nature of the smallest infectious entity in prion diseases is still
unkown today, although it seems more likely that the infectious unit is not an
oligomer of defined stoichiometry but rather an aggregate that can vary in molecular
size thus favouring the “seeding model” for conversion.

3.4.3. In vitro conversions
So far de novo generation of prions from previously non-infective material in vitro
could not be accomplished. It was, however, possible to demonstrate in a cell-free
conversion system that PrPSc can recruit PrPC into PrPSc aggregates. In the assay
radioactively labelled PrPC from cell cultures is transformed into a proteinaseresistant isoform only in the presence of PrPSc isolates from scrapie-infected animals
(Caughey et al., 2001; Caughey et al., 1997; Kocisko et al., 1994). The differentiation
between newly generated infectivity and infectivity introduced in the assay is
impossible, however, as an excess of PrPSc is necessary to impose the conversion to
a protease-resistant form on PrPC and quantification of infectivity would require
differences in concentration in the range of 2-3 orders of magnitude. The cell-free
conversion assay was very successful in reproducing species and strain specificity in
vitro as observed for prion propagation in vivo (Bessen et al., 1995; Caughey, 2000;
Caughey, 2001; Horiuchi et al., 2000; Kocisko et al., 1995; Raymond et al., 1997).
For the proof of newly generated infectivity an approach making use of the species
barrier was tested in the cell-free conversion system. Chimeric mouse-hamster PrPC
can be converted by hamster PrPSc to a protease resistant chimeric PrP. It is known
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that chimeric PrPSc can infect normal wildtype mice, whereas hamster PrPSc cannot.
Bioassays in mice with in vitro converted chimeric PrP did not result in the detection
of infectivity, however (Hill et al., 1999).
A completely different approach was the development of a procedure named “protein
misfolding cyclic amplification” (PMCA), conceptually analogous to DNA amplification
by PCR. In the PCMA reaction, aggregates newly formed by incubation of PrPC with
PrPSc were disrupted by sonication to generate multiple smaller units for the
continued formation of new PrPSc. After cyclic amplification more than 97% of the
protease-resistant PrP present in the sample corresponded to newly converted
protein. If this method provides an opportunity to determine whether PrPSc replication
results in the generation of infectivity in vitro remains to be seen (Saborio et al., 2001;
Soto et al., 2002).

3.5. Spread of prions and therapy
3.5.1. Incubation time and species barrier
Natural incubation times of TSEs are generally very long in the range of years or
even decades. Many factors can influence the incubation time such as gene dosage,
the prion strain, amount of infectivity in the inoculum, the route of infection, the PrP
genotype and additional genes, as well as the species of origin of the infectious
agent in comparison to the species infected (Prusiner, 1998; Stephenson et al., 2000;
Weissmann, 1996b). Once onset of disease is observed by development of clinical
symptoms, however, progression to death occurs fast in the range of weeks or
months.
In tight correlation to incubation times of TSEs stands the concept of the “species
barrier” in prion diseases. The species barrier describes the phenomenon of higher
resistance of a species to infection by prions generated in another species. The first
passage of the infectious agent in the new host is thus almost always accompanied
by prolonged incubation times (Pattison, 1965b); it involves prion replication of the
host’s prion protein (Bockman et al., 1987). On subsequent passage in a host of the
same species, however, the incubation time shortens to a time span characteristic for
this specific prion species. Three factors are thought to influence the species barrier.
These are differences in PrP sequence and structure (Collinge, 1999; Prusiner et al.,
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1990), the strain of prion (see also 3.5.2.) involved (Bruce et al., 1994) and the
species specificity of protein X, a host factor proposed to be necessary for PrPSc
formation from genetic studies (Telling et al., 1994; Telling et al., 1995).
Definition of the species barrier was so far based on clinical disease. Studies by Hill
et al. (Hill et al., 2000), however, could show that although mice inoculated with
hamster prions did not succumb to clinical disease (Scott et al., 1989), a significant
number of animals showed histological features of TSE in the brains upon post
mortem analysis. Transmission of disease was demonstrated in a second passage.

3.5.2. Prion strains
Prion strains are variations of prions isolated from the same species. They are
distinguished by several general features, as incubation time in inbred mouse lines,
lesion pattern in the brain of infected animals (Bruce et al., 1989; Dickinson et al.,
1968; Fraser and Dickinson, 1973), size of proteinase K-resistant bands and the
relative abundance of differently glycosylated forms in PrPSc. Within the framework of
the “protein-only” hypothesis it is assumed that different strains of prions arise from
differences in the tertiary and/or quarternary structure of PrPSc (Prusiner, 1991;
Weissmann, 1996b).
Proteolytic assays that led to the discovery of several prion strains in hamster,
human and mink that generate protease-resistant PrPSc fragments of differing size
support this view (Bessen and Marsh, 1994; Monari et al., 1994; Parchi et al., 1996),
as does a very recent study on two hamster prion strains in transgenic mice (Peretz
et al., 2002).
Other assays for the identification of differences among prion strains make use of 2D
gel electrophoresis (Pan et al., 2001) and conformational stability (Peretz et al., 2001;
Safar et al., 1998). This led to the discovery of two human prion strains with the same
primary structure of PrP subunits, but a marked difference in the type and amount of
their glycans (Pan et al., 2001). Along with other investigations on mutant PrPs
resulting in altered glycosylation pattern of the proteins (DeArmond et al., 1997; Korth
et al., 2000; Taraboulos et al., 1990a), these findings suggest that glycosylation could
modify the conformation of PrP and lead to an alteration in prion strain.
Strain typing of prions derived from humans expressing wildtype human PrP and
suffering from nvCJD revealed that the transmission properties of nvCJD are
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completely distinct from classical CJD, but indistinguishable from those of BSE,
indicating that nvCJD was caused by entrance of BSE contaminated bovine tissues
into the human food chain (Bruce et al., 1997; Hill et al., 1997a). The transmission of
BSE to humans, resulting in nvCJD, is further supported by findings that all cases of
nvCJD confirmed to date were homozygous for methionine at codon 129 of the PrP
gene, although this genotype usually only occurs with a frequency of 37% in the
human population. The lack of appearance of the alternative genotypes (methioninevaline heterozygocity and valine-valine homozygocity) at codon 129, together with
the fact that the bovine PrP sequence does not have a polymorphism at codon 129,
but was found to be always homozygous for methionine at this position, might hint at
an increased susceptibility in humans carrying the methionine-methionine genotype
to bovine prions due to a higher identity of the respective PrPs (Schatzl et al., 1997b;
Zeidler et al., 1997).

3.5.3. Transgenic and knockout mice
Transgenic and knockout mice were substantial for unravelling what is known about
prion diseases today.
Susceptibility to scrapie was investigated in PrP knockout mice. Prnp0/0 mice exhibit
no obvious phenotype, but are completely protected against development of disease
when inoculated with prions, and prions are not propagated in the brains of these
mice (Bueler et al., 1993; Bueler et al., 1992). Heterozygous Prnp0/+ mice show
prolonged incubation times and a much slower progression of disease (Bueler et al.,
1994; Weissmann et al., 1994), whereas in transgenic mice overexpressing PrP
disease manifests even faster than in wildtype mice after inoculation with prions.
These studies demonstrated that higher susceptibility to scrapie depends on higher
levels of PrPC in the host.
Another series of experiments with mice expressing truncated prion proteins helped
with the identification of parts of PrP that may influence the biological function of PrP
and are essential for the successful replication of the infectious agent. It turned out
that N-terminal deletions up to amino acid 93 have no significant effect (Fischer et al.,
1996; Flechsig et al., 2000; Shmerling et al., 1998; Weissmann et al., 1998), whereas
overexpression of prion proteins with further N-terminal truncations extending beyond
amino acid 106 to position 121 and 134 lead to spontaneous development of ataxia
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in transgenic mice (Shmerling et al., 1998). These phenotypes could be cured by
introduction of a single copy of the wildtype prion gene.
C-terminal deletions led to the development of neurological symptoms similar to
neuronal storage diseases (Muramoto et al., 1997).
The smallest protein that was found to support prion propagation was the so-called
“miniprion”, harbouring the deletions ∆23-88 and ∆141-176 and thus consisting of
106 amino acids only (Supattapone et al., 1999a).
Transgenic mice were also used to set up mouse models for inherited human TSEs.
In none of the models, spontaneous development of disease was observed, which
might be explained by the life span of mice that might be too short for an occasional
conversion to PrPSc to occur. The only exceptions are mice harbouring a chimeric
mouse-hamster prion protein with the P102L mutation associated with GSS (Hsiao et
al., 1989); here spontaneous development of prions is observed (Hsiao et al., 1991;
Hsiao et al., 1990). There are, however, indications that the outbreak of disease
might be due to increased levels of PrP in these animals (Manson et al., 1999; Moore
et al., 1995).
A series of experiments with transgenic mice expressing chimeric PrP genes derived
from mouse and hamster eventually led to the introduction of PrP transgenes from
other species into wildtype mice. With this procedure the species barrier for prion
diseases could be substantially reduced or completely abolished. The effect is even
more pronounced on a Prnp0/0 background (Bueler et al., 1993; Prusiner et al., 1990;
Scott et al., 1989; Scott et al., 1992; Telling, 2000; Telling et al., 1995).
For example expression of bovine PrP transgenes in PrP knockout mice shortened
the BSE incubation time in these animals, rendering them useful as indicator animals
in tests for BSE infectivity (Scott et al., 1997).
Most efficient transmission of human prions was achieved to transgenic huPrP mice,
when the endogenous murine PrP gene was inactivated. These results suggested a
competition between human and murine PrP for binding to a cellular component,
termed protein X that facilitates PrPSc formation (Telling et al., 1995).
For studies on susceptibility of different cell types to prions and investigations on
prion transport and pathogenicity in the body Prnp transgenes under the control of
tissue-specific promotors were used. Mice expressing PrP only on either neurons or
astrocytes still succumb to scrapie disease upon inoculation with prions (Race et al.,
1995; Raeber et al., 1997). Overexpression of PrP on B- and T-cells supported
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infectivity in the spleen but not in the brain of the transgenic mice, whereas
expression of PrP on either B- or T-cells is not sufficient to support infectivity
(Montrasio et al., 2000). The conclusions from these experiments about spread of
prions throughout the body are described in detail in the following paragraph (3.5.4.).

3.5.4. Neuroinvasion of prions
The most efficient way of prion transmission is injection of prions directly into the
brain. Natural routes of the disease in animals and humans are by far less effective
and include consumption of food contaminated with prions, as well as intravenous,
intraperitoneal or intramuscular injection of prions, for example through contaminated
surgical instruments or contaminated hormone preparations.
The process by which prions migrate from the site of inoculation to the central
nervous system (CNS), the only organ where they elicit pathological damage, is
called neuroinvasion. Neuroinvasion appears to occur via lymphoinvasion, i.e.
infectivity initially accumulates in the lymphoreticular system and exploits tissue and
cells of the immune system to move around the body (Aguzzi, 2001; Glatzel et al.,
2000). Peripheral prion inoculation of various genetically modified immunodeficient
mice lacking different components of the immune system revealed that lack of B
lymphocytes renders mice resistant to scrapie (Klein et al., 1997). At the moment two
models are compatible with the available experimental data, in the first model B
lymphocytes that may be genotypically PrP+/+ or PrP0/0 (Klein et al., 1998a) physically
transport prions to the sites of prion replication in the spleen. Candidates for
replication sites in the spleen are follicular dendritic cells. In the second model the
crucial role of B cells is to induce maturation and maintenance of follicular dendritic
cells (Heppner and Aguzzi, 2001a). Recent studies also imply a role for dentritic cells
in neuroinvasion (Aucouturier et al., 2001).
Far less is known to date about the second step of neuroinvasion from the
lymphoreticular system to the CNS. As prion replication occurs first in CNS segments
that are neuronally connected to the sites of peripheral inoculation, it is supposed
that the infectious agent spreads directly along fibers of the peripheral nervous
system (PNS) (Aguzzi, 1997; Aguzzi and Weissmann, 1997; Brandner et al., 1996;
Fraser, 1982; Glatzel et al., 2001).
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3.5.5. Therapy
Therapeutic approaches to prion diseases can be classified into curative, palliative
and prophylactic either pre- or post exposure to prions. As severe brain damage
including neuronal loss, astrogliosis and microglial activation, occurs already in the
early phase of disease, curative approaches seem to date somewhat unrealistic.
Palliative approaches that could prolong survival and improve the quality of life after
onset of disease are a more realistic goal (Aguzzi et al., 2001). For this goal the early
diagnosis of infection is indispensable and might include the screening of tonsils, as
PrPSc can be detected in lymphatic tissues prior to the manifestation of disease in the
brain (Arya, 1997; Evans, 1997; Hill et al., 1997b; Schreuder et al., 1996).
Most attempts of prion therapy have focused on causal intervention so far, i.e. the
inhibition of accumulation of the disease-associated form of the prion protein, PrPSc.
One could either try to stabilize the structure of PrPC, destabilize the structure of
PrPSc or inhibit growth of PrPSc oligomers. Many substances have been tested so far
and proofed to be effective in quenching the formation of PrPSc and/or infectivity in in
vitro systems. These include Congo red (Caughey and Race, 1992), amphotericin B
(Pocchiari et al., 1987), anthracycline derivatives (Tagliavini et al., 1997), sulphated
polyanions (Caughey and Raymond, 1993), pentosan polysulphate (Farquhar et al.,
1999), porphyrins (Priola et al., 2000) and β-sheet breaker peptides (Soto et al.,
2000). Some of these substances are known to interact directly with PrPSc
aggregates and may disturb their geometry. Furthermore the effective clearing of
cultured, scrapie-infected neuroblastoma cells from PrPSc and scrapie infectivity
could be shown recently for branched polyamines (Supattapone et al., 1999b;
Supattapone et al., 2001), chlorpromazine and quinacrine (Korth et al., 2001).
Whether these substances might also be effective in vivo, i.e. in affected individuals,
remains to be seen, as limitations due to pharmacokinetics issues including the
ability to cross the blood-brain barrier might be encountered.
Other therapeutic approaches to prion diseases are post-exposure prophylaxis.
These make use of the long latency period between infection and clinical
manifestation. What happens during this latency period is usually neuroinvasion – i.e.
reaching the central nervous system from the peripheral sites of inoculation (Aguzzi,
1997; Nicotera, 2001). One target for therapeutics here would definitely be B
lymphocytes; these were found to be crucial for neuroinvasion (Brandner et al., 1999;
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Klein et al., 1997). From a study on the cell types involved in prion replication in the
spleen even a promising candidate therapeutic emerged. It was found that treatment
of mice with soluble lymphotoxin-β receptors led to the disappearance of follicular
dendritic cells from the spleen. At the same time prion accumulation in the spleen
was eliminated and neuroinvasion was retarded (Montrasio et al., 2000).
Furthermore the sympathetic nervous system seems to be important in the
transmission of infectivity from the lymphoreticular system to the central nervous
compartment (Aguzzi et al., 2001; Glatzel et al., 2001). This might be another
therapheutical target worth exploring.
A recently published paper pointed out another therapeutical approach to TSEs,
using pre-exposure prophylaxis. It could be shown with transgenic mice that an
immunization against prions is in principle possible (Heppner et al., 2001a; Heppner
et al., 2001b).

3.6. Yeast and other fungal prions
3.6.1. The yeast prion hypothesis
In yeast the occurrence of phenotypic traits that did not follow the rules of Mendelian
inheritance was long a great puzzle. Nowadays it is widely accepted that these traits
are propagated by so-called “yeast prions”. The according “yeast prion hypothesis”
was formulated first in 1994 by Wickner (Wickner, 1994) where he proposed three
criteria for yeast prions. These were: 1) reversible curability, i.e. if a cell is infected by
a prion and then cured, then spontaneous de novo appearance of the prion should
be possible, 2) the appearance of the prion induced by overproduction of the protein,
i.e. overproduction should increase the frequency of spontaneous appearance of the
prion and the prion-associated conformation should still be propagated to following
generations after loss of the overexpression plasmid, 3) prion phenotypes, i.e. if a
protein converts from its normal to its prion form, then its normal function should be
inactivated, thus resulting in a loss-of-function phenotype (Wickner et al., 1999).
Wickner initially focused on two, non-Mendelian traits in yeast called [URE3] and
[PSI+] and proposed the pair to be self-perpetuating versions of two normal yeast
proteins Ure2p and Sup35p (Wickner, 1994). Since then, many other possible
candidates for yeast prions have been detected (Derkatch et al., 2001).
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The classical yeast prions are [URE3] and [PSI+]. While [URE3] represents the prion
state of the yeast protein, Ure2p, a regulator of nitrogen catabolism, [PSI+] is the
prion state of the yeast protein, Sup35p, the yeast homologue of the eucaryotic
release factor 3. Sup35p functions together with Sup45p to bring about the faithful
termination of translation at all three nonsense codons.
The enzymatic functions of both proteins could be assigned to C-terminal domains,
whereas the prion domain, i.e. the domain that enables the prion state, is located at
the N-terminus in both proteins (Sapriel, 2001; Serio and Lindquist, 2000). These
prion domains alone can form amyloid fibers and when conferred to other proteins
induce the aggregation of these constructs into amyloid fibrils (Baxa et al., 2002;
Schlumpberger et al., 2000). This de novo generation of self-propagating aggregates
of Sup35p and Ure2p is an important feature of these self-propagating aggregates.
The generation of new aggregates by inoculation with catalytic amounts of preexisting aggregates formed in vitro could so far not be performed successfully with
recombinant

mammalian

PrP.

Furthermore

it

was

demonstrated

that

the

+

establishment of the [PSI ] phenotype in yeast in vivo is a direct consequence of
seeding by a prion conformation of Sup35p (Sparrer et al., 2000). The recent model
for amyloid formation of Ure2p and Sup35p is the “backbone hypothesis” that states
that amyloid fibers of these proteins consist of stacked β-sheet rich prion domains
surrounded by the C-terminal domains of the proteins (Speransky et al., 2001; Taylor
et al., 1999).
The question as to why prions occur in yeast, however, is still a puzzle. One
hypothesis states that the ability to switch on the prion state might proof beneficial
under certain environmental conditions, as [PSI+] cells were found to react differently
under various conditions (True and Lindquist, 2000). The identification of other
possible candidates for yeast prions and their further investigation might help to solve
this question.

3.6.3. Other fungal prions
Although the [Het-s] non-Mendelian element in Podospora anserina has been known
since the 1940s, only a recent reinvestigation of this phenomenon led to the proposal
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that [Het-s] is indeed a prion necessary for normal function of the fungal cell
(Coustou et al., 1997).
Podospora grows as a network of filaments (mycelium) divided into articles by
incomplete walls that permit the sharing of cytoplasm. Two colonies of Podospora
that grow towards each other eventually fuse their mycelia to form a heterokaryon
with mixed cytoplasm. As such a fusion mechanism would promote the rapid spread
of fungal viruses, Podospora has evolved a mechanism that prevents the fusion of
partners that are genetically not very similar and therefore likely to carry different
viruses (Begueret et al., 1994). Part of the so-called “heterokaryon incompatibility”
system are the two alleles het-s and het-S. Both alleles encode proteins that differ in
13 of 289 amino acids (Deleu et al., 1993; Turcq et al., 1991). The het-s encoded
protein can exist in a prion or non-prion state. Those mycelia with the protein in the
prion state [Het-s] show incompatibility when paired with a het-S strain but could fuse
with any other het-s strain. In contrast, those with the protein in the non-prion state
[Het-s*] can fuse equally with other het-s or with het-S strains (Coustou et al., 1997).
Recently it could be shown that insertion of fibrillar aggregates produced in vitro from
recombinant HET-s protein can provoke the [Het-s] phenotype in Podospora cells.
Although the experiments could not fully rule out de novo appearance of the prion
state instead of infection by the in vitro aggregates, these experiments are, besides
the yeast experiments, the closest ever to proving the “prion hypothesis” (Liebman,
2002; Maddelein et al., 2002).

3.7. Amyloid formation in other proteins
3.7.1. General features of amyloid
The term “amyloid” was originally used to describe proteinacous aggregates with
certain properties resembling those of starch (amylose). The traditional test for
amyloid involves the observation of a red shift in the light absorption of the dye
Congo red and of a characteristic green birefringence under polarized light. Both
effects are due to interaction of dye molecules with the regularly spaced protein
chains (Dobson, 1999a). Together with the typical fibril morphology – indeterminate
length, unbranched, 70-120 Å in diameter – observed in electron micrographs and
the detection of X-ray diffractions characteristic of cross-β structure these are the
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features to be met, in order to properly describe protein aggregates as amyloid
(Sunde and Blake, 1997; Sunde et al., 1997a).
For many normally soluble proteins conditions to accomplish the disease-associated
structural transitions to amyloid in vitro could be defined (Kelly, 1998). For many
cases a clear kinetic lag phase was observed before rapid fibril formation occurred
that is supposed to be due to the need to develop aggregation nuclei from which
larger molecular assemblies can grow.
Amyloid formation has now also been observed for a broad range of proteins not
associated with any known disease. For example, amyloid fibers were described for
the SH3 domain of PI3 kinase (Guijarro et al., 1998), fibronectin (Litvinovich et al.,
1998), acylphosphatase (Chiti et al., 1999) and insulin (Brange et al., 1997), as well
as for a fragment of the OspA protein (Ohnishi et al., 2000). Recently, even a peptide
prone to amyloid formation could be designed de novo (Fezoui et al., 2000). These
observations raised the question if amyloid could be a common state of all proteins.
Indeed evidence is accumulating that implies that the ability to form an amyloid state
is a generic property of polypeptide chains, as the intermolecular bonds that stabilize
amyloids involve the peptide backbone, which is common to all proteins (Dobson,
1999a). This implies on the other hand that protective mechanisms must have
evolved to prevent formation of amyloid in vivo, as amyloid fibrils are essentially
indestructible under physiological conditions probably due to the high amount of
hydrogen bonds involved. In this context the selection of sequences during evolution
that can efficiently adopt a globular form in which the peptide backbone and
hydrophobic residues are efficiently buried in the interior might be particularly
important (Chiti et al., 1999). The cooperativity of protein folding is supposed to play
a role in the prevention of amyloid states in vivo, too (Dobson and Karplus, 1999), as
do molecular chaperones and the cellular degradation machinery that cope with the
majority of aggregation-prone proteins.

3.7.2. Human amyloidosis
Human amyloidosis comprise of a heterogenous group of fatal disorders. The
common feature of these diseases is the extracellular deposition of amyloid,
abnormal protein fibrils, derived from different proteins in the various amyloidosis
(Tan and Pepys, 1994). Among the more famous representatives of the around 20
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encephalopathies, Alzheimer’s disease, as well as type II diabetes and several forms
of systemic amyloidosis. Whereas the major component of amyloid fibers in TSEs
was identified as the prion protein, amyloid deposits in Alzheimer’s disease consist of
the Aβ peptide. In type II diabetes a fragment of the islet-associated polypeptide
aggregates to amyloid fibers and the several types of systemic amyloidosis were
found to be associated with amyloid deposits of antibody light chains, transthyretin or
a fragment of the amyloid A protein (Sunde et al., 1997a).
In a broader sense also Parkinson’s and Huntington’s disease can be accounted as
amyloidosis – these disorders involve very similar aggregates of α-synuclein and
huntingtin that accumulate, however, intracellularly - in contrast to extracellularly as
postulated by the stricter definition of amyloidosis (Lansbury, 1999; Perutz, 1999).
Although amyloid fibers are a clinical feature of all amyloidosis there is still major
uncertainty about whether the fibrillar aggregates are the primary cause of disease or
not (Lansbury, 1999). Especially in systemic amyloidosis it seems likely that the
sheer volume of amyloid material involved, sometimes kilogram quantities, by itself
can disrupt organs such as liver or spleen and cause them to malfunction (Tan and
Pepys, 1994).
Many of the amyloid diseases can manifest in either familial or sporadic forms, some
like Alzheimer’s disease in both (Dobson, 2001). However, the only of these diseases
ever shown to be infectious are the transmissible spongiform encephalopathies. A
possible reason for this might be the attachement of the prion protein to the cell
membrane – unique among the proteins associated with amyloidsis – that might
enable the spread of infectious units between cells.
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4. Aim of the thesis
The aim of this thesis was the investigation of the influence of selected environmental
conditions on the structure and stability of the prion protein and variants thereof.
Possible implications of these studies for the conversion reaction of PrPC to PrPSc
were to be discussed.
The first part of this thesis dealt with the characterization of constructs in which
secondary structure elements of the folded, C-terminal domain of the prion protein
were deleted. The intrinsic stabilities of the deletion variants were determined and
compared to the intact, C-terminal domain to probe the region corresponding to the
C-terminal α-helices H2 and H3, which are considered the most stable structural
elements of PrPC, for their propensity of being conserved in PrPSc subunits.
In the second part, the influence of a membranous environment on the structure and
stability of the prion protein was investigated, as the prion protein is attached to the
cell membrane in vivo via a C-terminal GPI-anchor. In these studies, structural data
on the membrane-attached prion protein were compared to corresponding data for
the soluble prion protein in the absence and presence of membranes.
In the third part of this thesis, the influence of certain point mutations in the prion
gene, associated with genetic forms of human prion diseases, were investigated with
regard to the reducibility of the disulfide bond in the resulting PrP variants and the
biophysical and biochemical properties of the reduced proteins. These characteristics
were compared to respective data for the wildtype protein.
A smaller part of this thesis dealt with a potential open reading frame (ORF) on the
antisense strand of the PrP gene. Expression in E. coli of the potential ORF or
segments thereof was tested.
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5. Materials and Methods
5.1. Construction of expression plasmids
5.1.1. Cloning of expression plasmids for H2-H3 and PrP(121-231)-∆
∆H1
H2-H3: The gene corresponding to residues 170-231 of the mouse prion protein was
amplified by the polymerase chain reaction (PCR) from the expression plasmid
pPRP-CRR (Hornemann and Glockshuber, 1996) using the two overlapping Nterminal primers N1 (5'-CATCATGGTTTAGTGCCGCGTGGGAGCAATCAGAACAA
CTTCGTG-3') and N2 (5'-TTTTTTTCGCGAGTCATCATCATCATCATCATGGTTTA
GTTCCG-3') and the C-terminal primer C1 (5'-AGGAGGGGAGGGGATCCAAGCTT
ACTAGCTGGAACGACGCCCGTCGTAATAG-3'). In a two-step PCR reaction with a
15-fold excess of primer N2 over N1 an N-terminal (His)6-tag and a thrombin
cleavage site (HHHHHHGLVPR↓GS) were introduced at the N-terminus of the H2H3 sequence for purification with metal chelate affinity chromatography. The resulting
PCR-product was digested with NruI and BamHI and cloned into the secretory T7
expression plasmid pRBI-PDI-T7 (Strobl et al., 1995) behind the OmpA signal
sequence via the StuI and BamHI restriction sites.
PrP(121-231)-∆H1: The segment 135-160, corresponding to helix 1 of the mouse
prion protein, was deleted and replaced by codons for the dipeptide Asn-Gly via
Kunkel mutagenesis (Kunkel, 1985; Kunkel et al., 1987) using uridinylated singlestranded DNA of pPRP-CRR (Vieira and Messing, 1987) and the mutagenesis primer
5'-TGATCCACCGGGCGGTAGTATACTTGGTTGCCGTTCATGGCGCTCCCCAGCA
TGTAGCCACCCAG-3'. The resulting plasmid was then used as template for
introduction of the N-terminal (His)6-tag and thrombin cleavage site and cloning into
pRBI-PDI-T7 as described above, except that primer N3 (5'-CATCATGGTTTGGTT
CCGCGTGGGAGTGTAGTGGGTGGCCTTGG-3') was used instead of N1. Both
constructs were verified by dideoxynucleotide sequencing of the complete genetic
sequences of the PrP constructs.

5.1.2. Cloning of the pRSETA(PrP-SH) expression plasmid
In a first step a C-terminal six amino acid linker consisting of five glycine residues
and one cysteine residue was fused to the genetic sequence of the murine full-length
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prion protein in order to enable covalent coupling of the resulting protein to thiolreactive lipids.
The product of a PCR reaction with the plasmid pPrP(23-231) (Hornemann et al.,
1997) as template and the primers N1 5’-GACTGATGTCCATATGTCTAAAAAGCG
TCCAAAGCCTGGAGGGTGGAACACCG-3’ and C1 5’-TTCGGATCCATTACTAAC
ACCCCCCCCCCCCCCCGCTAGAACGACGCCCATCGAATA-3’ was ligated into the
pRBI-PDI-T7t-NdeI plasmid (Hermanns et al., 2000) via the NdeI and BamHI
restriction sites, resulting in the plasmid pPrP-SH.
For easier purification pPrP-SH was used as template for a PCR reaction with the
following primers: N2 5’- CGGGTGGATCCAAAAAGCGGCCAAAGCCTGGAGGG-3’
and C2 5’-AGCTTCGAATTCTTACTAACACCCCCCCCCCCCCCC-3’ and recloned
into the pRSETA A plasmid (Invitrogen) via the BamHI and EcoRI restriction sites,
thus adding a thrombin-cleavable (His)6-tag to the N-terminus of the PrP-SH
sequence. The new plasmid was termed pRSETA(PrP-SH).

5.1.3. Cloning of the expression plasmids for full-length PrP variants
The plasmid pPrP(23-231) (Hornemann et al., 1997) was used for cytoplasmic
expression of wildtype murine PrP(23-231) and for the construction of the mPrP(23231) variants, P102L, P105L, A117V, M129/D178N, T183A, F198S and E200K. Sitedirected mutagenesis was performed according to Kunkel (1985) and Kunkel et al.
(1987) using uridinylated single-stranded DNA of pPrP(23-231) (Viera and Messing,
1987)

and

the

following

mutagenesis

primers:

5’-GTTGGTTTTT

GGTTTGCTAAGCTTGTTCCACTGATTATG-3’ (for P102L), 5’-ATGTTTGAGGTTG
GTTTTAAGCTTGCTCGGTTTGTTCCA-3’ (for P105L), 5’-CCCCACTACTGCACCA
GCCACGGCCGCCCCTGCAACATG-3’ (for A117V), 5’-GGTGATATTGACGCAGT
TGTGCACGAAGTTGTTCTG-3’ (for M129/D178 N), 5’-CGTGTGCTGCTTGATCG
CGATATTGACGCAGTCG-3’ (for T183A), 5’-CATCGGTCTCGGTAGAATTCTCCC
CCTTGGTG-3’

(for

F198S),

5’-CTCCATCATCTTGACGTCGGTTTTGGTGAAG

TTCTC-3’ (for E200K). Obtained mutants thereof were identified by restriction
analysis and verified by complete dideoxynucleotide sequencing.
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5.2. Expression in E. coli and purification procedures
5.2.1. Expression and purification of PrP(121-231)-∆
∆H1 and H2-H3
The constructs H2-H3 and PrP(121-231)-∆H1 were expressed and purified according
to the following procedure: Cells of E. coli BL21(DE3) harboring either expression
plasmid were grown at 37°C in 10 L of LB medium containing ampicillin (100 µg/L).
At an optical density (OD) at 550 nm of 1.2, protein expression was induced by
addition of IPTG to a final concentration of 1 mM. Cell growth was continued at 37°C
for 6 h and the cells were harvested by centrifugation. Cells were resuspended in 50
mM Tris/HCl pH 8.0, 1 mM MgCl2, 4 mg/mL DNase I, 4 mg/mL RNase A, 10 mg/mL
lysozyme) and disrupted in a French Pressure Cell (18 000 psi, SLM Aminco). H2-H3
and PrP(121-231)-∆H1, were obtained as periplasmic inclusion bodies and found in
the insoluble fraction after lysis and centrifugation (30 min, 49 000 g, 4°C). The
inclusion bodies were resuspended in buffer A (6 M GdmCl, 20 mM Tris/HCl pH 8.0,
100 mM sodium phosphate) and applied to a Ni-NTA column (Qiagen, Basel,
Switzerland) equilibrated with the same buffer. Proteins were refolded on the column
by a linear gradient from buffer A to buffer B (20 mM Tris/HCl pH 8.0, 100 mM
sodium phosphate) and were eluted with 1 M imidazole/HCl in buffer B.
Eluted proteins were then dialyzed against 10 mM Tris/HCl pH 8.5, and the (His)6-tag
was cleaved off by digestion with thrombin (0.1 U/ml) for 2 h at 22°C. Further
purification - in particular separation of uncleaved protein - was carried out on a
Superdex 75 gel filtration column (Amersham-Pharmacia, Dübendorf, Switzerland) in
20 mM Tris/HCl pH 8.5, 1 mM EDTA. Fractions containing pure protein were
combined, dialyzed against 5 mM Tris/HCl pH 8.5, concentrated and stored at -20°C.
Yields were about 0.5 mg pure protein per liter of LB medium for both constructs.
Ellman assays (Ellman, 1959) showed that the single disulfide bond in both
constructs was formed quantitatively. Edman sequencing demonstrated complete
cleavage of the N-terminal (His)6-tag. This was also confirmed by MALDI-TOF mass
spectrometry (PrP(121-231)-∆H1: calculated mass: 10386 Da, measured: 10389 Da;
H2-H3: calculated mass: 7408 Da, measured: 7405 Da). Analytical gel filtration of the
constructs on a Superdex 75 column in 20 mM Tris/HCl pH 8.5, 1 mM EDTA
demonstrated that both, H2-H3 and PrP(121-231)-∆H1, were eluted as monomers.
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Expression and purification of murine PrP(121-231) and PrP(23-231) was carried out
as described previously (Liemann and Glockshuber, 1999).

5.2.2. Expression and purification of PrP-SH and PrP(23-231)
Cells of E.coli BL21 (DE3) harbouring the plasmid pRSETA(PrP-SH) for cytoplasmic
expression of N-terminally (His)6-tagged PrP-SH were grown at 37°C in LB medium
containing 100 µg/ml ampicillin. When an optical density at 600 nm (OD600) of 0.6
was reached, protein expression was induced by addition of IPTG to a final
concentration of 1 mM. Cell growth was continued afterwards at 37°C for 8 h.
Harvested cells were resuspended in 50 mM Tris/HCl, pH 8.0, 1 mM MgCl2,
containing 5 mg/l LB DNase, 5 mg/l LB RNase, 15 mg/l LB lysozyme and one tablet
of protease inhibitor cocktail (Roche)/10 l of LB for approximately 2 hours at 4°C and
then disrupted by sonication. After a centrifugation step (30 min, 19 000 rpm, Sorvall
SS34, 4°C) the resulting pellets containing (His)6-PrP-SH inclusion bodies were
washed three times with washing buffer

(20 mM Tris/HCl, pH 8.0, 23% (w/v)

sucrose, 0.5% (v/v) Triton X-100, 1 mM benzamidine), until the supernatant was
clear. The pelleted inclusion bodies were then dissolved in 6 M GdmCl, 10 mM
Tris/HCl, pH 8.0, 100 mM sodium phosphate, 10 mM reduced glutathione. After a
further round of centrifugation (30 min, 19 000 rpm, SS34, 10°C) the supernatant was
applied to a Ni-NTA column equilibrated with the same buffer. Afterwards the column
was washed with four column volumes of equilibration buffer, before a linear gradient
to 10 mM Tris/HCl, pH 8.0, 100 mM sodium phosphate was applied that allowed
oxidative refolding of (His)6-PrP-SH, while bound to the column. This prevented
formation of higher oligomers via wrong disulfide bonds with the additional, Cterminal cysteine residue during the oxidation step. Parts of (His)6-PrP-SH, however,
were nevertheless found to form dimers. After the oxidative refolding step, impurities
were removed by a washing step with 2 column volumes of 50 mM imidazole, 10 mM
Tris/HCl, pH 8.0, 100 mM sodium phosphate. Step-elution of (His)6-PrP-SH was
achieved by application of 10 mM Tris/HCl, pH 5.8, 100 mM sodium phosphate, 500
mM imidazole. The eluate was extensively dialysed against water. The (His)6-tag was
removed by thrombin cleavage for 1 h at room temperature in 5 mM Tris/HCl, pH 8.6,
using 0.1 U thrombin/ml (His)6-PrP-SH solution. In order to remove thrombin and
dimerized PrP-SH, the protein solution was dialyzed against 10 mM NaH2PO4/NaOH,

Materials and Methods

43

pH 6.5, 10 mM DTT, i.e. conditions under which the native disulfide bond of the prion
protein is not reduced, but under which artificial dimers linked via the additional Cterminal cysteine residue are reduced, and applied to a CM52 ion exchange column.
Elution of PrP-SH was achieved by a linear NaCl gradient from 0 to 500 mM NaCl.
The pooled fractions containing pure PrP-SH were combined, dialysed against water
and then stored at –20°C until further use. The correct mass of PrP-SH was
confirmed by MALDI-TOF mass spectrometry (calculated mass: 23551 Da, measured
mass: 23556 Da). Complete cleavage of the (His)6-tag was further shown by Nterminal Edman-sequencing, and the presence of one accessible thiol per PrP-SH
was shown by Ellmann’s assay (Ellmann, 1959). The final yield of purified PrP-SH
was 5 mg/l of bacterial culture.
The described purification procedure for PrP-SH is essentially based on the protocol
by Zahn et al. (Zahn et al., 1997). Purification of PrP(23-231) was performed as
described elsewhere (Liemann and Glockshuber, 1999b).

5.2.3. Expression and purification of wildtype and mutant mPrP(23-231)
Cells of E.coli BL21 (DE3) harbouring the respective expression plasmids were
grown at 37°C in LB medium containing 100µg/mL ampicillin until an optical density
(OD) at 550 nm of 1.2 was reached. Protein expression was then induced by addition
of IPTG to a final concentration of 1 mM. Cells were grown further at 37°C and
harvested 8 hours after induction. Purification was followed as described elsewhere
(Liemann and Glockshuber, 1999a). The molecular masses of the PrP variants were
confirmed by MALDI TOF mass spectrometry. Correct formation of the disulfide bond
in each protein after an oxidation step and refolding was proved by lack of reactivity
in the Ellmann assay (Ellmann, 1959).
The yields of the purified proteins varied between 20 mg/L of bacterial culture for
wildtype mPrP(23-231) and PrP variants with comparable thermodynamic stabilities
and 1 mg/L of bacterial culture for T183A, the most unstable of the mPrP(23-231)
variants investigated here.
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5.3. Liposome preparation and purification of PrP-SS-PDHPE
5.3.1. Preparation of liposomes
All lipids for the preparation of liposomes were purchased from Sigma. Two kinds of
liposomes differing in their lipid compositions were prepared. The first species,
termed PC/Chol-liposomes, were composed of phosphatidylcholine and cholesterol
in a molar ratio of 1:1. The second species was termed raft-liposomes, because the
lipid composition mimicked the composition of detergent-insoluble microdomains in
the cell membrane, so-called rafts (Brown, 2002a; Brown and London, 2000b)
consisting

of

phosphatidylcholine,

phosphatidylethanolamine,

sphingomyelin,

cerebrosides and cholesterol in a molar ratio of 1:1:1:1:2 (Schroeder et al., 1994).
Both liposome species also contained 1 mol% of a SH-reactive lipid, PDP-DHPE (N((2-pyridyldithio)propionyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-amine,
triethylammonium salt) (Molecular Probes), for covalent coupling of PrP-SH to the
liposomes via thiol/disulfide chemistry.
Lipid solutions in chloroform of the respective lipid compositions were dried in a
rotary evaporator until the lipids formed a thin layer inside the flasks. These lipid films
were dissolved in water at a total lipid concentration of 10 mg/ml. The resulting milky
suspensions were subjected to repetitive cycles of shock freezing in liquid nitrogen
and thawing, in order to destroy multilamellar lipid layers. Afterwards liposomes were
formed at elevated temperatures of around 55°C by an extrusion process (Hope et
al., 1985; MacDonald et al., 1991) using a mini-extruder system (Avanti) and Teflon
membranes with 100 nm pores (Whatman). The resulting liposomes had a close size
distribution of around 100 nm in diameter.

5.3.2. Coupling reactions and purification of coupled PrP-SH
Coupling reactions were performed in a volume of 2 ml at room temperature in 5 mM
Tris/HCl, pH 8.0 for 12 hours. Coupling assays for PC/Chol-liposomes contained a
total of 2 mM lipid and 10 µM PrP-SH, i.e. equimolar amounts of PrP-SH and PDPDHPE coupling reagent available on the outer liposome surface. Due to enhanced
aggregation in the presence of raft-liposomes, coupling assays for raft-liposomes
contained a total of 1 mM lipid and 5 µM PrP-SH. Nevertheless, aggregation
occurred during coupling independent of the liposome species involved. This
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aggregated material consisting of liposomes and some of the covalently coupled
species, PrP-SS-PDHPE, was spinned down at room temperature at 14000 g for 20
min. Uncoupled PrP-SH was separated from the not aggregated covalently liposomebound PrP-SS-PDHPE by an ultracentrifugation step in a Beckman OptimaTM MAX
tabletop ultracentrifuge (TLA-55, 50 000 rpm, 4°C, 20 min). Under these conditions
the liposomes and the covalently attached PrP-SS-PDHPE molecules were pelleted,
whereas the uncoupled PrP-SH stayed in the supernatant. Liposome pellets were
resuspended in water. In the case of the raft-liposomes the ultracentrifugation step
with the subsequent resuspension in water had to be repeated twice in order to
completely remove uncoupled PrP-SH. The results of the coupling reactions were
verified by HPLC and MALDI-TOF, as coupled PrP-SS-PDHPE and uncoupled PrPSH could not be discriminated by SDS-PAGE under non-reducing conditions. On an
analytical HPLC column (VYDAC, C18, 4.6*250 mm) at 55°C the uncoupled and
coupled forms gave well distinguishable peaks, when an acetonitrile gradient from 0
to 95% (v/v) in 0.12% (v/v) trifluoracetic acid was applied at a flow rate of 0.8 ml/min.
MALDI-TOF confirmed the calculated masses for the coupled PrP-SS-PDHPE
(calculated: 24417 Da, measured: 24426) and for the uncoupled PrP-SH (calculated:
23551 Da, measured: 23556 Da).

5.4. Determination of protein and lipid concentrations
5.4.1. Protein concentrations
Protein concentrations were determined by absorbance spectroscopy using the
specific absorbances (A280 nm, 1 mg/ml, 1 cm) determined according to Gill and von Hippel
(1989): 0.61 for H2-H3, 1.00 for PrP(121-231)-∆H1, 1.55 for PrP(121-231), 2.70 for
PrP(23-231) (Hornemann et al., 1997), 2.66 for PrP-SH and 0.78 for DsbC (Maskos,
1995).
The specific absorbances of the full-length PrP variants – P102L, P105L, A117V,
M129/D178N, T183A, F198S and E200K – investigated here were the same as for
wildtype mPrP(23-231), as none of the mutations involved residues responsible for
the absorbance properties of proteins (Gill and von Hippel, 1989; Pace et al., 1995).
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5.4.2. Determination of lipid/protein concentrations in PrP-SS-PDHPE samples
Lipid concentrations in samples of coupled PrP-SS-PDHPE were determined by two
different methods. The first method was based on complex formation of
phospholipids with ammonium ferrothiocyanate in organic solvents (Stewart, 1980).
Samples (50 µl) were mixed with 100 µl methanol before 1 ml of chloroform and 0.8
ml of an aqueous ammonium ferrothiocyanate solution (27.03 g/l FeCl3*6H2O, 30.4
g/l NH4SCN) were added. After a vortexing step, the samples were centrifuged for 5
min at 5000 g, and the absorption of the chloroform phase was determined at 485
nm. The lipid concentration in the samples was calculated from calibration curves for
PC/Chol- and raft-liposomes.
The second method for determination of the lipid concentration in the coupled
samples exploited the linear correlation between lipid concentrations and the amount
of light scattering at 350 nm in the appropriate concentration range. Calibration
curves were determined for PC/Chol- and raft-liposomes, from which the lipid content
of the coupled samples could be calculated. Results from both methods coincided
completely.
Protein concentrations in the coupled samples were also determined by two
independent methods. The first method was the BCA method performed with the
BCA Promega kit. Calibration curves were measured with PrP(23-231) in the
presence of previously determined concentrations of liposomes, in order to take into
account the influence of lipid on the colour development at 562 nm.
The second method to determine the protein concentration was based on the
subtraction of the portion of lipid absorption at 280 nm from the total absorption at
this wavelength, followed by calculation of the protein concentration using the
extinction coefficient for uncoupled PrP-SH. This method only worked for PrP-SSPDHPE coupled to PC/Chol-liposomes. The failure of this method for PrP-SSPDHPE coupled to raft-liposomes is probably due to an influence of the raftliposomes on the absorption properties of coupled PrP-SS-PDHPE.
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5.5. CD-Spectroscopy
5.5.1. Far-UV-CD measurements of H2-H3, PrP(121-231)-∆
∆H1 and PrP(121-231)
Far-UV-CD spectra were measured at 22°C on a Jasco 710 CD spectropolarimeter in
0.1 cm quartz cuvettes, accumulated 15 times and corrected for buffers. Protein
samples containing 15 µM of the respective protein were centrifuged (30 min, 21 000
x g, 4°C) prior to concentration determination and CD measurements in order to
remove possible aggregates.
Between pH 3.0 and pH 8.0, the following buffers were used: pH 3.0: 50 mM formic
acid/NaOH, 24 mM NaCl, pH 4.0: 50 mM formic acid/NaOH, pH 5.0: 50 mM acetic
acid/NaOH, 56 mM NaCl, pH 6.0: 10 mM MES/NaOH, 84 mM NaCl, pH 7.0: 50 mM
NaH2PO4/NaOH and pH 8.0: 50 mM Tris/HCl, 56 mM NaCl. A constant ionic strength
of 88 mM was maintained between pH 5.0 and 8.0. At pH values below 5.0, the ionic
strength had to be reduced to 34 mM due to aggregation of H2-H3- and PrP(121231)-∆H1 at higher ionic strengths above this value.

5.5.2. Far-UV-CD measurements of PrP(23-231) and PrP-SS-PDHPE
Far-UV circular dichroism (CD) spectra were measured on a Jasco 710 CD
spectropolarimeter at 25°C. All samples were centrifuged (15 min, 14000 g) prior to
the measurements in order to remove possible aggregates. Far-UV-CD spectra were
accumulated 15 times and recorded in 0.1 cm quarz cuvettes or in 0.02 cm quarz
cuvettes, when the lipid concentrations exceeded 2.0 mM, and corrected for the
respective liposome/buffer solutions. Buffers used were 5 mM NaH2PO4/NaOH, pH
7.0 and 5 mM acetic acid/NaOH, pH 5.0. Due to low protein concentrations and a
high tendency to aggregate in the presence of buffer, far-UV-CD spectra of raftliposome coupled PrP-SS-PDHPE were accumulated 75 times in 2 mM acetic
acid/NaOH, pH 5.0. Protein concentrations for the far-UV-CD spectra of PrP(23-231)
in the presence or of PrP-SS-PDHPE coupled to PC/Chol-liposomes were between
6.5 and 8.8 µM, lipid concentrations varied between 1.1 and 3.0 mM. Protein
concentrations for the far-UV-CD spectra of PrP(23-231) in the presence or of PrPSS-PDHPE coupled to raft-liposomes were between 1.3 and 8.2 µM, lipid
concentrations varied between 0.58 and 0.81 mM.
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5.5.3. Far-UV-CD measurements of PrP(23-231) and selected variants
Far-UV-CD spectra of oxidized and reduced mPrP(23-231) - wildtype and variants were measured at 22°C on a Jasco 710 CD spectropolarimeter in 0.02 cm quarz
cuvettes, accumulated 15 times and corrected for buffers. Protein samples containing
20 µM of the respective protein were centrifuged (30 min, 21 000 g, 4°C) prior to the
measurements in order to remove possible aggregates.
The following two buffers were used (constant ionic strength of 182 mM): 50 mM
formic acid/NaOH, pH 4.0, 150 mM NaCl and 50 mM MOPS/NaOH, pH 7.4, 150 mM
NaCl. Both buffers contained 1 mM EDTA. Samples of reduced wildtype or mutant
mPrP(23-231) contained additionally 0.1 mM DTT.

5.6. Stability measurements
5.6.1. Equilibrium transitions of H2-H3, PrP(121-231)-∆
∆H1 and PrP(121-231)
Reversible unfolding and refolding of H2-H3, PrP(121-231)-∆H1 and PrP(121-231)
was measured at 22°C at pH 4.0 and pH 7.0 in the buffers mentioned above,
containing different concentrations of urea. For refolding experiments, the respective
proteins were first denatured in 8 M urea for one hour at room temperature. Stock
solutions of native or denatured protein were then diluted 1:11 with buffer to a final
protein concentration of 15 µM.
After 24 hours of incubation the equilibrium transitions were monitored at 222 nm and
22°C on a Jasco 710 CD spectropolarimeter in 0.1 cm quarz cuvettes. The averaged
ellipticities were corrected for buffer, and urea concentrations were determined by
refractometry. The transitions were evaluated according to a two state equilibrium
with a six-parameter fit (Santoro and Bolen, 1988).

5.6.2. Limited proteolysis assays of PrP(23-231) and PrP-SS-PDHPE
Limited proteolysis was performed at 37°C for one hour at the following proteinase
concentrations: 0/ 0.0005/ 0.005/ 0.05/ 0.5/ 5/ 50/ 500 µg/ml proteinase K or 0/
0.0005/ 0.005/ 0.05/ 0.5/ 5/ 50/ 500/ 1250 µg/ml trypsin. Samples testing the effect of
PC/Chol-liposomes on the stability of PrP(23-231) and covalently coupled PrP-SSPDHPE and the respective controls contained 7.2 µM protein and lipid concentrations
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of 2.5 mM in the case of the coupled PrP-SS-PDHPE and 2.2 mM in the case of the
uncoupled PrP(23-231) in 20 µl of buffer (for trypsin digestion: 50 mM NH4HCO3/HCl,
pH 7.8; for proteinase K digestion: 100 mM MOPS/NaOH, pH 7.4, 150 mM NaCl).
Due to aggregation problems in the samples containing raft-liposomes at protein
concentrations necessary for proteolytic digestion and subsequent analysis by SDSPAGE, proteolysis was performed in five-fold diluted 100 µl samples containing 1.0
µM protein and 0.44 mM lipid in the case of coupled PrP-SS-PDHPE and uncoupled
PrP(23-231) in the presence of raft-liposomes. After 1 h PMSF was added to the
protease assays, the assays (100 µl) were concentrated five-fold and 10 µl samples
of the protease reactions were analysed by SDS-PAGE under non-reducing
conditions. The major proteolytic fragments were identified by Edman-sequencing
after SDS-PAGE and blotting.

5.6.3. Equilibrium transitions of PrP(23-231) and selected variants
Reversible unfolding and refolding of wildtype and mutant mPrP(23-231) was
measured at 22°C at pH 7.4 in 50 mM MOPS/NaOH, 150 mM NaCl, 1 mM EDTA
containing different concentrations of urea. For refolding experiments, the respective
proteins were first denatured in the same buffer containing 8 M urea for one hour at
room temperature. Stock solutions of native or denatured protein were then diluted
1:11 with buffer yielding a final protein concentration of 20 µM for the measurements.
After 24 hours of incubation equilibrium transitions were monitored at 222 nm and
22°C on a Jasco 710 CD spectropolarimeter in 0.1 cm quarz cuvettes. The averaged
ellipticities were corrected for buffer, and urea concentrations were determined by
refractometry. The transitions were evaluated according to a two state equilibrium
with a six-parameter fit (Santoro and Bolen, 1988).

5.7. Reduction of the disulfide bond
5.7.1. Reduction of H2-H3, PrP(121-231)-∆
∆H1 and PrP(23-231)
Reduction of either H2-H3 or PrP(121-231)-∆H1 was achieved under denaturing
conditions by incubating the proteins for 2 hours at room temperature in 8 M urea, 50
mM Tris/HCl pH 8.0, 50 mM DTT, 1 mM EDTA. The protein samples were then
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dialyzed against 50 mM formic acid/NaOH pH 4.0, 1 mM EDTA and far-UV-CD
spectra of the reduced proteins were recorded as described above. Complete
reduction was confirmed by Ellman assays (Ellman, 1959).

5.7.2. Reduction and HPLC-analysis of PrP(23-231) and selected variants
Reduction assays of native wildtype and mutant mPrP(23-231) were performed at
37°C by adding 50 mM DTT to a 20 µM solution of the respective protein in 50 mM
MOPS/NaOH pH 7.4, 150 mM NaCl, 1 mM EDTA. The reactions were quenched at
various time points (0 to 8 hours) by addition of 900µl 10% formic acid to a 100µl
reaction sample, resulting in a final pH below 2.
The reduced and oxidized forms of the proteins were subsequently separated on an
analytical HPLC column (VYDAC, C18, 4.6*250 mm) at 55°C using a gradient of 35%
acetonitrile to 37% acetonitrile in 0.12% (v/v) trifluoracetic acid at a flow rate of 0.8
ml/min.

5.8. Electron microscopy
5.8.1. Electron microscopy of liposome solutions and aggregates
Samples of liposome solutions in the presence and absence of PrP(23-231) and with
coupled PrP-SS-PDHPE or samples of aggregated mPrP(23-231) – wildtype as well
as variants - were adsorbed to glow discharged carbon-coated copper grids. These
were washed twice with deionized water, negatively stained with 2% (w/v) uranyl
acetate, and air-dried after removal of exess liquid. The specimens were examined in
a Philips CM12 transmission electron microscope at 100 kV, and images were
recorded with a Gatan 694 slow scan CCD camera.

5.9. Investigation of aggregation and dimerization tendencies
5.9.1. Aggregation of PrP(23-231) and selected variants
Oxidized and reduced samples of wildtype and mutant mPrP(23-231) were incubated
at a protein concentration of 20 µM in 50 mM formic acid/NaOH, pH 4.0, 1 mM EDTA
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at various NaCl concentrations ranging from 0-1 M. The samples were incubated for
1 or 24 hours at 37°C. After centrifugation for 10 min at 14000 g the amount of
protein in the supernatant was analyzed by SDS-PAGE. The Coomassie-stained gels
were scanned and quantified by an Elscript 400-densitometer (Hirschmann), and the
percentage of aggregated material was calculated.

5.9.2. Proteinase K digestions of PrP(23-231) and selected variants
Aggregated samples (20µM) of either wildtype or mutant mPrP(23-231) were
digested in 100 mM Tris/HCl, pH 8.0, 1 mM EDTA, 500 mM NaCl containing
proteinase K concentrations ranging from 0-50 µg/ml. The reactions were stopped
after 1 hour at 37°C by addition of Pefabloc (Roche) to a final concentration of 5 mM.
Samples were heated in SDS loading buffer to 95°C for 10 minutes, protein
fragments were then separated by SDS-PAGE. The gels were stained with
Coomassie-blue.

5.9.3. Dimerization assays of PrP823-231) and selected variants
Dimerization tendencies of wildtype and mutant full-length PrPs were tested in 100 µl
assays containing 150 µM of the respective protein in the absence and presence of
equimolar amounts of reduced DsbC in 75 mM Tris/HCl, pH 8.0. DsbC was purified
as described previously, reduced with a 1000fold excess of DTT for 1 hour at room
temperature and reduced DsbC was separated from DTT over a PD10 column at
acidic pH (Maskos, 1995).
After 48 hours 10 µl samples were taken and analyzed by SDS-PAGE in loading
buffers with and without β-mercaptoethanol.
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6. Results
6.1. Folding and intrinsic stability of deletion variants of PrP(121231), the folded C-terminal domain of the prion protein
6.1.1. Introduction
The “protein-only” hypothesis states that transmissible spongiform encephalopathies
(TSEs) in mammals such as the human Creutzfeldt-Jakob disease (CJD) and bovine
spongiform encephalopathy (BSE) in cattle are caused by propagation of PrPSc, an
abnormal, oligomeric isoform of the cellular prion protein (PrPC) of the host (Alper et
al., 1967; Prusiner 1982; Prusiner, 1997; Weissmann, 1996).
The molecular mechanism underlying the formation of PrPSc from PrPC as well as the
structure of PrPSc subunits is, however, still unknown and one of the most important
questions in this context is whether the structure of the C-terminal domain of PrPC or
at least certain parts of its tertiary structure are retained in the subunits of PrPSc.
Regarding the fact that segment 90-231 forms the protease resistant core of PrPSc
and that PrPSc has a higher β-sheet content compared to PrPC, the minimum
structural rearrangement during PrPSc formation appears to be the formation of βsheet structure in segment 90-120, preventing it from proteolytic attack after
oligomerization. The other extreme would be a completely different tertiary structure
of segment 121-231 in the subunits of the PrPSc oligomer. Intermediate models for
the PrPSc structure have also been considered. One theoretical model predicts that
the C-terminal two α-helices of PrPC (helices 2 and 3), which are connected by a
disulfide bond, are still present in PrPSc subunits (Huang et al., 1996). Alternatively,
the small β-sheet in PrPSc has been proposed as a potential nucleation site for
growth of the β-sheet, which may e.g. involve rearrangement of the segment between
the two β-strands containing the rather isolated first α-helix (Riek et al., 1996; Korth
et al., 1997).
In the first part of this thesis the question of whether parts of the folded domain of
murine PrP are sufficiently stable so that their structure might be retained in PrPSc
subunits was addressed. For this purpose, a PrP fragment termed H2-H3
corresponding to the disulfide-linked α-helices 2 and 3 (Fig. 1B) was generated.
These helices form the scaffold of the tertiary structure of recombinant PrP(121-231).
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In addition, a PrP(121-231) deletion variant termed PrP(121-231)-∆H1 was produced.
In this construct, the entire segment 135-160 between the two β-strands, including αhelix 1, was replaced by the β-turn sequence Asn-Gly (Sibanda and Thornton, 1985;
Sibanda et al., 1989) (Fig. 1). Both deletion constructs were characterized
spectroscopically as well as thermodynamically; results thereof were compared with
corresponding data for the complete C-terminal domain.
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Figure 1: Ribbon representation of murine PrP(121-231) (a) (pdb accession code:1ag2) and linear
representations of PrP(121-231) and the deletion variants PrP(121-231)-∆H1 and H2-H3 (b). The
secondary structure elements (α-helices and the strands of the short β-sheet) are shown in black. The
disulfide bond Cys179-Cys214 is indicated, the β-turn dipeptide Asn-Gly introduced in PrP(121-231)∆H1 is given in the one-letter code (NG). The figure in (a) was generated with the program MOLMOL
(Koradi et al., 1996).
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6.1.2. Results and Discussion
Expression, refolding and purification of PrP(121-231)-∆H1 and H2-H3
In contrast to the isolated C-terminal domain of murine PrP, PrP(121-231)
(Hornemann and Glockshuber, 1996), the truncated domain variants PrP(121-231)∆H1 and H2-H3 could not be produced as soluble proteins in the periplasm of E. coli
using the OmpA signal sequence. Both proteins were correctly processed, but
accumulated in periplasmic inclusion bodies. This already indicated a lower stability
of the deletion constructs compared to the wild type domain, as periplasmically
expressed PrP(121-231) variants with reduced stability also aggregate in the
periplasm while variants with unchanged stability stay soluble (Liemann and
Glockshuber, 1999). For convenient purification and refolding of PrP(121-231)-∆H1
and H2-H3 from periplasmic inclusion bodies with metal chelate affinity colums, a
hexahistidine sequence followed by a thrombin recognition site was inserted between
the OmpA-signal sequence and the first residues of the truncated domains (see Zahn
et al., 1997). The tagged constructs were correctly processed by signal peptidase
and also formed inclusion bodies in the periplasm. PrP(121-231)-∆H1 and H2-H3
were solubilized with 6 M guanidinium chloride (GdmCl), refolded on the Ni-NTA
columns, eluted with imidazole and purified to homogeneity by gel filtration after
thrombin cleavage of the (His)6-tag (Zahn et al., 1997). The homogeneity of the Ntermini was verified by Edman sequencing and mass spectrometry, and Ellman
assays proved complete formation of the single disulfide bond in both proteins. Both
constructs could be concentrated to about 200 µM and, like PrP(121-231), proved to
be monomeric in analytical gel filtration experiments when applied to the column at a
concentration of 200 µM (data not shown).
Both PrP(121-231)-∆H1 and H2-H3 exhibit α-helical structure between pH 3.0
and pH 8.0
To analyze the structural consequences of the deletions for PrP(121-231)-∆H1 and
H2-H3, far-UV-CD spectra of the deletion variants were recorded in the range of pH
3.0-8.0 and compared with those of PrP(121-231) (Fig. 2). Both PrP(121-231)-∆H1
and H2-H3 show mainly α-helical far-UV-CD spectra with the typical minima at 208
nm and 222 nm, albeit the first minimum at 208 nm is slightly shifted towards lower
wavelengths in both constructs relative to wild type PrP(121-231). Both deletion
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constructs show less negative molar mean residue ellipticities compared to PrP(121231). Particularly in the case of the construct H2-H3, the spectral data indicate that
the overall α-helix content in the deletion variant is significantly lower than in
PrP(121-231), which could be confirmed by the low unfolding cooperativities
observed for H2-H3 (Table 1).
Far-UV-CD spectra of the construct PrP(121-231)-∆H1 were completely independent
of pH, as was observed for wild type PrP(121-231) in the range of pH 4.0-7.0. In the
case of H2-H3, the spectra at pH 4.0 exhibit more negative mean residue ellipticities
compared to those at neutral pH and can be explained by a higher thermodynamic
stability of the segment at acid pH (see below) (Fig. 2B).
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Figure 2: Far-UV-CD spectra of PrP(121-231) (solid line), PrP(121-231)-∆H1 (dotted line) and H2-H3
(dashed line) at pH 7.0 (A) and pH 4.0 (B).
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PrP(121-231)-∆H1 and H2-H3 are thermodynamically strongly destabilized
compared to PrP(121-231)
The thermodynamic stabilities of PrP(121-231)-∆H1 and H2-H3 at neutral pH (7.0)
were determined at an ionic strength of 88 mM by urea-induced folding transitions,
i.e., the same conditions used previously for characterization of folding of PrP(121231) (Hornemann and Glockshuber, 1998). All transitions at pH 7.0 were fully
reversible and revealed a strong destabilization of the deletion constructs compared
to wild type PrP(121-231). Two-state analysis yielded very low free energies of
folding of –4.4 and –3.1 kJ/mol for PrP(121-231)-∆H1 and H2-H3, respectively (Fig.
3A, Table 1). The cooperativities of folding at pH 7.0 (m-values) of the deletion
constructs were significantly lower than the values expected from the reduced size of
the variants (87 and 62 residues for PrP(121-231)-∆H1 and H2-H3, respectively,
compared to 111 residues for PrP(121-231) (Myers et al., 1996). This is particularly
true for the construct H2-H3, which shows a more than four-fold lower cooperativity
than PrP(121-231) at pH 7.0 (Table 1). This observation is however fully consistent
with the weak α-helical CD signal of H2-H3 (Fig. 2) and demonstrates that helices 2
and 3 are not completely formed in the H2-H3 variant. In accordance, the CD signal
of H2-H3 at 222 nm was shifted from -7800 to -14000 degree*cm2*dmol-1 upon
addition of the α-helix inducing reagent trifluoroethanol (40% v/v) (data not shown).
Both deletion variants showed a strong tendency to aggregate at acidic pH at an
ionic strength of 88 mM, but were completely soluble at lower ionic strength (34 mM).
Therefore, the thermodynamic stabilities of H2-H3 and PrP(121-231)-∆H1 were
measured at low salt concentrations. Under these conditions, PrP(121-231) does not
form the previously described acid-induced unfolding intermediate and, as observed
at pH 7.0, shows two-state unfolding behaviour (Fig. 3B) (Swietnicki et al., 1997;
Hornemann and Glockshuber, 1998; Glockshuber, 2001; Morillas et al., 2001). The
transitions at pH 4.0 also revealed a strong destabilization of the deletion constructs
and low m-values compared to PrP(121-231) (Fig. 3B, Table 1). The construct H2-H3
is slightly more stable at pH 4.0 than at pH 7.0. This agrees with its weaker α-helical
CD signal at neutral pH and the fact that a considerable fraction of the molecules is
unfolded at pH 7.0 in the absence of denaturant (Fig. 3A, Table 1).
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Figure 3: Urea-induced equilibrium transitions of PrP(121-231) (molecular mass: 13,3 kDa; circles),
PrP(121-231)-∆H1 (molecular mass: 10,4 kDa; triangles) and H2-H3 (molecular mass: 7,4 kDa;
squares) measured by their far-UV-CD signal at 222 nm at 22°C and pH 7.0 (A) and pH 4.0 (B). Open
symbols and closed symbols represent unfolding and refolding experiments, respectively. The lines
correspond to fits according to the two-state model of folding (cf. Table 1).
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Table 1: Thermodynamic stabilities of PrP(121-231), PrP(121-231)-∆H1 and H2-H3 at 22°C

∆G°fold
-1

(kJ mol )

∆∆G°fold

m-value

(variant-wt)

(kJ mol M )

-1

[urea]1/2
-1

(M)

pH 4.0, 34 mM ionic strength:
PrP(121-231)
[13,3 kDa]

-16.9 ± 0.5

-

4.0 ± 0.1

4.2

PrP(121-231)-∆H1
[10,4 kDa]

- 4.4 ± 1.0

12.5 ± 1.5

2.2 ± 0.2

2.0

H2-H3
[7,4 kDa]

- 3.1 ± 0.3 *

13.8 ± 1.3

1.9 ± 0.1

1.6

pH 7.0, 88 mM ionic strength:
PrP(121-231)
[13,3 kDa]

-30.5 ± 1.3

-

4.8 ± 0.2

6.3

PrP(121-231)-∆H1
[10,4 kDa]

- 7.2 ± 0.8

23.3 ± 2.1

2.7 ± 0.2

2.7

H2-H3
[7,4 kDa]

- 0.6 ± 0.7 *

29.9 ± 1.5

1.5 ± 0.2

0.4

* The slope of the pre-transition baseline was fixed to zero during fitting of the data according to a twostate model of folding (Santoro and Bolen, 1988).

PrP(121-231)-∆H1 and H2-H3 maintain α-helical far-UV-CD spectra upon
reduction
Previous experiments have shown that reduction of the single disulfide bond in
recombinant PrP leads to a structural rearrangement towards β-sheet structure at
acidic pH, reminiscent of PrPSc (Mehlhorn et al., 1996; Zhang et al., 1997; Jackson
et al., 1999; Maiti and Surewicz, 2001). This led to the hypothesis that reduction or
transient reduction of the disulfide bond may be involved in the mechanism of the
transition of PrPC to PrPSc. To test whether a transition to β-sheet structure can also
be observed for the deletion variants, we recorded far-UV-CD spectra of the reduced
proteins. The spectra were compared with the CD spectrum of reduced full-length
murine PrP(23-231), as reduced murine PrP(121-231) aggregates at any ionic
strength at pH 4.0 (E. Zobeley and R. Glockshuber, unpublished data). Neither
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reduced PrP(121-231)-∆H1 nor reduced H2-H3 showed β-sheet-like far-UV-CD
spectra comparable to the spectrum of reduced PrP(23-231) (Fig. 4), albeit the molar
mean residue ellipticities are significantly less negative compared to the oxidized
proteins and are slightly shifted towards lower wavelengths. Overall the CD spectra
of the reduced deletion variants demonstrate that the complete loss of α-helical CD
signal oberserved for reduced, recombinant human PrP(91-231), hamster PrP(90231) and murine PrP(23-231) must be triggered by the segment comprising α-helix 1
and/or segment 90-120. Our data also indicate that reduced PrP(90-231) and
PrP(23-231) adopt a completely different tertiary structure at acid pH that involves
the H2-H3 segment, because the α-helical signal is completely missing in the far-UVCD spectra of reduced PrP(23-231) (Fig. 4).
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Figure 4: Far-UV-CD spectra of reduced PrP(23-231) (solid line), reduced PrP(121-231)-∆H1 (dotted
line), reduced H2-H3 (upper dashed line) and oxidized PrP(121-231)-∆H1 (lower dashed line) at 22°C
and pH 4.0. The spectrum of oxidized H2-H3, which coincides with that of oxidized PrP(121-231)-∆H1
at pH 4.0 (see Fig. 2B), is not shown for clarity.

6.1.3. Conclusions
In the present study, we have addressed the question of whether parts of the tertiary
structure of PrPC are sufficiently stable to be retained in PrPSc, the abnormal,
oligomeric PrP isoform believed to cause TSEs in mammals. For this purpose,
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deletion variants of the folded domain of recombinant PrP were constructed and
analyzed for folding and stability. The deletion constructs PrP(121-231)-∆H1 and H2H3 both contain the disulfide-linked C-terminal α-helices 2 and 3 of PrP, which form
the scaffold of the folded C-terminal PrP domain, PrP(121-231). These α-helices are
assumed to represent the most stable part of the structure of PrP(121-231) and to be
preserved in models of PrPSc (Huang et al., 1996; Korth et al., 1997). Although both
deletion constructs investigated here essentially retain α-helical structure, they are
extremely destabilized compared to PrP(121-231), with free energies of folding close
to zero. We conclude from these data that the tertiary structure of segment 170-231
in PrPSc subunits could well differ from that observed in PrPC. This would be
consistent with the fact that the domain PrP(121-231) shows two-state folding
behaviour (Wildegger et al., 1999; Hosszu et al., 1999) and is assumed to unfold
completely prior to the transition to PrPSc. Previous hydrogen exchange experiments
have demonstrated that only a small, structured nucleus of about 10 residues around
the disulfide bond is retained in the unfolded state of PrP. Thus if one would assume
a tertiary structure context in PrPSc that destabilizes the helical conformation of
segement 170-231, this nucleus might be the only element of PrPC preserved in
PrPSc (Hosszu et al., 1999).
The recently solved NMR structures of recombinant human and bovine PrP, and of
single amino acid variants of human PrP revealed a striking correlation between local
structural differences between PrPs from different species and the observed species
barrier of TSE transmission (Calzolai et al., 2000; Zahn et al., 2000; Lopez Garcia et
al., 2000). One possible explanation for this correlation would be that the PrPC
regions with largest structural differences between species, i.e., α-helix 3 and a
segment of irregular secondary structure preceding α-helix 2 (Calzolai et al., 2000),
are retained in PrPSc subunits and thereby prevent formation of regular PrPSc
heterooligomers. However, the present data would also be consistent with a different
model for the species barrier phenomenon in which a host-specific factor (“protein
X”), required for PrPSc propagation, discriminates between PrPs from different
species at the level of PrPC (Telling et al., 1995).
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6.2. Characterization of recombinant, membrane-attached fulllength prion protein
6.2.1. Introduction
To date NMR structures of soluble, recombinant prion proteins devoid of
posttranslational modifications, i.e. glycosylation and the GPI-anchor, could be
determined for the prion proteins of mouse, hamster, man and cattle (Donne et al.,
1997; James et al., 1997; Liu et al., 1999; Lopez Garcia et al., 2000; Riek et al.,
1996; Riek et al., 1997; Riek et al., 1998; Zahn et al., 2000). Due to identical
spectroscopic properties and biophysical characteristics, the recombinant prion
proteins are supposed to adopt the same over-all three-dimensional structures as
their corresponding cellular isoforms (Hornemann and Glockshuber, 1996;
Hornemann et al., 1997; Pan et al., 1993a). The NMR structures revealed that all
prion proteins consist of a highly flexible, unstructured, N-terminal tail comprising
amino acids 23-124 and a folded, C-terminal domain comprising amino acids 125231. This unusual finding that about one half of the protein is completely
unstructured, led to ample discussions as to whether the N-terminal tail is also
unstructured in vivo. Particular sequence motifs of the N-terminal tail, termed
octapeptide repeats, were found to bind copper ions. Upon cooperative Cu2+ binding,
local structure is induced into the flexible tail (Brown et al., 1997; Garnett and Viles,
2002; Viles et al., 1999). Furthermore, the detection of small amounts of
transmembrane forms of PrP in several studies (Hay et al., 1987a; Hegde et al.,
1998; Lopez et al., 1990; Yost et al., 1990) suggested that a hydrophobic stretch
comprising roughly amino acids 110-135 (De Fea et al., 1994) might be inserted into
cellular membranes under certain conditions and then serve as a transmembrane
domain of PrP.
Further membrane interactions via the protein’s C-terminal GPI-anchor might be
involved in the conversion of PrPC to PrPSc. PrPC was found to be susceptible to GPIanchor cleavage by phospholipase C, whereas under the same conditions PrPSc was
not (Safar et al., 1991; Stahl et al., 1990). The GPI-anchor directs the prion protein to
certain microdomains in the cell membrane, so-called rafts that are rich in cholesterol
and lipids with saturated acyl chains, mainly phosphatidylcholine lipids and
sphingomyelin (Brown and London, 1998; Naslavsky et al., 1997; Schroeder et al.,
1994; Vey et al., 1996). Due to their special lipid composition, rafts appear to exist as
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liquid-ordered phase that is characterized by a high degree of acyl chain order and
thus to form separated islets isolated within cellular membranes that exist
preferentially in the more fluid liquid-crystalline phase (Brown and London, 1998).
This raft localization was found to be essential for the formation of PrPSc in vivo.
Experiments with prion protein variants, in which the GPI-anchor was replaced by
different transmembrane helices, thus ensuring PrP localization on the cell surface
but preventing the protein’s sorting to rafts, failed to achieve propagation of the PrPSc
conformation (Kaneko et al., 1997; Taraboulos et al., 1995). Furthermore cholesterol
depletion from cellular membranes, known to lead to a disruption of raft
microdomains (Hooper, 1999), also prevented PrPSc formation (Taraboulos et al.,
1995), whereas sphingolipid depletion was found to increase PrPSc formation in prion
infected cell cultures (Naslavsky et al., 1999). These findings stress the importance
of PrP raft localization in the conversion process of PrPC to PrPSc and thus in the
molecular pathology of prion diseases. In vitro experiments with raft preparations
from prion-infected and uninfected cells showed furthermore that PrPC and PrPSc
must be co-localized in the same membrane for conversion to occur (Baron et al.,
2002).
The influence of raft liposomes on the conversion reaction might manifest through
several mechanisms. Firstly, by enhancing the local PrP concentration in the
membrane and thus facilitating PrP interactions. Secondly, by contact of PrPC with
other raft-localized factors, for example the postulated host-factor, protein X (Telling
et al., 1996), or thirdly, by direct influence of raft lipids on the structure and stability of
the bound PrPC molecules. In previous studies about the influence of a membranous
environment on the structure and stability of the prion protein, soluble, recombinant
prion proteins without a GPI-anchor and liposomes as model membranes were used.
In these studies changes in the α-helical content of the PrP structure could be
observed, dependent on the lipid composition of the liposomes used (Morillas et al.,
1999; Sanghera and Pinheiro, 2002). How close these measurements come to mimic
the situation in vivo is, however, in question. The recombinant, soluble prion proteins
in these studies might well interact with the model membranes in non-natural ways,
as covalent attachment to the cell membrane via the C-terminal GPI-anchor might
define a specific orientation of PrP towards the membrane and thus purport
preferential ways of protein-membrane interaction. To counteract this potential
problem, the approach in the second part of this thesis was to construct and express
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a recombinant prion protein that could be covalently attached to membranes after its
purification. According to these requirements, a PrP variant, termed PrP-SH,
consisting of the sequence of the full-length murine prion protein, PrP(23-231), with a
six amino acid extension (-GlyGlyGlyGlyGlyCys-COO-) at the C-terminus was
designed. Via the additional, C-terminal cysteine residue PrP-SH was covalently
coupled to a thiol-reactive lipid (PDP-DHPE) incorporated in preformed liposomes
(Fig. 1). The coupled form was termed PrP-SS-PDHPE. Structural investigations and
assessment of stability by protease assays were performed for the coupled PrP
species and compared to corresponding data for uncoupled PrP species.
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Figure 1: Structure of PrP-SS-PDHPE (i.e. PrP-SH after covalent coupling to PDP-DHPE); the
unstructured, N-terminal domain of PrP(23-231) is indicated by a dotted line, the structure of the Cterminal domain is shown as ribbon representation and the C-terminal linker sequence of PrP-SH is
given in the three-letter code.
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6.2.2. Results
Covalent coupling of PrP-SH to liposomes
Our initial attempts to refold and purify PrP-SH from E. coli inclusion bodies as
described previously for recombinant wildtype PrP (Hornemann et al., 1997) were
hampered by formation of disulfide-linked oligomers during oxidative refolding. The
problem of non-specific formation of intermolecular disulfides could be circumvented
by construction of a N-terminally (His)6-tagged version of PrP-SH and oxidative
refolding while bound to a Ni-NTA column. This procedure totally prevented formation
of higher oligomers and yielded a main fraction of monomeric, correctly disulfide
bridged, refolded PrP-SH. After cleavage of the N-terminal (His)6-tag with thrombin, a
small fraction of disulfide linked PrP-SH dimers was removed with an additional ion
exchange chromatography step (Fig. 2).
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Figure 2: Non-reducing, Coomassie-stained SDS-gel of PrP-SH purification: lane 1, washed inclusion
bodies; lane 2, elute from the Ni-NTA colum; lane 3, pure PrP-SH after cleavage of the (His)6-tag; lane
4, concentrated sample of pure PrP-SH.

Purified PrP-SH was covalently coupled to either PC/Chol- or raft-liposomes that
contained 1 mol% of the thiol-reactive phospholipid PDP-DHPE. The structure of the
resulting PrP derivative linked to the phosphatidylethanolamine unit is shown in Fig. 1
and was termed PrP-SS-PDHPE. Best coupling results were obtained at pH 8.0 and
low ionic strength of the buffer (5 mM Tris/HCl). Increase in ionic strength led to
irreversible protein aggregation. As PrP-SS-PDHPE could not be discriminated from
PrP-SH by non-reducing SDS-PAGE (not shown), we verified the coupling product by
analytical HPLC and MALDI-TOF mass spectrometry (Fig. 3, Fig. 4).
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Figure 3: HPLC-profiles documenting the purification of PrP-SS-PDHPE: a) purification procedure for
PrP-SS-PDHPE coupled to PC/Chol-liposomes; b) purification procedure for PrP-SS-PDHPE coupled
to raft-lipsomes. In each panel the first peak (1) corresponds to uncoupled PrP-SH, and the second
peak (2) represents the phospholipid-coupled PrP-SS-PDHPE. The several runs indicated by i-iv,
correspond to i) uncoupled PrP-SH alone, in the absence of liposomes, ii) the total reaction mixture
after 12 hours, iii) the supernatant after pelleting of aggregated material and iv) resuspended and
washed liposomes after ultracentrifugation.
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Figure 4: MALDI-TOF spectra of a) PrP-SH alone and b) purified PrP-SS-PDHPE coupled to
PC/Chol-liposomes. Calculated masses are indicated in brackets. Sinapinic acid was used as MALDImatrix.
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The amount of coupling reagent used for all experiments described in the following
was kept at 1 mol% PDP-DHPE, to guarantee liposomal integrity and avoid negative
effects that have been reported for higher fractions of PDP-DHPE and similar
coupling reagents (Bredehorst et al., 1986; Munoz et al., 1998). The coupling reagent
is supposed to be equally distributed among the inner and outer leaflet of the
membrane bilayer of the liposomes. The amount of coupling reagent accessible for
coupling to PrP-SH is therefore 0.5 mol%. This number equals about 400 PDP-DHPE
molecules per liposome with an average diameter of 100 nm, when an area average
of about 78.5 nm2 is assumed per headgroup of PC/Chol dimer; 400 coupled PrPSS-PDHPE molecules are expected to cover about 8% of the total surface of a
liposome.
The actual coupling efficiencies observed in the coupling reactions, however, were
somewhat lower and varied slightly for the two different liposome types investigated
here. Coupling to PC/Chol-liposomes had an efficiency of about 55-60%, whereas
coupling to raft-liposomes appeared with an efficiency of 45-50%. These values
correspond to about 5% of liposome surface covered by PrP-SS-PDHPE in the case
of the PC/Chol-liposomes and about 4% of liposome surface covered by PrP-SSPDHPE in case of the raft-liposomes. Higher coupling efficiency could not be
achieved due to aggregation in the reaction mixtures.

Purification procedure for liposomes with covalently coupled PrP-SS-PDHPE
As the coupling reactions did not yield complete coupling to PDP-DHPE for all PrPSH molecules introduced into the coupling assay, the complete reaction assay
contained a mixture of coupled PrP-SS-PDHPE and uncoupled PrP-SH. Application
of samples from the total reaction mixture to an HPLC column revealed that about
one third of the PrP-SH in the coupling assay did not react with PDP-DHPE and
remained uncoupled in the case of PC/Chol-liposomes; in the case of the raftliposomes with their lower coupling efficiency, about half of the PrP-SH molecules
introduced in the reaction remained uncoupled (Fig. 3). Therefore a purification
procedure for liposomes bearing covalently coupled PrP-SS-PDHPE had to be
developed. The first step of the procedure involved removal of aggregates that were
already visible by eye in the reaction assays. This was accomplished by a low-speed
centrifugation step at 14000g for 30 min. HPLC analysis of the supernatant revealed
that the amount of PrP-SS-PDHPE was decreased in the supernatant, independent
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of the liposome species involved, whereas the peaks corresponding to PrP-SH
remained unchanged (Fig. 3). The small fraction of covalently coupled PrP-SSPDHPE that was not aggregated could be separated from uncoupled protein by an
ultracentrifugation step afterwards. The liposomes could be pelleted under these
conditions, together with the incorporated PrP-SS-PDHPE molecules. Washed
liposome pellets were then resuspended in water, and HPLC-analysis showed that
liposome-associated PrP-PDHPE was pure and free of PrP-SH (Fig. 3).
In order to ensure that the liposomes stayed intact during the purification procedure,
electron micrographs of freshly prepared PC/Chol- and raft-liposomes were
compared to electron micrographs of liposomes bearing covalently bound PrP-SSPDHPE that were subjected to the above described purification protocol. The overall
appearance of freshly prepared liposomes was indistinguishable from the
appearance of PrP-SS-PDHPE loaded liposomes. These micrographs also proved
that no soluble aggregates were present in the purified PrP-SS-PDHPE loaded
liposome solutions. For the later comparative analysis of covalently coupled PrP-SSPDHPE and uncoupled PrP(23-231) in the presence of liposomes by CDspectroscopy, it was also shown that the presence of PrP(23-231) did not influence
the appearance of the PC/Chol- and raft-liposomes (Fig. 5).

a)

b)

c)

50 nm

50 nm

50 nm

d)

e)

f)

50 nm

50 nm

50 nm

Figure 5: Electron micrographs of a) PC/Chol-liposomes, b) PC/Chol-liposomes in the presence of
soluble PrP(23-231), c) PC/Chol-liposomes with coupled PrP-SS-PDHPE, d) raft-liposomes, e) raftliposomes in the presence of soluble PrP(23-231) and f) raft-liposomes with coupled PrP-SS-PDHPE.
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Structural analysis by far-UV-CD spectroscopy
The influence of the covalent coupling to membranes on the structure of the fulllength prion protein was investigated by far-UV-CD spectroscopy that is indicative of
changes in secondary structure within a protein. The spectra for full-length PrP(23231) in solution were compared with the spectra of soluble, full-length PrP(23-231) in
the presence of liposomes, and liposome-associated PrP-SS-PDHPE. Soluble PrPSH had a far-UV-CD spectrum identical to that of wildtype PrP(23-231) (data not
shown).
Spectra were recorded at pH 7.0 and pH 5.0, i.e., roughly the pH range encountered
by PrP when present on the cell-surface or after incorporation into endosomes. The
PC/Chol-liposomes, consisting of zwitterionic phosphatidylcholine and cholesterol
only and therefore carrying no net charge, did not have any influence on the far-UVCD spectra of uncoupled full-length PrP(23-231) or on the far-UV-CD spectra of
liposome-bound PrP-SS-PDHPE. At pH 7.0 as well as at pH 5.0 the far-UV-CD
spectra of PrP(23-231), of PrP(23-231) in the presence of PC/Chol-liposomes and of
liposome-bound PrP-SS-PDHPE coincide completely and show the typical minima at
208 and 222 nm, indicative of α-helical structure (Fig. 6). Spectroscopic analysis of
raft-coupled PrP-SS-PDHPE was hampered by a relatively high tendency of the
preparation to aggregate. Although spectra at pH 5.0 and pH 7.0 could be recorded
for full-length PrP(23-231) in the presence of raft-liposomes, the lipid concentrations
had to be three- to four-fold lower in comparison to the solutions containing PC/Cholliposomes in order to prevent aggregation in the samples. Recording of far-UV-CD
spectra of the raft-coupled PrP-SS-PDHPE at neutral pH was completely prevented
by aggregation. Far-UV-CD spectra of coupled PrP-SS-PDHPE at pH 5.0 could be
recorded at very low ionic strength (2 mM acetic acid/NaOH). All recorded spectra
showed that the over-all α-helical structure of PrP was also retained in the presence
of raft-liposomes. Covalent coupling to raft-liposomes, however, led to an increase in
the amplitudes of the far-UV-CD spectra at pH 5.0. In contrast, uncoupled PrP(23231) in the presence of raft-liposomes exhibited far-UV-CD spectra identical to
PrP(23-231) in the absence of liposomes (Fig. 7). Experiments with a negatively
charged liposome species, consisting of phosphatidylcholine, phosphatidylglycerol
and cholesterol in a molar ratio of 4:1:5 failed due to complete protein aggregation
upon the addition of PrP(23-231) or PrP-SH under all tested conditions. Exclusion of
aggregation in the samples and buffer correction of the spectra for correct liposome-
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buffer solutions was extremely important, as liposomes themselves showed large CD
signals in the regions between 200 and 220 nm. Wrong buffer corrections could
therefore lead to tremendous changes in the far-UV-CD spectra of the respective
PrP/liposome solutions.
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Figure 6: Far-UV-CD spectra of PrP(23-231) (◆ filled diamonds), soluble PrP(23-231) in the presence
of PC/Chol-liposomes (❍ empty circles) and PrP-SS-PDHPE coupled to PC/Chol-liposomes (● filled
circles) at a) pH 5.0 and b) pH 7.0.
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Figure 7: Far-UV-CD spectra of PrP(23-231) (◆ filled diamonds), soluble PrP(23-231) in the presence
of raft-liposomes (❍ empty circles) and PrP-SS-PDHPE coupled to raft-liposomes (● filled circles) at
pH 5.0.

Stability analysis by proteolytic assays
The influence of a membranous environment on the stability of full-length PrP could
not be assessed by urea or guanidinium chloride (GdmCl) induced folding transitions
or thermal folding transitions, as the liposomes did not survive higher urea and
GdmCl concentrations as well as heating up to 90°C, so that the observed transitions
were not reversible. Stabilities of PrP(23-231) in the absence and presence of
liposomes and of covalently coupled PrP-SS-PDHPE were therefore investigated by
limited proteolysis. Two different proteases were chosen for this approach, proteinase K and trypsin. Limited proteolysis was performed for 1 h at 37°C with
varying protease concentrations. No differences in the digestion pattern were
observed for samples without liposomes, in the presence of PC/Chol- or raftliposomes and for samples containing covalently liposome-coupled PrP-SS-PDHPE
(Fig. 8). This indicated that neither the presence of PC/Chol- or raft-liposomes nor
the covalent coupling to PC/Chol- or raft-liposomes did lead to a detectable
stabilization or destabilization of PrP(23-231) or PrP-SS-PDHPE. The increase in
structure as observed for PrP-SS-PDHPE when coupled to raft-liposomes was not
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accompanied by protection of parts of the N-terminal tail of PrP-SS-PDHPE against
proteolysis.
Edman sequencing of the major proteolysis bands from SDS-gels identified the upper
proteolytic band as the C-terminal domain of PrP and the lower proteolytic band as
the N-terminally truncated N-terminal domain of PrP for both – digestion with
proteinase K and digestion with trypsin (Table 1).
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Figure 8: Coomassie-stained SDS-gels of limited proteolysis assays, a) with trypsin and b) with
proteinase K. Increasing concentrations of proteinase are indicated by the black block arrows above
the gels; specific concentrations are as follows: lanes 1: 0 µg/ml, lanes 2: 0.0005 µg/ml, lanes 3: 0.005
µg/ml, lanes 4: 0.05 µg/ml, lanes 5: 0.5 µg/ml, lanes 6: 5 µg/ml, lanes 7: 50 µg/ml, lanes 8: 500 µg/ml
and lanes 9: 1250 µg/ml. S: molecular mass standard. Bands indicated by arrows in the upper left
SDS-gels of the trypsin and proteinase K digests were identified by N-terminal Edman-sequencing in
all SDS-gels (see Table 1).
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Table 1: Cleavage sites as determined from Edman-sequencing of the indicated bands in Fig. 8;
results obtained for PrP(23-23) in the absence and presence of liposomes or in samples with
liposome-bound PrP-SS-PDHPE were identical.

Protease used

Cleavage sites as identified by Edman sequencing

Trypsin

i:
cleavage between K106 and T107 or K110 and
H111 (Edman sequencing revealed double
sequence); corresponds to the C-terminal domain
ii:
cleavage between K24 and K25; corresponds to the
N-terminal tail

Proteinase K

iii:
cleavage between R118 and G119; corresponds to
the C-terminal domain
iv:
cleavage between G22, the additional N-terminal
glycine residue that results from the cleavage of the
(His)6-tag with thrombin, and S23; corresponds to
the N-terminal tail
v:
cleavage between G22 and S23; corresponds to a
shorter fragment of the N-terminal tail

6.2.3. Discussion
Previous studies on the influence of a membranous environment on the structure and
stability of the prion protein were performed with recombinant PrP lacking the Cterminal GPI-anchor. The experiments of Morillas et al. (Morillas et al., 1999) showed
that binding of PrP to lipid membranes required negatively charged lipids. An
increase in α-helical structure in the full-length protein could be assigned to formation
of structure in the previously unstructured, N-terminal tail of PrP. Furthermore the Cterminal domain was found to become destabilized in the presence of acidic
membranes, especially at acidic pH values. Incubation of the prion protein with
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vesicles consisting solely of zwitterionic phosphatidylcholine did not have an
observable effect on the structure or stability of recombinant PrP.
This result is in accordance with our observations for PrP(23-231) in the presence of
PC/Chol-liposomes, where no influence of PC/Chol-liposomes on the structure as
probed by far-UV-CD spectroscopy or stability as probed by proteolytic digests was
found.
In the studies by Sanghera and Pinheiro (2002) binding of the PrP(90-231) fragment
of the Syrian hamster PrP was also observed for negatively charged lipid vesicles,
accompanied by an increase in β-sheet structure. Furthermore binding of PrP(90231) was observed for liposomes consisting solely of zwitterionic DPPC and
liposomes of a raft-like lipid composition. Binding resulted in an increase in the αhelical content of PrP. These deviating results from the studies by Morillas et al.
(1999) and our observations that PC/Chol-liposomes did not have any influence on
the far-UV-CD spectra of PrP(23-231) neither at neutral nor at acidic pH, as well as
raft-liposomes at acidic pH might arise from differences in the membrane systems
and lipid compositions, as well as from the different proteins used.
Our results from PrP-SS-PDHPE covalently coupled to membranes indicate that
covalent coupling via a relatively flexible membrane anchorage like the GPI-anchor,
mimicked here by the glycine-linker, does not lead to preferential or increased
membrane-protein interactions in an environment consisting of zwitterionic lipids.
Coupling to raft-like membranes, however, resulted in a slight increase in α-helical
structure in the coupled PrP-SS-PDHPE when compared to PrP(23-231) in solution
or in the presence of raft-liposomes. This increase in structure was not accompanied
by any changes in the stability of the coupled PrP-SS-PDHPE to raft-liposomes
against digestion with proteases.
These structural data, together with the coincident proteolytic pattern of coupled PrPSS-PDHPE and PrP(23-231) in solution strongly suggest that a direct influence of raft
lipids on the structure and stability of the prion protein and thus on the conversion
from PrPC to PrPSc can be excluded. The observed influence of the raft localization of
the prion protein on the conversion process is more likely due to increased local
concentrations of the prion protein in raft microdomains or due to interactions of the
prion protein with other raft-localized molecules.
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Our results furthermore indicate that the structures as determined by NMR for the
soluble, recombinant prion proteins of mouse, hamster, man and cattle lacking the
GPI-anchor and in the absence of membranes (Donne et al., 1997; James et al.,
1997; Liu et al., 1999; Lopez Garcia et al., 2000; Riek et al., 1996; Riek et al., 1997;
Riek et al., 1998; Zahn et al., 2000) might well represent the conformation adopted
by PrP on the cell surface in the absence of ligands like copper ions (Brown et al.,
1997; Garnett and Viles, 2002; Viles et al., 1999) or other interaction partners (Telling
et al., 1995).
The in vitro system for the covalent coupling of PrP to model membranes presented
here, might be of use in the investigation of certain PrP variants associated with
human TSEs, in solution or attached to model membranes and their comparison with
wildtype prion protein. In vitro conversion experiments with covalently coupled PrP
might help to unravel the role of the membrane environment in the conversion
reaction of PrPC to PrPSc.
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6.3. Reducibility of the disulfide bond in recombinant PrP and
implications for the PrPC to PrPSc conversion
6.3.1. Introduction
According to the “protein-only” hypothesis TSEs are caused by an agent termed
prion (from proteinacous infectious only), that is devoid of informational nucleic acids
and is supposed to consist mainly, if not entirely, of PrPSc, an abnormal isoform of the
host-encoded, cellular prion protein, PrPC (reviewed in Weissmann, 1991;
Weissmann, 1996; Heppner and Aguzzi, 2001a; Heppner and Aguzzi, 2001b;).
PrPC and PrPSc are thought to differ only in their tertiary structures, the primary
structures of both PrP isoforms were found to be identical. In both PrP isoforms the
two cysteins were found to be in the oxidized state (Turk et al., 1988), indicating that
both isoforms possess a formed disulfide bond. However, controversial discussions
were evoked by observations of structural plasticity in PrPC upon reduction of its
disulfide bond. It was found that the reduced form of PrPC adopts a β-sheet rich
structure at acidic pH (Mehlhorn et al., 1996; Zhang et al., 1997) and readily forms
fibrils remininscent of PrPSc at pH 4.0 and high ionic strengths (Jackson et al., 1999).
The main topic disputed was therefore if conversion from PrPC to PrPSc might or
might not involve a transient reduction of the intramolecular disulfide bond of PrPC or
even a switch from intra- to intermolecular disulfide bridges (Muramoto et al., 1996;
Herrmann and Caughey, 1998; Feughelman and Willis, 2000; Maiti and Surewicz,
2001; Welker et al., 2001). The detection of covalently linked prion protein dimers in
mouse neuroblastoma cells and in scrapie-infected hamster brain suggested
furthermore a role for dimerization in the pathogenesis of prion diseases (Priola et al.,
1995). These considerations were supported by the resolution of the crystal structure
of a prion protein dimer with intermolecular disulfide bonds (Knaus et al., 2001).
In the third part of this thesis the question was approached if rearrangement of the
disulfide bond is a required step for the formation of PrPSc by investigating the
stability of the intramolecular disulfide bond of recombinant full-length PrP against
reduction. Results obtained for wildtype PrP were compared with corresponding data
on several prion protein variants that habour point mutations known to be associated
with genetic forms of human TSEs (Prusiner, 1996).

If a transient reduction

mechanism was underlying the PrPC to PrPSc conversion, one would expect a
facilitated

reducibility
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dimers/oligomers in the prion protein variants associated with the mentioned human
TSEs. Therefore also the dimerization tendencies of the respective proteins were
analyzed.

6.3.2. Results
Reduced mPrP(23-231) variants show β-sheet like far-UV-CD spectra at acidic
pH
The PrP(23-231) variants chosen for the following studies represent examples of
point mutations that are associated with genetic forms of Gerstmann-SträusslerScheinker disease (GSS), Creutzfeldt-Jakob disease (CJD) and fatal familial
insomnia (FFI) in humans. The P102L, P105L, A117V and F198S mutations are
known to be the cause of GSS, the T183A and E200K mutations can lead to CJD
and the D178N mutation in combination with a methionine at position 129 (numbering
according to human PrP), a known polymorphism site in humans, is known to be
responsible for the occurrence of FFI (Prusiner, 1996) (Fig.1).

N

P102L

E200K

P105L
D178N
T183A

F198S

A117V
M129V

C
GSS: P102L, P105L, A117V, F198S
CJD: T183A, E200K
FFI: D178N

Figure 1: Ribbon representation of murine PrP(23-231) (pdb accession code:1ag2) generated with the
program MOLMOL (Koradi et al., 1996).
The C-terminal domain comprising residues 125-231 is shown in grey. The disulfide bond Cys179Cys214 is indicated in black, as are the sidechains of residues Pro102, Pro105, Ala117,
Met129/Asp178, Thr183, Phe198 and Glu200 that were mutated in the investigated variants of fulllength PrP. TSEs associated with these mutations are given below. The unstructured N-terminal
domain comprising residues 23-124 is indicated by black dots.
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In order to investigate whether the introduction of these selected mutations into the
murine full-length PrP affects the behaviour of the resulting proteins upon reduction
of their single disulfide bonds, far-UV-CD spectra of all protein variants – P102L,
P105L, A117V, M129/D178N, T183A, F198S, E200K – and the wildtype were
recorded at pH 4.0. All variants show far-UV-CD spectra indicative of β-sheet
structure with the typical minimum at 215 nm, when reduced, but adopt α-helical
structure in their oxidized forms independent of pH (Fig.2). This had been previously
reported for the wildtype protein (Jackson et al., 1999c; Maiti and Surewicz, 2001;
Zobeley et al., 2001).
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Figure 2: Far-UV-CD spectra of oxidized and reduced wildtype and variant full-length PrPs. The
spectra of the oxidized proteins are independent of pH. Spectra of the oxidized proteins at pH 7.4 are
shown, marked by black dots; the spectra of the reduced proteins at pH 4.0 are given in grey.
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Stability and reducibility of mPrP(23-231) variants
The thermodynamic stabilities of the oxidized P102L, P105L, A117V, M129/D178N,
T183A, F198S and E200K variants were determined under the same conditions
under which the reduction experiments were performed, i.e. in 50 mM MOPS/NaOH,
pH 7.4, 150 mM NaCl, 1 mM EDTA at a protein concentration of 20 µM (Fig. 3 and
Table 1).

0

WT

P102L

P105L

A117V

M129/
D178N

T183A

F198S

E200K

-2000
-4000
-6000

[θ
θ]MRW at 222 nm (degree cm2 dmol-1)

-8000
4

-1 100

-2000
-4000
-6000
-8000
-1 10 0
4

-2000
-4000
-6000
-8000
4

-1 100
-2000
-4000
-6000
-8000
-1 10

4

0

2

2

4

4

6

6

8

8

2

4

6

8

[Urea] (M)
Figure 3: Urea-induced transition curves of wildtype and variant full-length PrPs at pH 7.4 and an
ionic strength of 182 mM. Unfolding curves are marked with black dots; refolding curves are marked
with black circles. Data were fitted according to the two-state model (grey solid lines). In the case of
the variant T183A, the two-state assumption is presumably not valid due to strongly decreased
cooperativity and aggregation tendency at low denaturant concentrations, resulting in loss of CD
signal (cf. Table 1).
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Table 1: Thermodynamic stabilities of mPrP(23-231) wildtype and variants
∆G

∆∆G

0
fold

0

1
fold

Cooperativity

*

-1

-1

[Urea]1/2

-1

(M)
(kJ mol M )
(variant-wt)
(kJ mol )
____________________________________________________________________________
wt
P102L
P105L
A117V
D178N
2
T183A **
F198S
E200K

-24.8
-24.5
-25.6
-26.0
-17.3
-6.8
-16.2
-24.6

±1.3
±0.9
±1.7
±1.2
±2.0*
±0.5*
±1.9*
±1.2

0.3
-0.8
-1.2
7.5
18.2
8.6
0.2

3.9
4.0
4.2
4.3
4.0
1.7
3.6
3.8

±2.2
±3.0
±2.5
±3.3
±1.8
±3.2
±2.5

±0.2
±0.2
±0.3
±0.2
±0.5
±0.3
±0.5
±0.2

6.4
6.1
6.1
6.1
4.3
4.0
4.5
6.4

Data were evaluated with a six-parameter fit according to a two-state model of folding (Santoro and
Bolen, 1988). In the case of the values marked with asterisks the endpoint of the pre-transition
2

-1

baseline was fixed to (0M urea/-9600 degree*cm *dmol ) during the fit.
1*: ∆∆G

0
fold

is defined such that positive values correspond to a destabilization relative to wt PrP.

2*: Two-state assumption not valid (cf. legend of Fig. 3).

Due to aggregation in samples with low urea concentrations the ∆G0fold values for the
M129/D178N, the T183A and the F198S variants could only be assessed by
excluding the respective data points affected by aggregation from the fit calculations
according to Santoro and Bolen (1988), following a two-state model of folding.
Furthermore an endpoint fixation of (0M urea/–9600 degree*cm2*dmol-1) had to be
implemented for the pre-transition baseline. The ∆G0fold values of –17.3 kJ/mol (for
M129/D178N), -6.8 kJ/mol (for T183A) and –16.2 kJ/mol (for F198S) derived from
these assumptions are in good agreement with previous thermodynamic studies on
these variants in full-length and N-terminally truncated prion proteins. There, identical
destabilizing effects were reported for the respective point mutations (Cereghetti,
2001; Liemann and Glockshuber, 1999a; Swietnicki et al., 1998b). The variants
E200K, P102L, P105L, A117V on the other hand exhibit thermodynamic stabilities in
the range of that of the wildtype protein with a ∆G0fold value of – 24.8 kJ/mol. These
results are also in accordance with previous thermodynamic studies (Cereghetti,
2001; Liemann and Glockshuber, 1999a; Swietnicki et al., 1998b) that could rule out
destabilization of PrPC by disease associated mutations as the general basis for the
development of genetic forms of human TSEs. In order to test if reducibility of the
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disulfide bond of PrPC might supply a general feature that could explain the link
between certain mutations in the PrP gene and prion diseases, the reduction of the
single disulfide bond in the respective proteins by excess DTT was investigated. The
reaction was stopped at different time points by addition of formic acid to the
samples, resulting in a final pH below 2. The acid-quenched samples were applied to
a HPLC column, where oxidized and reduced PrP species were separated by
application of an acetonitrile gradient (Fig. 4). Retention of a small peak
corresponding to the oxidized form in the HPLC profiles of M129/D178N, T183A and
F198S after a fast initial decline can be explained by partial aggregation of the
oxidized forms of these proteins in the reduction assays (see thermodynamic
stabilities and aggregation assays) and a possible inaccessibility of the disulfide bond
to the reducing agent resulting thereof. Rate constants of pseudo-first order were
calculated for the reactions from the decrease of the oxidized PrP species (Table 2).

Table 2: Pseudo first order rate constants of the reduction of mPrP(23-231) wildtype and variants by
DTT at 37°C at pH 7.4 and a constant ionic strength of 182 mM

______________________________________________________________
∆∆G0fold

Rate constant k1
-1
(s )

Half time

(variant-wt)

wt
P102L
P105L
A117V
D178N
T183A
F198S
E200K

0.3
-0.8
-1.2
7.5
18.2
8.6
-0.2

-6

±2.2
±3.0
±2.5
±3.3
±1.8
±3.2
±2.5

1.9 *10
-6
2.0 *10
-6
1.8 *10
-6
1.9 *10
-3
1.0 * 10
-3
7.0 * 10
-3
1.9 *10
-6
1.8 *10

101 h
101 h
107 h
101 h
11.0 min
2.52 min
11.3 min
107 h

* data points affected by aggregation were excluded from the fit calculations according to
Santoro and Bolen (1988); for the pre-transition baseline an endpoint was fixed to 0M urea/2
-1
9600 degree*cm *dmol

The rate constants for the reduction of the M129/D178N, T183A and F198S variants
are strongly increased by factors of roughly 500 (for M129/D178N), 3500 (for T183A)
and 1000 (for F198S) compared to that of the wildtype (1.9 *10-6 s-1). The other
variants are reduced at the same rates as the wildtype protein. Although these
results indicate a correlation between the overall thermodynamic stabilities of the
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investigated proteins and the reducibility of their disulfide bonds, they do not supply
an explanation for the association of the respective mutations with disease.
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360 min
240 min
120 min
60 min
30 min
10 min
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30 min
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1 min
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Figure 4: HPLC analysis of the reduction of wildtype and variant full-length PrPs at pH 7.4 by DTT.
Times after start of the reduction reaction are given for each sample in the figure. The first peak in
each panel corresponds to the oxidized form of the respective full-length PrP. The second peak
corresponds to the reduced form of the protein.
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Aggregation tendencies
The aggregation tendencies of the oxidized and reduced forms of wildtype and
variant full-length PrPs were analyzed by precipitation of aggregates in samples with
increasing concentrations of NaCl at pH 4.0 after 1 or 24 hours respectively (Fig. 5).
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Figure 5: Redox-state dependent aggregation of wildtype and variant full-length PrPs at pH 4.0 and
increasing concentrations of NaCl. The curves for oxidized PrPs are marked by dots (aggregation after
1 hour) and circles (aggregation after 24 hours). The curves for reduced PrPs are marked by filled
squares (aggregation after 1 hour) and empty squares (aggregation after 24 hours).

In accordance with previous studies (Jackson et al., 1999c; Maiti and Surewicz,
2001) aggregation of the reduced proteins occurred readily at pH 4.0 and an ionic
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strength above 150 mM. The aggregation reactions were already completed after 1
hour. Investigations by electron microscopy, however, revealed the low fibrillar
character of these aggregates (Fig. 6a).
Complete aggregation of the oxidized forms of the wildtype and the P102L, P105L,
A117V and E200K variants occurred slower and only at higher ionic strengths above
400 mM in the samples after 1 hour or above 300 mM in the samples after 24 hours.
In contrast to this, the aggregation tendencies of the oxidized forms of M129/D178N,
T183A and F198S were enhanced; already after 1 hour at an ionic strength of 300
mM about 70% of the proteins precipitated into aggregates; after 24 hours
aggregation was completed in these samples (Fig. 5).
The electron micrographs of aggregates of the oxidized forms of the investigated
prion proteins showed no fibrillar character (Fig. 6b).

a)

b)

WT

P102L
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P105L

A117V

P105L

A117V

M129/
D178N

T183A
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F198S

E200K

F198S

E200K

Figure 6: Electron micrographs of aggregated wildtype and variant PrPs in a) the reduced and b) the
oxidized form.
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Proteinase K digestions of aggregated samples
Oxidized and reduced samples of aggregated wildtype and variant full-length PrPs
were digested with increasing amounts of proteinase K (data not shown). All oxidized
forms of the wildtype and the several variants of mPrP(23-231) are very sensitive to
proteinase K digestion. The reduced forms of wildtype mPrP(23-231) and of some
variants investigated here - i.e. P102L, P105L and T183A - show a slight resistance
to low concentrations of proteinase K (up to 0.5 µg/ml). The digestion pattern,
however, is the same in all cases and does not show the generation of the PrPScspecific fragment comprising residues 90-231.

Dimerization tendencies of mPrP(23-231) wildtype and variants
Dimerization tendencies of wildtype PrP and variants via formation of intermolecular
disulfide bonds were tested under non-reducing conditions in assays at pH 8.0.
Dimerization of wildtype PrP had been previously reported under similar conditions
(Knaus et al., 2001). The respective dimers were connected via two intermolecular
disulfide bonds between helix 2 of one PrP molecule and the swapped helix 3 of the
other PrP molecule (Fig. 7).

R
S
S

75 mM Tris/HCl, pH 8.0
+/- DsbCred

2

S
S

R
S
S

R

Figure 7: Scheme of the dimerization of PrP at high protein concentrations (150 µM) at pH 8.0 in the
presence or absence of reduced DsbC. It is supposed that the C-terminal α-helix of each subunit is
three-dimensionally swapped in the PrP-dimer as seen in the crystall structure of PrP (Knaus et al.,
2001), so that two intermolecular disulfide bonds are formed between the helices 2 and 3.

Non-reducing SDS-gels of the dimerization assays showed distinct bands at around
47 kDa (expected mass of the prion protein dimer: 46.2 kDa) after 48 hours. With βmercaptoethanol in the loading buffer these bands were no longer visible on the
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SDS-gels proofing that the observed bands were indeed disulfide linked prion protein
dimers. The most intensive dimer bands were observed for the full-length proteins
with the M129/D178N, T183A and F198S mutations, indicating that reduced
thermodynamic stability and increased reducibility might favour formation of prion
protein dimers. The variants with rate constants of reduction in the range of that of
the wildtype protein and the wildtype protein itself showed less intensive dimer bands
(Fig. 8a/b).
Experiments to catalyze dimer formation by addition of the reduced oxidoreductase
DsbC failed to enlarge the fraction of dimer after 48 hours (Fig. 8c/d).
Despite the addition of a protease inhibitor cocktail (Roche) proteolytic cleavage was
observed in all samples under the conditions of the dimerization assay.
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Figure 8: Non-reducing, Coomassie stained SDS-gels of dimerization assays with wildtype and
mutant PrPs a) in the absence of DsbC c) in the presence of DsbC; reducing, Coomassie-stained
SDS-gels of dimerization assays with wildtype and variant PrPs b) in the absence of DsbC, d) in the
presence of DsbC. The lanes indicated are as follows: lanes 1: wildtype PrP(23-231), in lanes 2:
P102L, in lanes 3: P105L, in lanes 4: A117V, in lanes 5: M129/D178N, in lanes 6: T183A, in lanes 7:
F198S, in lanes 8: E200K. The bands indicated by arrows correspond to i) the PrP dimer, ii) DsbC,
and iii) the PrP monomer.
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6.3.3. Discussion
As accumulation of PrPSc fibers is a central aspect of the pathogenesis of TSEs, it is
important to understand what triggers the conversion reaction from the normal
cellular protein, PrPC, to the disease-related isoform, PrPSc, on a molecular level. It
has long been known that the conversion process involves a change from a highly αhelical protein to a protein with an increased content in β-sheets (Pan et al., 1993b;
Pergami et al., 1996). Furthermore reduction of the single disulfide bond in PrPC was
shown to increase the proteins β-sheet content and enhance its tendency to
aggregate (Jackson et al., 1999c; Mehlhorn et al., 1996b; Zhang et al., 1997b).
Although earlier studies proved both isoforms - PrPC as well as PrPSc - to be in the
oxidized form, it was not possible from these studies to distinguish between intra- or
intermolecular disulfide bonds in PrPSc (Turk et al., 1988) (Safar et al., 1990). This left
open the possibility of PrPSc being an ordered, fibrillar aggregate that is covalently
linked via intermolecular disulfide bridges after a transient rearrangement of the
protein’s disulfide bond. This idea especially gained new support when the crystal
structure of a PrP dimer was solved (Knaus et al., 2001). The respective dimer
resulted from three-dimensional swapping of the C-terminal helix 3 and a
rearrangement of the disulfide bond of PrPC from intra- to intermolecular. Dimer
formation was reported to occur in PrPC solutions at pH 8.0 in the absence of
reducing agents or catalysts.
In our analysis we approached the question if a transient thiol-disulfide
rearrangement is a required step during the PrPC to PrPSc conversion process and if
dimerization/oligomerization via intermolecular disulfide bonds is likely to occur in
PrPSc. Therefore we compared the reducibility and dimerization tendencies of
wildtype PrP with variants that harbour point mutations known to be associated with
human TSEs (Prusiner, 1996). Should a reduction step be required for PrPC
conversion, one would expect an easier reduction of the disulfide bond of protein
variants that lead to the development of disease. If covalent oligomerization via
disulfide bonds occured in PrPSc fibers, the tendency to form disulfide-linked
dimers/oligomers should be enhanced for the mutants. Although we found these
requirements to be met for some of the investigated variants (i.e. M129/D178N,
T183A, F198S), not all of them exhibited increased reduction rates and dimerization
tendencies. In detail, a dimer band was observed for all prion proteins investigated
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here on non-reducing SDS-gels after 24 hours. This band was most prominent for the
variants that had been found to exhibit faster reduction kinetics compared to wildtype
PrPC, i.e. M129/D178N, T183A and F198S. Our results furthermore indicated a
connection between decreased thermodynamic stability and facilitated reducibility.
These findings can most readily be explained by the following model, which assumes
a two-state folding mechanism for full-length PrP and a requirement for complete
unfolding prior to reduction of the disulfide bond.

DTTred

Nox

Uox

kR

DTTox

Ured

R

Nox represents the native oxidized folded PrP, Uox the unfolded oxidized PrP, Ured the
unfolded, reduced PrP and R, the reduced form of PrP that was found to adopt βsheet structure. kR represents the rate constant of reduction.
This model is further supported by studies from Zobeley et al. (2001), where the
apparent reduction rate of the disulfide bond in PrPC appeared to be increased at low
pH. The facilitated reduction of the protein, although less attacking thiol is present in
the ionized form at low pH, can be explained by the decreased thermodynamic
stability of oxidized PrPC at acidic pH.
Reduced PrP was reported to form aggregates at acidic pH and elevated ionic
strengths (Jackson et al., 1999c). We also tested the idea that these aggregates
might be an intermediate of the conversion process with later reoxidation of the
disulfide bond within the aggregated material. Unpublished data by Zobeley et al.
(2001) showed that such a reoxidation step was in principle possible. However, an
increased tendency for aggregation of the reduced PrP variants could not be
observed. This would have been expected, if the aggregation of reduced material
had been a critical step in the conversion process. The aggregates furthermore
displayed only very weak fibrillar characteristics and were still sensitive to digestion
with proteinase K.
In summary, we found no concerted behaviour of all disease-related PrP variants or
at least PrP variants associated with the same prion disease, concerning biophysical
properties like reducibility, dimerization and aggregation tendency that one would
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expect to be involved, if a disulfide rearrangement was part of the conversion
reaction. This renders a common transient thiol-disulfide exchange mechanism and
intermolecular disulfide linkage in the PrPSc fibrils rather unlikely. The same
conclusions were drawn by Welker et al. (2002) in a very recent report on
experiments with PrPC converted in a cell-free system to an aggregated, proteinase K
resistant form of PrP. These fibrillar aggregates reminiscent of PrPSc were found to
harbour intramolecular disulfide bonds. In earlier studies by Herrmann and Caughey
(1998) with the same cell-free conversion system it was reported that the presence of
DTT could prevent the conversion of PrPC, thus indicating that the conversion
reaction does not involve initial reduction of the disulfide bond of PrPC. Both of the
reports could, however, not entirely exclude that the in vivo conversion process might
differ from the cell-free conversion mechanism.
Nevertheless, in conjunction with our data derived from a totally different approach of
the problem, these results strongly support the notion of PrPSc aggregates as an
alternate folding state of the prion protein that does not involve the rearrangement of
covalent bonds. This is in accordance with investigations of amyloid fibrils of many
other proteins - for example the Aβ peptide of Alzheimer’s disease, the yeast prion
Ure2p, lysozyme or β2-microglobulin – where in no case a change in primary
structure was observed upon amyloid fiber formation (Chamberlain et al., 2000;
Dobson, 1999b; Katou et al., 2002; Sunde et al., 1997b).
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6.4. An “antiprion” protein
6.4.1. Background
Large antisense open reading frames (ORFs)
The occurrence of long open reading frames (ORFs) on the antisense strand of
protein-encoding DNA segments has led to the hypothesis that these antisense
ORFs might encode “antisense” proteins (Blalock, 1990; Blalock and Smith, 1984;
Merino et al., 1994).
Although antisense phenomena are known to be important on the RNA level -e.g.
Tomizawa (1984) and Tomizawa (1986) - the physiological relevance of “antisense”
proteins is discussed more controversial and there exist several arguments that are
in favour of viewing antisense ORFs as incidental byproducts of various evolutionary
constraints on the genome.
One of these constraints is the so-called “GC-AT pressure” that describes the
species-specific pressure on a genome to adopt a particular percentage of GC base
composition and is an important factor determining codon choice (Bernardi, 1985;
Wada, 1992; Wada et al., 1991).
AT-rich codons like CTA, TTA and TCA that would encode for the stop codons TAG,
TAA and TGA on the antisense strand are used infrequently in species with a high
percentage of GC content and might therefore result in long antisense ORFs.
From other considerations of the evolution of interactions between mRNA codons
and their cognate tRNA anticodons it has been proposed that the modern genetic
code evolved from a triplet code of the general form RNY, with R being a purine
base, N any base and Y being a pyrimidine base (Bossi and Ruth, 1980; Shepherd,
1982). This directly results in the prediction that an incidentally occurring antisense
ORF should use the same frame as the corresponding ORF on the sense strand
(Alff-Steinberger, 1987). This is the case for all antisense ORFs known so far.
Furthermore the incidental occurrence of antisense ORFs might also be due to
similar codon frequencies in sense and antisense strands (Alff-Steinberger, 1984;
Alff-Steinberger, 1987). This phenomenon emerged from the analysis of sequence
data and can be explained by an evolutionary selection pressure on all DNA
sequences to maximize their ability to form local stem-loops (Forsdyke, 1995;
Forsdyke, 1996). The thus resulting palindromes in exons would result in a potential
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for sense and antisense sequences to have motifs in common (Ohno and Yomo,
1991).
However, none of the given explanations as to why the occurrence of antisense
ORFs might be incidental can exclude that some antisense ORFs are transcribed
and translated into “antisense” proteins that might play a relevant role within the cell.

Hsp70 antisense ORFs
One example for the occurrence of a large antisense ORF with potential
physiological relevance is found in the Hsp70 multigene family.
The Hsp70 multigene familiy is present from bacteria to mammals and consists of a
group of highly conserved heat shock proteins (hsp) of about 70 kDa molecular
weight. The degree of nucleotide sequence conservation is unusually high among
members of the Hsp70 family, for example only 45% of the third codon positions
have diverged between drosophila and man, which implies that a strong constraint
exists on these nucleotides.
One explanation for this might be found in the existence of the large antisense open
reading frame in the Hsp70 gene sequences of many species from bacteria to
vertebrates (Fig. 1) (Rother et al., 1997).
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Figure 1: Alignment of Hsp70 antisense ORFs from different species according to Rother et al., 1997.
The
figure
was
generated
at
http://www.hgsc.bcm.tmc.edu/SearchLauncher/
and
http://www.ch.embnet.org/software/BOX_form.html. The accession numbers for each sequence are
the following: Homo sapiens (Human) - M11717, Rattus norvegicus (Rat) – L16764, Mus musculus
(Mouse) – M35021, Achlya klebsiana – UO2505, Trypanosoma cruzi – M73627, Blastocladiella
emersonii – L22497, Caulobacter crescentus – M55224, Escherichia coli – D10765.
Identical residues are highlighted in black, non-conserved residues in white. Conservative amino acid
exchanges are indicated in grey.
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Structure of the mouse prion protein gene
In contrast to the human and Syrian hamster prion protein (PrP) genes, the 5’
untranslated region of the murine Prn-p mRNA is derived from two exons. Although
the size of Prn-p intron 2 – the one that separates the first two exons – has been
found to vary between mouse strains, there is no variation concerning the Prn-p
coding region. The complete Prn-p coding region is highly conserved in evolution and
lies within the large exon 3. The encoded prion protein consists of an N-terminal
signal peptide, that is cleaved off during maturation of the protein, followed by an
unstructured N-terminal domain and a structured C-terminal domain, that is made up
of three α-helices, two of which – helices 2 and 3 - are connected by a single
disulfide bond and a short antiparallel β-sheet. The protein is attached to the
membrane via a C-terminal GPI-anchor (Fig. 2).
Within the Prn-p promotor region certain motifs are conserved, that have been
identified by comparison of PrP genes from different species. Among those motifs is
one putative AP-1 transcription factor binding site, and different blocks of AT-rich
regions and imperfect palindromes (Westaway et al., 1994).
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Figure 2: Gene structure of the murine prion protein with exon 3 that encodes the complete sequence
of the full-length prion protein. α-helices 1-3 are indicated with H1-H3, the strands of the antiparallel βsheet are marked with S1 and S2. The long open reading frame on the antisense strand overlaps with
exon 3.
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Prn-p antisense ORFs
On the antisense strand of the PrP gene a large ORF was detected, that overlaps
with the coding region of mammalian PrP genes (Goldgaber, 1991). Although the
occurrence of a large antisense ORF is favoured by the high GC content of the PrP
genes and may therefore well be coincidental (Silke, 1997), there are also several
arguments for the biological relevance of an antiprion ORF. The first argument is that
none of the known PrP sequence variations found in patients suffering from familial
forms of prion diseases resulted in an additional stop codon in the antisense ORF of
the PrP gene. Furthermore there are ATG or CTG codons at the beginning of the
antisense ORF that might serve as sites of translation initiation. Even a putative PrP
antisense transcript (Hewinson et al., 1991) was detected in bovine brain. However,
a similar transcript could also be found in PrP knockout mice, indicating that the
transcript is not derived from the PrP antisense ORF (Moser et al., 1993).
Since the first observation of an antisense ORF in prion protein genes, sequence
data on PrP genes from a variety of species have become available (Schätzl et al.,
1995; Wopfner et al., 1999). An antisense ORF is present in all 51 known sequences
of eutherian mammals, but not on the antisense strands of the PrP genes of e.g. the
brush-tailed possum, chicken, the African clawed frog and the red-eared slider turtle.

6.4.2. Experimental approach
Alignment of prion antisense ORFs of different species
In case of a physiologically relevant role of an “antiprion” protein one would expect a
high level of amino acid conservation throughout the sequence of such a protein
during the course of evolution. In order to identify such conserved residues and
possible boundaries of an independent folding domain within the putative “antiprion”
protein, a sequence alignment of the translated antisense strands of prion protein
genes

from

55

different

species

was

performed

(http://www.hgsc.

bcm.tmc.edu/SearchLauncher/ and http://www.ch.embnet.org/software/BOX_form.
html) (Fig. 3). Although in most cases from the sequence files available at the
Genembl database not the complete antisense open reading frames (ORFs) could be
derived, an antisense ORF of at least 200 amino acids in length could be detected in
the sequences of all 51 eutherian mammals. The sequence identity among these
when compared to the murine “antiprion protein” sequence is very high and lies

Results

“Antiprion” protein

95

between 56.1% for the respective sequence of Ovis aries (sheep) and 81.3% for the
“antiprion protein” sequence of Rattus norvegicus (rat).
As methionine codons are potential start codons for transcription, the first two
methionine codons within the murine antisense ORF of the prion protein gene were
investigated for their conservation among the different species. The first methionine
was conserved in all known eutherian sequences with the exception of the
sequences of giraffe, pig, rabbit and Mongolian gerbil, where a valine appeared
instead of the methionine. The second methionine, however, is much less conserved.
Here about half of the investigated sequences possessed a valine instead of a
methionine.
From the alignment of the antisense ORFs of the various prion protein genes two
different constructs were therefore deduced, one covering the whole sequence of the
murine antisense ORF and the other starting from the first methionine.
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Figure 3: Alignement of prion antisense ORFs from all known species. The figure was generated at
http://www.hgsc.bcm.tmc.edu/SearchLauncher/ and http://www.ch.embnet.org/software/ BOX_form.
html. The accession numbers for each sequence are the following: Cricetulus migratorius (Armenian
hamster) – M33959, Cricetulus griseus (Chinese hamster) – M33958, Mesocricetus auratus (Golden
hamster) – M14054, Rattus norvegicus (Rat) – M20313, Mus musculus (Mouse) – M13685, Meriones
unguiculatus (Mongolian gerbil) – AF117314, Ateles geoffroyi (Black-handed spider monkey) –
U08309, Ateles paniscus (Black spider monkey) – U15164, Cebus apella (Brown-capped capuchin) –
U08295, Callithrix jacchus (Common marmoset) – U08304, Saimiri sciureus (Common squirrel
monkey) – U08310, Aotus trivirgatus (Night monkey) – U08293, Callicebus moloch (Dusky titi) –
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U08312, Homo sapiens (Human) – D00015, Pan troglodytes (Chimpanzee) – U08296, Gorilla gorilla
gorilla (Lowland gorilla) – U08300, Pongo pygmaeus (Orangutan) – U08305, Mandrillus sphinx
(Mandrill) – U08303, Cercopithecus patas (Hussar monkey) – U75388, Macaca fascicularis (Crabeating macaque) – U08298, Cercopithecus mona (Mona monkey) – U75386, Theropithecus gelada
(Gelada baboon) – U75383, Cercopithecus diana (Diana monkey) – U08291, Macaca sylvanus
(Barbary ape) – U75384, Colobus guereza (Black colobus monkey) – U08297, Presbytis francoisi
(White-black leaf monkey) – U08302, Canis familiaris (Dog) – AF022714, Odocoileus hemionus (Mule
deer) – U25965, Cervus elaphus (Red deer) – Y09761, Felis silvestris catus (Cat) – AF003087, Ovis
aries (Sheep) – M31313, Capra hircus (Goat) – X91999, Budorcas taxicolor (Takin) – AF117326,
Capra hircus CCL 73 (Feral goat) – AF117315, Addax nasomaculatus (Addax antelope) – AF117309,
Hippotragus niger (Sable antelope) – AF117323, Bos taurus (Bovine) – AB001468, Bison bonasus
(Wisent) – AF117328, Bos javanicus (Banteng) – AF117310, Gazella subgutturosa (Goitered gazelle)
– AF117313, Tragelaphus strepsiceros (Greater kudu) – X74771, Giraffa camelopardalis (Giraffe) –
AF113942, Camelus dromedaries (Dromedary) – Y09760, Lama glama (Llama) – AF113943, Sus
scorfa (Pig) – L07623, Equus caballus (Domestic horse) – AF117317, Equus quagga boehmi (Grant
zebra) – AF117329, Mustela vison (American mink) – S46825, Mustela putorius furo (Ferret) –
U08952, Canis lupus canadensis (Wolf) – AF113939, Oryctolagus cuniculus (Rabbit) – U28334,
Trichosurus vulpecula (Brush-tailed possum) – L38993, Xenopus laevis (African clawed frog) –
AJ320186, Gallus gallus (Chicken) – M95404, Trachemys scripta (Red-eared slider turtle) –
AJ245488.
In case of several available wildtype sequences for one species the one covering the largest part of
the antisense ORF was chosen for the alignement. Identical residues are highlighted in black, nonconserved residues in white. Conservative amino acid exchanges are indicated in grey. For better
understanding the corresponding sequence of the murine prion protein with its structural features is
given above the alignement of the antisense ORFs. The parts of the murine antisense ORF covered
by the expression constructs are indicated by grey bars below the alignment; I: complete sequence of
the murine antisense ORF, II: sequence of the murine antisense ORF starting at the first methionine.

Expression tests
For expression tests cells of E. coli BL21 (DE3) were transformed with the respective
expression plasmids pANTI(1-270)cyt, pANTI(130-270)cyt, pANTI(1-270)per or
pANTI(130-270)per. Cells were grown at 37°C in LB medium containing 100 µg/ml
ampicillin and were induced at optical densities at 600 nm (OD600) of 0.5, 0.8, 1.0 and
1.2 by addition of IPTG to a final concentration of 1 mM. Half of the flasks were
retained at 37°C, for the other half growth was continued at 26°C after induction.
Samples were taken after 1h, 2h, 4h and 8h for the bacterial cultures at 37°C and at
2h, 4h, 8h and 16h for the bacterial cultures at 26°C. No expression of an “antiprion”
protein with the expected molecular masses of 28.3 kDa for the full-length antisense
ORF or of 14.7 kDa for the truncated antisense ORF was observed at any time point
in any of the samples (Fig. 4a, 5a, 6a, 7a)
Expression was also tested in E.coli RosettaTM(DE3) (Novagen). This strain provides
tRNAs for AGG, AGA, AUA, CUA, CCC, GGA codons on an additional
chloramphenicol-resistant plasmid, thus bypassing expression problems in E.coli
caused by differences in eucaryotic and bacterial codon usages (Calderone et al.,
1996; Hu et al., 1996; Maleki and Hurlburt, 1997).
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Expression tests were performed as mentioned before with the addition of 30 µg/ml
chloramphenicol to the media. Although there are 9 rare arginine codons among the
12 arginines in the sequence of the full-length murine prion antisense ORF and still 4
of the 6 arginines in the contructs starting from the first methionine in the antisense
ORF sequence are encoded by rare arginine codons – these rare arginine codons do
not seem to be the cause for the observed lack of “antiprion” expression, as also no
expression could be detected in the E.coli RosettaTM (DE3) cells at any time point
(Fig. 4b, 5b, 6b, 7b).
Expression of the constructs was also tested in dYT medium. As the results are the
same as for the expression tests in LB medium the SDS-gels are not shown here.
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Figure 4: Coomassie-stained SDS-gels of the expression test for the cytoplasmic expression of the
TM
murine full-length antisense ORF in a) BL21 (DE3) and b) Rosetta (DE3) with the plasmid pANTI(1270)cyt.
Optical densities at 600 nm (OD600) at the time of induction are given above the respective lanes,
where the time points of sample taking are indicated. Samples with a reduced growth temperature to
26°C after induction are highlighted in grey.

Results

101

“Antiprion” protein

a)

OD600=0.5 OD600=0.8 OD600=1.0
ni

1h 2h 4h 8h 1h 2h 4h 8h 1h 2h 4h 8h

ni

1h 2h 4h 8h 1h 2h 4h 8h 1h 2h 4h 8h

OD600=1.2
ni 1h 2h 4h 8h

OD600=0.5 OD600=0.8

OD600=1.0

OD600=1.2

2h 4h 8h 16h 2h 4h 8h 16h ni 2h 4h 8h 16h 2h 4h 8h 16h

97.4 kDa
66.2 kDa
45.0 kDa
31.0 kDa

21.5 kDa
14.4 kDa

b)
OD600=0.5 OD600=0.8 OD600=1.0

OD600=1.2
ni 1h 2h 4h 8h

OD600=0.5

OD600=0.8

2h 4h 8h 16h 2h 4h 8h 16h

OD600=1.0 OD600=1.2
ni 2h 4h 8h 16h 2h 4h 8h 16h

97.4 kDa
66.2 kDa
45.0 kDa
31.0 kDa
21.5 kDa
14.4 kDa

Figure 5: Coomassie-stained SDS-gels of the expression test for the periplasmic expression of the
murine full-length antisense ORF in a) BL21 (DE3) and b) RosettaTM (DE3) with the plasmid pANTI(1270)per. Samples of whole cell extracts were applied to the SDS-gels.
Optical densities at 600 nm (OD600) at the time of induction are given above the respective lanes,
where the time points of sample taking are indicated. Samples with a reduced growth temperature to
26°C after induction are highlighted in grey.
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Figure 6: Coomassie-stained SDS-gels of the expression test for the cytoplasmic expression of the
murine antisense ORF starting with the first methionine of the sequence in a) BL21 (DE3) and b)
TM
Rosetta (DE3) with the plasmid pANTI(130-270)cyt.
Optical densities at 600 nm (OD600) at the time of induction are given above the respective lanes,
where the time points of sample taking are indicated. Samples with a reduced growth temperature to
26°C after induction are highlighted in grey.
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Figure 7: Coomassie-stained SDS-gels of the expression test for the periplasmic expression of the
murine antisense ORF starting with the first methionine of the sequence in a) BL21 (DE3) and b)
TM
Rosetta (DE3) with the plasmid pANTI(130-270)per. Samples of whole cell extracts were applied to
the SDS-gels.
Optical densities at 600 nm (OD600) at the time of induction are given above the respective lanes,
where the time points of sample taking are indicated. Samples with a reduced growth temperature to
26°C after induction are highlighted in grey.

6.4.3. Discussion
As rare arginine codons could be ruled out as the cause for the expression failure of
an “antiprion” protein in E. coli and as problems on the transcriptomic level seem to
be quite unlikely, the most reasonable explanation for the failure of expression of an
“antiprion” protein in E. coli might be that the amino acid chain encoding the
“antiprion” protein cannot adapt a stable three-dimensional structure in the cellular
environment and is therefore degraded by E. coli proteases directly after its
translation and even before it might be driven into inclusion bodies.
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This explanation would be in accordance with the hypothesis that the occurrence of
an ORF on the antisense strand of the prion protein gene might rather be incidental
than serve any biological use. However it cannot be ruled out that parts of the
“antiprion” sequence might occur in other genes, as the detection of a prion
antisense ORF messanger RNA even in mice kocked out for the prion protein gene
might indicate (Moser et al., 1993; Westaway et al., 1994) and as is known for the
oomycete mould Achlya klebsiana, where the complete antisense ORF of one Hsp70
gene corresponds to the tenth exon of the NAD-specific glutamate dehydrogenase
gene (LeJohn et al., 1994). This example establishes that an “antisense” protein can
indeed exist as part of a larger protein.
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7. Conclusions
In the field of prion diseases to date many open questions still await an answer.
Among the most urgent is the nature of the infectious agent, postulated by the
“protein-only” hypothesis to be devoid of informational nucleic acids and to consist
mainly, if not entirely, of an abnormal isoform, PrPSc, of the cellular prion protein,
PrPC (Prusiner, 1982; Prusiner, 1989). Although the hypothesis is widely accepted
today, there are still considerations that a virus might be the infectious agent
(Narang, 2002) and final proof of the “protein-only” hypothesis is still lacking.
Furthermore the spread of prions in the body - from the sites of inoculation to the
sites of pathological damage in the central nervous system - is still not entirely
understood (Aguzzi, 1997; Aguzzi, 2001). The same applies for the biological
function of the prion protein and the molecular mechanism of the conversion reaction
from PrPC to PrPSc (Heppner and Aguzzi, 2001b; Weissmann, 1996b).
The studies performed in the framework of this thesis were to elucidate the influence
of selected environmental conditions on the structure and stability of the recombinant
prion protein and variants thereof. Especially the effects of deletion of major
secondary structure elements, reduction of the single disulfide bond of the protein
and a membranous environment were investigated. The results obtained, inflict
certain implications on to how the conversion from the cellular form of the prion
protein, PrPC, to the abnormal, disease-related isoform, PrPSc, might happen in vivo
and which hypotheses might be excluded. The most important results and
conclusions are summarized below.
The first part of the thesis investigated the intrinsic stabilities of deletion variants of
the C-terminal domain of PrP, PrP(121-231), the only part of the protein with a
defined tertiary structure (Riek et al., 1997). Motivation for these studies were
structural models of PrPSc subunits hypothesizing that the C-terminal helices 2 and 3
are retained in PrPSc (Huang et al., 1996; Korth et al., 1997; Wille et al., 2002). To
directly address the question of whether parts of the structure of PrPC are sufficiently
stable to be retained in PrPSc, two deletion variants of the C-terminal PrPC domain
were constructed. One of the variants, H2-H3, comprised only the last two α-helices
of the C-terminal domain. In the other variant, PrP(121-231)-∆H1, the first α-helix of
the C-terminal domain, was deleted and replaced by the β-turn dipeptide Asn-Gly
introduced between the strands of the single β-sheet of the C-terminal domain.
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Although both deletion constructs still showed α-helical circular dichroism spectra,
they were more disordered and thermodynamically strongly destabilized compared to
the intact C-terminal domain, with free energies of folding close to zero. These data
demonstrated that the tertiary structure context is critical for the conformation of the
segment 170-231, comprising α-helices 2 and 3 in the solution structure of
recombinant PrP. Furthermore these data suggest that the tertiary structure of this
segment in PrPSc subunits could well differ from that observed in PrPC, in case the
tertiary structure context in PrPSc destabilizes the helical conformation of segment
170-231. A different structure of segment 170-231 in PrPSc would be consistent with
the fact that the C-terminal domain of PrP shows two-state folding behaviour (Hosszu
et al., 1999; Wildegger et al., 1999) and is therefore supposed to unfold completely
prior to the transition to PrPSc. Previous hydrogen exchange experiments have
demonstrated that only a small, structured nucleus of about 10 residues around the
disulfide bond is retained in the unfolded state of PrP, so that this nucleus might be
the only element of PrPC preserved in PrPSc (Hosszu et al., 1999).
In the second part of this thesis the effect of a membranous environment on the
structure and stability of PrP was investigated. The prion protein is attached to
cellular membranes via its C-terminal GPI-anchor in vivo (Stahl et al., 1992). This
GPI-anchor directs the prion protein to certain microdomains in the cell membrane
(Naslavsky et al., 1997; Vey et al., 1996), so-called rafts that are rich in cholesterol
and lipids with saturated acyl chains, mainly phosphatidylcholine lipids and
sphingomyelin (Brown and London, 1998; Schroeder et al., 1994). In several
experiments raft localization was found to be essential for the formation of PrPSc in
vivo (Baron et al., 2002; Kaneko et al., 1997; Naslavsky et al., 1999; Taraboulos et
al., 1995). Therefore, the influence of membrane attachment on the structure and
stability of recombinant, full-length PrP produced in E. coli was investigated by use of
a PrP variant containing a C-terminal linker to which a phospholipid was covalently
coupled via a cysteine residue. This PrP variant was incorporated into liposomes and
served as model to study possible changes in structure and stability of recombinant
PrP upon membrane attachment. Covalent coupling of PrP to liposomes did not
result in significant structural changes observable by far-UV circular dichroism.
Moreover, limited proteolysis experiments could not detect any changes in stability of
liposome-bound PrP relative to soluble, recombinant PrP. These data suggest that a
membranous environment has no significant influence on the structure and stability
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of recombinant PrP. The necessity of raft localization for the conversion of PrPC to
PrPSc to occur in vivo might therefore be due to either an increase in the local PrP
concentration in the membrane by raft localization of PrP and thus facilitated PrP
interactions or by contact of PrPC with other raft-localized molecules, for example the
postulated host-factor, protein X (Telling et al., 1996). A direct influence of raft lipids
on the structure and stability of the bound PrPC molecules promoting the conversion
process could be excluded from our studies.
In the third part of this thesis, the impact of certain point mutations in the PrP gene,
associated with genetic forms of human TSEs (Kovacs et al., 2002), on the
reducibility of the disulfide bond in the prion protein variants and on the biophysical
and biochemical properties of the reduced proteins was investigated. These results
were compared to corresponding data for wild-type PrP. It emerged from these
studies that the reducibility of the disulfide bond in full-length PrPs strongly correlates
with the overall thermodynamic stabilities of the particular proteins. Point mutations
that did not alter the thermodynamic stability (Liemann and Glockshuber, 1999a;
Swietnicki et al., 1998b) led to protein variants that showed the same reduction
kinetics as observed for the wildtype protein, whereas PrP variants with a lowered
thermodynamic stability were reduced at faster rates than the wildtype. Furthermore
increased tendencies of the prion proteins to form a small fraction of disulfide-bonded
dimers seem to depend on facilitated reducibility. However, a concerted behaviour of
all PrP variants that would indicate a correlation between reducibility of the disulfide
bond, covalent dimer formation and development of prion disease was not observed.
Thus our results argue against the hypotheses that a transient reduction step might
be involved in the pathogenesis of prion diseases and/or, that the protein subunits
might be covalently linked by intermolecular disulfide bonds in PrPSc fibers
(Feughelman and Willis, 2000; Herrmann and Caughey, 1998; Maiti and Surewicz,
2001; Muramoto et al., 1996; Welker et al., 2002; Welker et al., 2001).
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