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Résumé

La fonction de la protéine normale du prion ceUulaire (Prpc), une protéine

exprimée abondement dans le cerveau, est présentement inconnue. Les quatre

répétitions octapeptides de Prpc ont une séquence homologue au domaine

fonctionel DH2 (Bcl...2 Homology 2) des protéines Bcl-2 et Bax. Bcl-2 et Bax sont

responsables pour la régulation de l'apoptose. Le domaine BH2 de Bcl-2 est

responsable pour la fonction anti-apoptotique de la protéine Bcl-2 ainsi que

l'intéraction protéique entre 8cl-2 et Bax. L'intéraetion protéique entre Bcl-2 et

Bax, une protéine qui induit la mort ceUulaire, assure la survie ceUulaire. Dès que

cette intéraction est interrompue par des mutations dans le domaine fonctionel

BH2 de Bcl-2 ou s'il y a un déséquilibre protéique, les ceUules meurent. Puisque le

domaine BH2 est présent en cinq copies chez le prion, on propose que Prpc peut

être impliqué dans la survie ou mort neuronale par un mécanisme semblable au

Bcl-2 et la famille de protéines reliées au 8cl-2. Cette thèse étudie les intéractions

entre les protéines humaines Prpc, Bcl-2, et Bax dans les neurones humaines

primaires ainsi que des extraits de cerveau humain foetal et adulte par des

méthodes de "crossünking" et "co-immunoprecipitation". L'intéraction protéique

entre Prpc et Bcl-2 a été aussi étudié par le ''yeast-two-hybrid matchmaker". Nos

résultats indiquent une intéraction entre Prpc et Bcl-2 ainsi que Prpc et Bax in vivo

et in vitro. On a aussi étudié l'expression de Prpc, Bcl-2, et Bax dans le cervelet

humain foetal ainsi qu'adulte. Dans le système nerveux central qui vieillit, Prpc

peut acquérir les fonctions de Bcl-2 ou Bax. Nos résultats indiquent que

l'expression de Prpc augmente avec l'age. Au con~ l'expression de Bcl-2 et

Bax diminuent avec l'age. D'après les résultats obtenus, on démontre que .Prpc

interagit avec Bcl-2 et Bax. Des mutations, la sur-expression, ou l'Îsofonne

confonnationelle anormale du prion, peuvent avoir un effet sur ces intéractiODS. Si

les iDtéractiODS protéiques entre PrpC avec Bcl-2 ou Bax, sont nécéssaires pour la

survie des neurones, une interruption de ceUes-ci peut expliquer les processus
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moléculaires sous-adjacent à la neurodégénération associée à la maladie du prion.
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Abstract

The function of the nonnal cellular human prion protein (Prpc )~ a highly

expressed protein of the brain~ is presently unclear. There is amino acid sequence

homology between four octapeptide repeats localized in the NH2 -terminus of

Prpc~ and the BH2 functional and interacting domain of Bcl-2 and Bax., key

modulators of apoptosis. The BH2 domain confers Bcl-2's anti-apoptotic function

and allows its heterodimerization with the ceU death protein Bax. In a cell~ when

Bcl-2 Înteracts with itself as a homodimer~ no apoptosis occurs. In contrast to

Bcl-2~ overexpression of Bax as a monomer or homodimer results in cell death.

Protein-protein interactions between Bcl-2 and Bax rescue cells fram death. The

ratio between Bax-Bax homodimers versus Bcl-2-Bax heterodimers determines the

viability of cells following an apoptotic stimulus. As soon as the Bcl-2-Bax

interactions are disrupted either by mutations7 or an imbalance in Bcl-2IBax ratio,

cells undergo apoptosis.

Based on the amine acid sequence homology between Prpc, BeI-2, and

Bax proteins, we propose that prpe may be implicated in modulating neuronal

survival and death as a member of the BcI-2 family of proteins. The present study

investigates interactions between human Prpc, Bcl-2, and Bax in human primary

foetal neurons as well as in human foetal and adult brains by crosslinking and

co-immunoprecipitation. The Prpe-Bcl-2 interaction was aIso tested by the

yeast-two-hybrid system. Results indicate an interaction between Prpc and Bcl-2 as

weil as Prpc and Bax in vivo and in vitro. In addition, the expression levels of

Prpc, Bcl-2, and Bax were studied in the cerebellum of human foetal and adult

brain. Results show that the levels ofBcl-2 and Bax decrease with age whereas the

levels ofPrpc increase. In the aging central nervous system, Prpc May funetionally

replace 8cl-2 or Bax. Overexpression or different modifications of Prpc such as

confonnational change and mutations may disrupt the protein-protein interactions

between Prpc, Bcl-2, and Bax. IfPrpc-Bcl-2IBax interactions filnetion in neuronal

iv



survival, disruption of these interactions could explain the underlying molecular

mechanism ofneuronal death in prion diseases.
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1 Introduction

In 1982 Stanley B. Prusiner defined "prions" as proteinaceous infectious

particles whose overall propenies ditfer trom conventional pathogens such as

baeteria, fungi, parasites, and viruses. Since then, there bas been puzzle and

controversy in the scientific field regarding the faet that a protein with unusual

biological and structural propenies is able to cause transmissible diseases without

the involvement of nucleic acid (reviewed by Prusiner, 1982; Prusiner, 1991~

Prusiner, 1996). At present times, prion diseases ranging from Mad Cow Disease

to "new variant" Creutzfeldt-Jakob Disease are of great interest in the

neuroscience field. It is hypothesized that the fundamental event underlying the

pathogenesis of prion diseases of both animais and humans is the conformational

modification in a nonnal cellular protein (prpc) ioto its pathogenic isoform (prpsc)

(reviewed by Prusiner, 1982; Prusiner, 1990; Prusiner and Westaway, 1991~

Prusiner, 1996; reviewed by Aguzzi and Weissman, 1997) . Despite considerable

advances in the prion field and the elucidation of the prion protein's molecular

genetics, the funetion of the normal cellular prion protein (Prpc) is unclear.

Several reports suggest a role for Prpe in lymphocyte proliferation, calcium

regulation, synaptic transmission, neuronal differentiation, and central nervous

system (CNS) maturation (Cashman et al., 1990; Manson et al., 1992; Forloni et

al., 1993, 1994; Collinge et al., 1994). Interestingly, four octapeptide repeats in the

NH2-terminal region of the prion protein are highly homologous to the BH2

anti-apoptotic funetional and interaeting domain of Bcl-2 and Bax, two key

modulators of apoptosis. The homology existing between Prpe, Bcl-2, and Bax

proteins is significant and indicates a possible membership of Prpc to the family of

Bcl-2 proteins. 8cl-2 and related proteins ue impticated in the regulatioD of

apoptosis. Their mechanism of action is dependant on protein-protein interactions

amongst themselves. As a member of the Bcl-2 family, PrpC may modulate

neuronal death and survival in a similar mecbanism. The present study investigates

1



the protein-protein interactions between Prpc, Bcl-2, and Bax in primary human

foetal neurons, foetal and adult human brain for the first time.

1. PriOD Diseases ofbumans and ani.als

Prion diseases or transmissible spongiform encephalopatbies represent a

group of unusual and rare fatal neurodegenerative disorders atTecting both human

and animal species (reviewed by Prusiner, 1982; Prusiner, 1990; Prosiner and

Westaway, 1991~ Prusiner 1996). The animal forms of prion diseases are aU

transmissible and include scrapie in sheep and goats, bovine spongiform

encephaiopathYlI feline spongifonn encephalopathy, mink encephalopathy, as weU

as chronic wasting ofdeer and elk. Bovine spongiform encephalopathy (BSE), also

known as Mad Cow Disease is the most worrisome of animal prion disorders

(Collinge et al., 1996; reviewed by Collinge, 1997). Recently, interest in Mad Cow

Disease bas reached a climax because of the epidemic in the United Kingdom and

DOW in European cauntries. The possibility that BSE may pose a significant threat

to public hea1th through dietary exposure to BSE-infected meat bas attraeted a

great dea1 ofattention to prion diseases in general (reviewed by Collinge, 1997).

Scrapie was the tirst prion disease identified among animais over two

hundred years ago (McGowan, 1922; Prusiner, 1991; reviewed by Prusiner, 1996).

The disease wu acquired through consumption of contaminated feed. Aftlicted

sheep developed loss of coordination, dementi, and an intense itch causing thent

to scrape otT their wool as a result (Mc<Jowan, 1922; Cuille et al., 1936; Prusiner

1991; reviewed by Prusiner, 1996). In addition, the brains of the atTected animais

showed spongiform encephalopathy (McGowan, 1922; Cuille et al., 1936;

reviewed by Prusiner, 1996). TransmiSSlbility of scrapie by intracerebral

inoculation to hamsters wu demonstrated in 1936. Interestingly, the transmissible

infectious agent, which could not be isolated at the time, wu resistant to ail agents

known to disrupt nucleic acids (ie. ultraviolet or ionizing radiation, nucleases,

:1



detergents) (Cuille et al., 1936; Alper et al., 1967; Prusiner et al., 1982; Bolton et

al., 1982; McKinley et al., 1983; Prusiner et al., 1984; reviewed by Prusinér et al.,

1984; reviewed by Prusiner, 1996).

Several years following the scrapie outbreak, the existence of transmissible

human prion diseases became evident. Kuru, a c1inically and pathologically similar

disease to scrapie, was the tirst transmissible human prion disease discovered

(Gadjusek and Zigas, 1959; Gadjusek et al., 1966; Prusiner, 1991; reviewed by

Prusiner, 1996; reviewed by Aguzzi and Weissman, 1997; reviewed by Collinge,

1997). In the 1950's, Vincent Zigas and Carleton Gadjusek studied the Fore tribe

in New Guinea whose members were dying of a disease charaeterized by

progressive cerebellar ataxia and dementia (Gadjusek and Zigas.. 1959; Gadjusek et

al., 1966; Prusiner, 1991; reviewed by Prusiner, 1996). The Fore tobe members

developed kuru as a result of consumption of infected otfals from deceased

individuals . This event was part of a cannibalistic ritual to honour their ancestors.

Examination of the brains of atllicted individuals revealed spongiform

encephalopathy, a feature reminiscent of scrapie (Hadlow, 1959; Gadjusek et al.,

1966; Prusiner, 1991; reviewed by Prusiner, 1996). In 1966.. transmission of kum

to chimpanzees in 1966 by intracerebral inoculation, revealed that the infectious

agent, as that of scrapie, was devoid of nucleic acid. It was then evident that both

scrapie and kuru shared the same causative agent (Gadjusek et al., 1966; Prusiner,

1982; 1991; reviewed by Prusiner, 1996). In 1982, isolation of the infectious agent

enriched in scrapie-infeeted hamster brains, revealed that a protein was responsible

for the prion diseases. On the basis of amine acid sequence analysis, the causative

protein was detined as an infectious abnonnal isofonn of a normal cellular

glycoprotein (prpc). The abnormal protein was designated scrapie prion (Prpsc)

(Bolton,et al., 1982; PlUsiner et al., 1982; Prusiner and Westaway, 1991; reviewed

by Prusiner 1996).
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1.1 FOnDS ofbuman prion disorden: acquired, sporadic. iaberited

Although kuru is now aImost extinct trom society due to cessation of

cannibalism, other human prion disorders such as Creutzfeldt-Jakob (CID),

Gerstmann-Straussler Scheinker Syndrome (GSS), Fatal Familial Insomnia (FFI),

and variant fonns of these continue to represent concem. In addition to heing

transmissible, human prion diseases occur in acquired, sporadic, or inherited fonns,

affecting one person per million per year (Prusiner and Westaway, 1991; Prusiner,

1994; reviewed by Prusiner, 1996; reviewed by Aguzzi and Weissman, 1997;

reviewed by Collinge, 1997).

1.1.1 Acquired and sporadic huma. prion disorden

Human prion diseases that emerge sporadica1ly or are acquired

iatrogenically include kuru and 85% of CID cases (reviewed by Prusiner, 1996).

lnfectious prion diseases arise by a species-specific interaction between exogenous

Prpsc and endogenous Prpc. Iatrogenic transmission ofCID is mainly through use

of contaminated surgieal instruments, comeal transplantation., or intramuscular

injection of cadaveric human pituitary-derived growth hormone (gonadotrophin)

(Weiler et al., 1989; Collinge et al., 1991; CoUinge et al., 1996; reviewed by

Collinge, 1997). Iatrogenic CID cases are quite rare. The majority of CID cases

are sporadic and do not involve any mutations in Prpc or iatrogenic exposure

(palmer et al., 1991; Baker et al., 1992; Parehi et al., 1996). The etiology ofsuch

cases is unclear.

1.1.% Inberited hum.a prion disorden

Inherited human prion diseases include the remaining 1S% cm cases, ail

GSS cases, aU m cases, as weU as variants of these that are continuously heing

identified. Inherited human prion diseases are associatecl with coding mutations in

the prion protein gene which are inherited in an autosomal dominant pattern

(reviewed by Prusiner, 1994). Inherited cases are presumed to involve a

spontaneous transformation of mutant PrP iota PrpSC. There are nineteen ditrereDt



mutations associated with prion disease phenotypes identified 50 far which include

1) point mutations within the coding sequence resulting in single amino acid

substitution in Prpc, 2) missense mutations, and 3) insertions encoding copies of

octapeptide repeats located in the N-tenninus of Prpc. The discovery that

mutations were involved in prion disease allowed the establishment of genetic

linkage to disease and allowed the identification of individuals at risk (Collinge et

al., 1989~ 1991; Tateishi et al., 1995; reviewed by Collinge, 1997).

1.1.3 Genetic predisposition of prion disease!

Genetic susceptibility and age ofonset relevant ta acquired, sporadic, and

inherited prion diseases are determined by a comman polymorphism of the human

prion protein present al residue 129 (Baker et al., 1991; Owen et al., 1990;

reviewed by Collinge, 1997). In the general population, either a Methionine or

valine is found al position 129. Approximately 51% Caucasians are heterozygotes,

38% are homozygous for the more frequent methionine alIele, and Il% are

homozygous for valine. Homozygosity for either amino acid predominates in

sporadic CJO cases whereas homozygosity for valine is more prevalent in

iatrogenic cm cases (Baker et al., 1991; Palmer et al., 1991; CoUinge et al., 1991;

reviewed by Collinge, 1997). A protective etrect of beterozygosity is seen in

inherited forms of prion diseases where the age of onset is 1-2 decades later in

heterozygotes than in homozygotes (Baker et al., 1991; reviewed by CoUinge,

1997). Normally, prion diseases manifest in the founh decade of life with the

exception of sporadic CID which peaks at 60 years of age. However, there have

been recent repons of YOUDaer individuals atrected. In particu1ar, the new variant

of cm identified among twelve teenagers in Great Britain bas recieved much

attention due to the possibility that the individuals acquired the prion disease as a

result of eatina contaminated beef products . Individuals atfected by new variant

CID are also homozygous for methionine at codon 129 (Collinse et al., 1996;

reviewed by CoUinae, 1997).



1.% Patbologicaland clinicat balllD.rks

Pathological hallmarks of both animal and human prion diseases include

variable degrees of spongiform encephalopathy, neuronal loss, plaque and amyloid

fibril formation, and astrocyte gliosis (Beek and Daniel, 1987; reviewed by

Prusiner, 1996; reviewed by Aguzzi and Weissm~ 1997; reviewed by Collinge,

1997). Clinically, prion diseases are characterized by ataxia, and motor and

cognitive abnormalities that progressively lead to dementia and provoke death

within a few weeks ta ten years prior to infection (parchi et al., 1996; reviewed by

Prusiner, 1996). However, the clinical manifestations, the disease duration, age of

onset, as weil as the type and distribution of neuropathological lesions vary with

the different phenotypes associated with human prion disorders CID, GSS, FFI,

and FASE (Familial Atypical Spongiform Encephalopathy). The more common

conditions of sporadic and familial CID are charaeterized by extrapyramidal,

pyramidal, and cerebellar ataxia, and myoclonus with a peak onset at 60 years of

age while GSS is described as ataxia with progressive dementia oceurring after the

age of 40. In addition, GSS is associated with amyloid plaques or neurofibrillary

tangles in brains of atfected individuals (Collinge et al., 1989; Hsiao et al., 1990;

Prusiner, 1994; Ghetti et al., 1996). In contrast to bath CID and GSS, FFI is

characterized as a thalamic dementia associated with insomnia (Lugaresi et al.,

1986; Medori et al., 1992; Goldfarb et al., 1995). Recendy, our laboratory in

collaboration with a 8razilian research group headed by Ricardo Nitrini identified a

familial atypical spongiform encephalopathy (FASE) associated with atypical

neuropathological features. FASE is charaeterized by severe neuronal loss in the

cerebellum and in the putamen and minimal gliosis in the atfected areas (Nitrini et

al., 1997). The ditrerent phenotypes that arise in prion diseases are thought to

result from the existence ofdiverse prion strains, an imponant aspect covered later

in this discussion.
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1.2.1 Molecutar mechanisms of prion diseues: models for prion transmission

The exact mechanism by which prion infectivity increases is unknown.

However, several models have been proposed including: 1) the "folding" model

("protein ooly" hypothesis) proposed by Stanley Prusiner, 2) the "seedingn
model~

3) the "unifiedn theory, and 4) the ''unconventional virion" model (Prusiner, 1991 ~

reviewed by Prusiner, 1996). The most accepted molecular model explaining the

process of prion transmissibility is the "folding" model proposed by Stanley B.

Prusiner. The ''folding'' model aiso known as the "protein only" hypothesis is

depicted in figure l. According ta the "protein ooly hypothesis", confonnationally

abnormal PrP (prpsc) arising spontaneously or through mutations, binds ta normal

cellular PrP (Prpc) to induce a conformational change such that Prpe flips trom its

normal a·helical conformation and acquires the misfolded ~·sheet conformation of

Prpsc (Griffit~ 1967~ Cohen et al., 1994~ Prusiner 1987~ 1987b, 1991, 1993~

Prusiner and DeArmond, 1990; Prusiner and Westaway, 1991; reviewed by

Prusiner, 1996; reviewed by Horwich and Weissmann, 1997). The multiplication of

prion infectivity is an exponential process where Prpsc combines with one Prpc

Molecule to produce a heterodimer which transforms into IWo Prpsc Molecules

(prusiner, 1991; reviewed by Prusiner, 1996; reviewed by Horwich and

Weissmann, 1997). The newly formed Prpsc Molecules combine with two Prpc

molecules and give rise to four Prpsc Molecules and sa on. Repeated cycles of the

continuous conversion of Prpe to Prpsc May account for Prpsc propagation and

clinical progression of prion diseases (within weeks to months after infection)

(Prusiner, 1991; reviewed by Prusiner, 1996; reviewed by Horwich and

Weissmann, 1997). Prion diseases are charaeterized by the accumulation of the

abnonnal Prpsc in the CNS which results in the enlargement of the endoplasmic

reticulum, vacuoUzation of neurons, and spongiform encephalopathy. The

conversion of Prpc to PrpSC occurs inside neurons and Prpsc accumulates in the

lysosomes. Filled lysosomes eventually breakdown, hydrolytic enzymes are
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released, and cells are damaged as a resull. As diseased cells die, infectious prion

particles are released and attack more cells (Borchelt et al., 1992; Laszlo et al.,

1992). This hypothesis is not yet proven.

Recently, StanJey Prusiner and coUeagues reported that a yet uncharaeterized

protein (protein X) serves as an intermediate in the conversion of Prpc to Prpsc

(Prusiner et al., 1990; 1992~ TelLing et al., 1995; Kaneko et al., 1997). Kaneko et

al (1997) identified amino acids 167- 218 in the carboxyl terminus of Prpc as the

binding site for protein X. Deletion of amino acids 167-218 prevents Prpsc

formation (Prusiner et al., 1990~ Telling et al., 1995~ Kaneko et al.,1997). [n

additio~ foldases or chaperones (heat shock proteins) mayalso facilitate the Prpc

to Prpsc conversion (Prusiner et al., 1990; Edenhofer et al., 1996). Interactions

between Prpc and Hsp60, one of the best characterized members of molecular

chaperones involved in ATP-mediated protein folding suppon this notion

(Edenhofer et al., 1996).

A second model explaining the transmissibility of prion diseases is the

~~seeding" model (see figure 2). The ~~seeding model" implies that the Prpc ta Prpsc

conformational conversion is a thermodynamically controlled and reversible
sc scprocess (Come et al., 1993). PrP acts as a seed for its own propagation. PrP

aggregates form upon the Prpc Molecule in a crystal-like array (Griffith et al.,

1967~ Come et al., 1993). As more aggregates ofPrpsc accumulate and deposit in

cells, the Prpc to Prpsc conversion occurs (Griffith et al., 1967; Caspar et al.,

1980; Come et al., 1993; reviewed by Horwich and Weissmann).

The "unitiedu model proposed by Charles Weissmann postulates that the

infectious agent isolated from the brains of diseased animals consists of both a

protein (prpsc or apo-prion) and a viral nucleic acid (co-prion) (Weissmann et al.,

1991) . The ''unifiedu theory iocorporates sorne of the basic features of the

"protein only" hypothesis (Weissmann et al., 1991). For instance, the protein
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Figure 1. - "Folding model" explaining the transmissibility of prion
diseases

(Prusloer, (1991), Science 152, p.1515--11)
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component of the holoprion, Prpsc (apo-prion), can cause disease even in the

absence of nucleic acid (Weissmann et al., 1991). The unified theory also

associates Prpsc with nucleic acid. Prpsc enters the ceU and possibly recruîts a

nucleic acid which serves as co-prion. Co-prion is replicated by the ceUular

enzymes and multiplies at a considerably high rate. By tms manner, the Prpsc

Molecule propagates itself causing disease as a result (Weissmann, 1991).

Finally, reknown virologists argue that a hidden virion panicle (nucleic acid

coated by protein) may be responsible for establishing infection in hosts

(Manuelidis et al., 1995). The virion theory is not conclusive since the infectious

agent causing prion diseases remains infectious even after treatment with agents

that disrupt nucleic acid and that would normally eliminate viral infectivity (Alper

et al., 1967; Prusiner et al., 1982; McKinley et al., 1983).

t .2.%. The concept of "species barrier"

Transmission of prion diseases between different mammalian species is

limited by a species barrier. The existence of the species barrier accounts for the

increased incubation periods between initial infection and clinical manifestations of

prion disease as weil as even complete resistance ta transmission of disease

between sorne species. A large body of evidence accumulated trom transgenetic

and in vitro Prpc to Prpsc conversion studies, indicate that the key determinants of

the species barrier are the degree of homology between the PrP molecules of the

host and that of the inoculum (Carlson et al., 1994; reviewed by Prusiner, 1996;

Lasmezas et al., 1997) . The Prpc to Prpsc conversion occurs most efticiently

when the PrP molecules of the host and that of the inoculurn are homologous

(Carlson et al., 1994; reviewed by Prusiner, 1996; Lasrnezas et al., 1997). At

present time, an issue ofgreat concem in the medical field is the remote possibility

of overcoming the species barrier especially the one existing between cattle and

humans (Collinge,I996).
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2. The human prion protein gene (PrP)

2.1 Structure of the PrP gene

There is a conservation of the open reading frame of the PrP gene among

mammals ranging trom mouse, hamster, chicken, sheep, to human species (Liao et

al.~ 1986). Homologous PrP sequences have also been detected in Drosophila and

lower eukaryotes (Liao et al., 1986; Westaway, 1986). Localization of the human

PrP gene is to the short arm of chromosome 20 in humans (Oesch et al.~ 1985;

Robakis et al., 1986; Puckett et al., 1991 ~ Liao et al., 1986). The structure of the

human PrP gene is depicted in figure 3. The human PrP gene spans 16 Kb and is

contained between two exons separated by a 10 Kb intron. Exon 1 (approximately

136 bp long) encodes a portion of the 5' untranslated leader sequence

(Kretzschmar et al., 1986; Puckett et al., 1991). The complete open reading frame

of 759 nucleotides is contained within the second exo~ eliminating the possibility

that variant fonns of PrP can arise via alternative splicing. The first and second

exons of the PrP gene are transcribed into a 2.1 Kb single mRNA species and exon

2 encodes the open reading frame of a 253 amine acid nonnal cellular

sialoglycoprotein designated Prpe (Robakis et al., 1986; Kretzschmar et al., 1986).

1.2. PrP mRNA and protein expression

Northem blot analysis indicate that the 2. 1 Kb PrP mRNA species is highly

expressed in the pyramidal and dentate granule ceUs of the hippocampus, Purkinje

cells of the cerebeUum, and in the large neuroos of the cortex, medul1~ and septum

in adult brain (Manson et al., 1992). PrP mRNA expression is regulated during the

development of the central nervous system of rodents (Moser et al., 1994; Manson

et al.~ 1992). Low levels of PrP mRNA have been detected at birth but gradually

increase in hamster and mouse brain during the immediate postnatal period to a

level maintained throughout adult life (Mobley et al., 1988; Manson et al., 1992).

The pattern of PrP gene expression in the human central nervous system is
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Figure 3. - Structure of the hu.an PrP gene
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UnknOWD. The DNA sequences and factors involved in the regulation of PrP gene

expression in CNS neurons have not been identified. A study done in munne

neuronal cells implies that nerve growth factor (NGF) May upregulate PrP mRNA

expression but there is no funher supporting evidence for this finding (Mobley et

al., 1988; WioD et al., 1988~ Manson et al., 1992). Constitutive expression of the

PrP gene in the adult brain suggests that PrP May be critical to neural function in

the mammalian central nervous sytsem (Manson et al., 1992). The increase in PrP

rnRNA with brain development indicates a possible function of Prpc in brain

maturation (Manson et al., 1992).

Although the concentration of PrP mRNA is highest in the CNS neurons,

significant levels have also been detected in tissues such as lung and hean (Oesch

et al., 1985; Caughey et al., 1988; Robakis et al., 1986; 1996). Robakis et al

detected a second 2.4 kb mRNA in adult lung and heart indicating the possibility of

different PrP fonns in these tissues. Lower amounts are aise detected in pancreas,

spleen, kidney, liver, and testes (Robakis et al., 1996). Furthennore, PrP is not

restricted to neuronal cells. PrP has also been associated with non-neuronal cells

such as fibroblasts, lymphocytes, leukocytes, ependymal, Meninges, astrocytes, and

microglia (Moser et al., 1995; Robakis et al., 1996). The functional role ofPrP in

sueh tissues and cells is discussed later.

2.3 The human prion protein (PrpC): biosyntbesis and structunl features

The human prion protein (prpc) follows the biosynthetie pathway of other

membrane glycoproteins (Cohen et al., 1994~ Stahl et al., 1987). Prpc is

synthesized on ftee ribosomes of the rough endoplasmic reticulum (RER), Prpc is

modified in the Golgi apparatus, and transported to the ceU surface, where it is

bound by a glycosyl phosphatidyl insositol (GPI) anchor (Bolton et al., 1983;

DeFea et al., 1994; Stahl et al., 1987; Berchelt et al., 1990; Caughey and

Raymond, 1991). Analogous to other GPI-anchored proteins, Prpc appears to

reenter the ceU through a subceUular compartment bounded by cholesterol-rich
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detergent insoluble membranes sueh as caveolae and rafts (Taraboulos et al., 1993;

1995; Shyng et al., 1994; Shyng et al., 1995; Vei et al., 1996; reviewed by

Prusiner, 1996; Naslavsky et al, 1997). Structural features of Prpc (as shown

figure 3) include three hydrophobie domains: an NH2-terminal domain containing a

22 amine acid signal peptide which is cleaved upon entry in the endoplasmic

reticuJum (ER), a transmembrane domain (amino acids 112-143) almost perfectly

conserved (-90%) in a variety of mammalian speeies, and a COOH-terminal

domain consisting of 23 hydrophobie amine acids (as depieted in figure) (Liao et

al., 1986; DeFea et al., 1994). One unusual feature of Prpc is a series of four

glycine-rich (Trp-Gly-Gln-Pro-His-Gly-Gly-Ser/Gly) tandemly repeating

octapeptide units followed by a nonapeptide unit with an additional amino acid

between amino aeids 51-91 in the N-terminus (Liao et al., 1986; Puckett et al.,

1991). The function of the octapeptide repeats is unknown. Similar repeats have

been detected in the amine tenninal region of human keratin and and type 1

collagen (Marchuk et al., 1984; Piez et al., 1984). The octapeptide repeats in

human keratin and collagen are implieated in J)-sheet formation and assembly of

filaments (Locht et al., 1986; Marehuk et al., L984; Piez et al., 1984). Byanalogy,

the octapeptide repeats of Prpc may be responsible for promoting the

polymerization of the protein ioto rods and amyloid fibrils as seen in the brains of

individuals atl1ieted with prion diseases (Locht et al., 1986; Homemann and

Glocksherber, 1996).The transmembrane domain (amino acids L12-143) of Prpc

along with a hydrophylic stop transfer etfeetor sequence (STE) located upstream

of the membrane-spanning domain, determine the membrane topology of Prpc.

According to ceU-free translation studies, Prpc is synthesized in two different

topologîcal forms at the ER membrane. One fonn of Prpc is fully translocated ioto

the lumen ofthe ER consistent with the GPI-anchored secretory form ofPrpc. The

second form ofPrpc is transmembrane and cao exist either as an N-transmembrane

protein with the NH2 terminus in the ER lumen or C-transmembrane with the
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C-tenninus in the ER lumen. The rest of the Prpc protein is exposed to the

cytoplasm (refer to figure 4). Mutations in the transmembrane domain or the STE

sequence of Prpc results in higher expression of the C-transmembrane form of the

protein in comparison to the other topological forms (Hegde et ai., 1998).

Overexpression of the C-transmembrane fonn of Prpc produces neurodegenerative

changes in mice sunilar to those seen in genetic prion diseases. AIso, examination

of brains extracted from individuals aftlieted with GSS (Al17V PrP mutation)

revealed an accumulation of C-transmembrane Prpe rather than Prpsc. The

C-transmembrane Prpe is Iinked to the neurodegeneration underlying prion

diseases such as GSS and maybe others not yet identified. Collectively these

findings suggest that any alteration such as dysregulation in the biogenesis and

metabolism of Prpe could result in the expression of one fonn of Prpc over others

and result in neurodegenerative disease. (DeFea et al., 1994~ Hedge etai., 1998).

Mutations in Prpc result in predominant expression of the C-transmembrane Prpc

protein which upon accumulation, results in neurodegeneration.

2.3.1 Post- translational modifications of the Prpc protein

Post-translational modifications of the Prpe protein include disulfide bond

formation (between cysteine residues 179 and 214), two N-glycosylation sites of

Asparagine-X-Threonine (X being Phenylalanine or Isoleucine in Prpe) at

positions 181 and 197, proteolytic processing of Prpe into N-terminal fragments

(8.5-13.5 kOa), and proteolytic cleavage of the last 23 amino acid residues to

attach the glycosyl phosphatidyl inositol (OPI) moeity on Ser 231 of the

C-tenninus. The GPI moeity anchors Prpc to neuronal cell membranes (Oesch et

al., 1985; Liao et ai., 1986; Pucket etai., 1991; Stahl and Prusiner, 1991).

Heterogeneity ofPrpc in terms ofglycosylation patterns is illustrated by a range of

bands between 30-35 KDa on western blots (Rogers et al, 1990).
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%.3.% PrpC and Pr,sc isofonDS

Although there is no alternative splicing of the PrP gene, its gene product

exists in two ditferent isoforms. The PrP isoforms (prpc and Prpsc) differ with

respect to their synthesis, degradation, structural propenies and biochemical

properties (Basier et al., 1986; reviewed by Stahl and Prusiner, 1991). Pulse-chase

experiments in normal and scrapie-infected murine neuroblastoma cell Imes,

revealed that Prpc is synthesized and degraded rapidly with a six hour turnover

whereas PrpSC shows no sign of turnover (reviewed by Stahl and Prusiner, 1991;

Caughey and Raymond, 1991; reviewed by Caughey,1994). It is proposed that the

Prpc to Prpsc conversion takes place after Prpc bas reached the ceU surface, within

an endocytic pathway leading ta the lysosomes or in lysosomes themselves since

that is where PrpSC accumulates (reviewed by Stahl and Prusiner, 1991; Caughey,

1991; reviewed by Caughey, 1994). No ditferences between Prpc and Prpsc have

been noted at the mRNA level or their primary amino acid sequence. However,

conformational ditrerences between Prpc and Prpsc existe According to Fournier

transform infrared and circular dichroism spectroscopy studies, the marnmalian

Prpc molecule bas a 43% a.-helical, 3% ~·sheetconformation and PrpSC possesses

a 43% ~-sheet pleated misfolded structure and 34% a-helix structure (pan et al.,

1993; Huang et al., 1994). The 43°.4 a.-helical content of Prpc is due to the

presence of four a.-helical domains in segment 108-128 of the protein (Huang et

al., 1994). Mutations asssociated with inherited fonns of prion diseases are

clustered within these regions. Insertion of incorrect amino acids within the

a-helical bundles, destabilizes the a-helix structure and promotes the conversion

into ~-sheets (Prusiner, 1994; reviewed by Prusiner, 1996).

Biocbemical differences between Prpc and Prpsc are outlined in the

following table:
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Table 1: Biocbemical properties or PrpC venus Pr,sc

NORMAL PrP (Prpc ) SCRAPIE PrP (prpsc)

protease K sensitive 27-30 kDa protease K resistant core

detergent soluble detergent insoluble

anchored to ceU membranes vta GPI tighter association with ceU membranes

moeity

no tibril or plaque formation accumulates in cells, tibril and amyloid

plaque formation

(Lehmann and Harris, 1996).

Prpc is soluble in denaturing detergents such as Triton X-lOO whereas ilS scrapie

isofonn is insoluble (Lehmann and Harris, 1996). ). Another biochemical property

and an important criteria distinguishing Prpc ftom PrpSC is protease digestion

(McKinley et al., 1983). Prpc is protease K sensitive whereas Prpsc possesses a

27-30 kDa protease resistant core (McKinley et al., 1983). The 27-30 kDa

protease resistant fragment ofPrpsc is the same fraction isolated trom the brains of

animals aftlieted with Pr:ï0n disease implying that Prpsc is the infectious agent

(Oesch et al., 1985; reviewed by Prusiner, 1996). Also, the association of the two

prion isoforms with ceUular membranes is ditTerent. Based on assays done using

the phosphatidylinositol phospholipase C (pIPLC) enzyme to cleave the OPI

anchor of the prion protein, Lehmann and Harris reported that PrpSC bas a tighter

association with ceU membranes. Prpc was released from both normal and scrapie­

infected neuroblastoma ceUs when cleaved wim PIPLC but Prpsc remained

anchored to the ceU membranes. PrpSC may he interaeting with other ceUular

components on the ceU surface aUowing it to remain tighdy bound to the œil (Hay

et al., 1987; Borchelt et al., 1990; Stahl and Prusiner, 1990; Lehmann and Harris,

1996). In som, ail features of PrpSC account for its presence and involvement in

prion diseases.

19



%.3.1.1. The existence of prion Itninl

Distinct strains of prion, although encoded by the same precursor

polypeptide ch~ and composed of the sante amino acid sequence, have been

identified on the basis of their different biologic~ chemic~ and physical

properties (reviewed by Horwich and Weiss~ 1997; reviewed by Prusiner,

(996). Prion strains display: 1) different sensitivities to protease digestion resulting

in distinct patterns of proteolytic cleavage, 2) ditferentiai patterns of

neuropathological targetting resulting in distinct distribution of lesions, as weil as

3) ditferent incubation times in animais prior to experimental transmission. Bruce

and collaborators showed that the properties Iisted above remain unaltered when

PrP strains are serially passaged within the same inbred mouse line (Bruce et al.,

1991; Carlson et al., 1994; DeArmond et al., 1994; TeUing et al., 1996).

The molecular basis for prion strains remains enigmatic. Vlfologists argue

tbat ooly conventional pathogens consisting of nucleic &Cid genome cao exist as

multiple strains. However, no viral nucleic aad bas been discovered to he

associated with prions and prion diseases to date. According to the "protein only"

hypothesis, there exist strueturally distinct Prpc molecules, each of which is

converted to abnormal scrapie molecules which further propagate (Bessen et al.,

1995). Multiple conformations of the Prpc molecules cm account for the selective

neuronal targetting in ditferent regions of the brain associated with distinct clinical

and pathological manifestations of prion diseases (u defined previously in this

discussion). In suppon of this notion, is a study of two distinct strains of

transmissible mink encephalopathy prions designated as hyper (HY) and drowsy

(DY). Upon seriai passage in hamsters, HY and DY prion strains are distinguished

by the different physicochemical properties of the PrpSC accumulated in the CNS

ofthe hamsters. For example, DY is more protease sensitive than KY and displays

a düferent pattern of proteolytic cleavage when subjected on polyacrylamide gel

20



electrophoresis. Differences in the N-terminus of the two strain types implying

distinct conformers account for this finding. Furthermore, the concept of prion

strains involving different conformers is supported by the different CID

phenotypes that have been recently linked to different PrpSC glycoforms (reviewed

by Collinge, 1997).

2.4 Postulated functioDs of PrpC

Despite the scientific data accumulated to date which indicates that the

expression of Prpc is essential in the development of prion diseases., the normal

cellular function of Prpc and the mechanisms controlling ilS expression remain

unclear (Bueler et al, 1992; 1993). However severa! reports suggest that Prpc may

be implicated in the control of lymphocyte proliferation (Cashman et al., 1990),

normal synaptic function in mice (CoUinge et al., 1994), astrocyte proliferation

(Forioni et al., 1993~ 1994, leukocyte activation (Diomedes et al., 1996), and cell

signalling (Cashman et al., 1990).

Prpc is localized on the surface of normal human B- and T-lymphocytes

and Iymphoid eell lines (Cashman et al.,1990). Cashman et al demonstrated that

polyclonal anttbodies to Prpc suppress mitogen-induced activation of lymphocytes.

Based on such findings, it wu proposed that Prpc panicipates in lymphocyte

activation.

Prpc also plays a role in the normal synaptic fimction in mice and control

ofcircadian activity. Surprisingly, mice devoid of the prion protein gene are viable.

No deleterious etTects on the development, behaviour, learning abilities, and life

span of the animals have been reponed (Bueler et al., 1992; Brenner et al., 1992;

DeAnnond et al. 1994; Prusiner, 1993). The findings in the Prpc knockout mice

sugest that the activity of Prpc is dispensable or compensated by other

macromolecules upon its 10ss (Bueler et al., 1992; Brenner et al., 1992; DeArmond

et al., 1994; CoUinge et al., 1994). However, abnormalities of GABA-mediated

inhibitory neurotransmission and weakened long-term potentiation were reported
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in the hippocampus of aged Prpc-null mice by one research group (Collinge et al.,

1994). Loss of Prpc may contribute to the early synaptic loss, and neuronal

degeneration seen in prion diseases (Collinge et al., 1994). In addition, evidence

bas been provided that Prpc may he involved in the regulation ofsleep intensity or

maintaining sleep continuity (Tobler et al., 1996). Loss of Prpc affects the

circadian aetivity of rhythm and sleep in mice (Tobler et al., 1996). This

observation parallels the rhythm and sleep alterations seen in Fatal Familial

Insomnia (Tobler et al., 1996; Medori et al., 1992).

An amyloidogenic fragm~t (amino acids 106-126) of Prpc is neurotoxic

but induces astr0CYte proliferation and hypertrophy. In addition, the same peptide

caused an increase in the calcium levels in the glial cells. Such tindings illustrate the

role of Prpc as a glial growth factor and implicate Prpc in calcium regulation

(Forloni et al., 1993;1994).

Diomedes et al recendy demonstrated the activation effeets of the prion

protein fragment 106-126 in human leukocytes (Diomedes et al, 1996). Synthetic

peptide corresponding to residues 106-126 increased the membrane

microviscosity, intracellular calcium concentrations, and cell migration in

circulating leukocytes. This peptide also increased ftee radical production in

neutrophils and monocytes, stimulating leukocyte migration as a result. Such

findings imply a possible role for the immune system in the pathogenesis of prion

diseases (Diomedes et al, 1996). However, the clinical signs of prion diseases are

confined to the CNS and no immune response accompanies the progression of the

illnesses (Berg et al., 1994). Sînce the 106-126 frasment ofPrP is involved in both

leukocyte and astrocyte activation, it may represent an important biological active

site in the molecule.

In addition, due to its location on the ceU surface, PrpC may be involved in

adhesion, transmembrane signallins, or uptake of intracellular ligands (Hope and

Manson, 1991). Although not confirmed, PrpC may be involved in ceU-matrix
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interactions required for neuron diiferentiation during development of the CNS

(Cashman et al., 1990; Manson et al., (992). It is suggested that the raie of Prpc

as a ceU signalling molecule May not be restrieted to the CNS, but may have a

global impact. Prpc may act as a ceU signalling Molecule in peripheral tissues

(Cashman et al., 1990; Manson et al., 1992). However the cünical and pathological

manifestations of prion diseases do not involve the peripheral nervous sytem

(PNS).

ln summary, the implications for the role of Prpc are not exclusive. It is

plausible that Prpc has multiple activities. Disruption of the Prpc activities by loss

of Prpc or mutations may contribute to the neuronal degeneration and related

pathogenic events underlying prion disorders.

3. Homology of the prion protein to BeI-Z and related proteins

Interestingly, the amine acid sequence of the four octapeptide repeats as

weil as the nonapeptide repeat in the N-terminal region of the prion protein is

highiy homologous to the amine acid sequence of the functional and interacting

BH2 domain of Bcl..2, B~ and related proteios. The amine acid sequence of the

BH2 domain of Bcl-2 and Ba.x is oot only highly conserved in Prpc but is

repeated four rimes due to the presence of four oetapeptide repeats in the

N-terminus ofPrpc. Alignment of the sequences is shawn in the foUowing figure:

Filure 5: Alignment of the PrpC octapeptide repeat and tbe BH2 domains of

Bel-2 and Bu

PrpC

Bel-Z

Bu
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Underlined amino acids are conserved between Prpc, Bcl-2, and Bax proteins.The

(*) symbol indicates that mutations in the tryptophan prevent Bcl-2 trom

interacting with Bax and abolish BcI..2's anti-apoptotic activity (Yin et al., 1994).

A conversion of the tryptophan to an alanine at codon 188 abrogates Bcl-2's

interaction with Bax and cells are no longer proteeted from apoptosis as a result

(Yin et al., 1994). Since Bcl...2 and Bax proteins are implicated in regulating

apoptosis, Prpc may display simi1ar functions. To understand the significance of

the homology between the Prpe.. Bcl-2 and Bax and the possible link between

them, it is necessary to gain an understanding of the functional aspects of Bcl-2

and its related members.

4. The Bcl-2 gene: structural features

BcI-2 (B-cell 1ymphoma 1eukemia-2) was tirst identified as a disregulated

oncogene at the breakpoint of a t(14: 18) translocation occurring in severa! human

follicutar lymphomas (Tsujimoto et al., 1984; Tsujimoto et al., 1985). The Bcl-2

gene consists of at least two exons and is transcribed into three overlapping

mRNA transeripts: 8.5 Kb, 5.5 Kb, and 3.5 Kb (Tsujimoto et al., 1986; Tanaka et

aL, 1993). The 5.5 Kb mRNA species gives rise to Bcl-2~ a 239 amino acid

26 kDa protein and the 3.5 Kb mRNA encodes a 205 amino acid, 22 kDa protein,

Bcl-2-1J. A significant difference between the Bcl-2-a. and Bcl-2-~ forms lies at the

carboxyl terminus (Tsujimoto et al., 1986; Tanaka et al., 1993; Haldar et al.,

1994). The earboxyl terminus of Bcl-2-a contains a hydrophobie stretch of 19

amine acids, fol1owed by two positively charged amine acids (Histidine and

Lysine), that allow the post-translational insenion of the Bcl-2 protein to cellular

membranes (Tsujimoto et al., 1986; Tanaka et al., 1993; Nguyen et al., 1994;).

Bcl-2-1J laeks this hydrophobie tait. In addition, Bcl-2-a, being the predominant

form of Bcl-2, is present in large amounts in vivo whereas Bcl-2-13 is rarely
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detected (Tanaka et al., 1993). Therefore, scientifie studies have focussed on the

26 kDa form of8cl-2 (Bcl-2-a).

4.1 Tissue espreslion and SubceUular distribution of 8cl-1 mRNA

To gain insight on the physiological role of 8cl-2, the distribution of its

expression in foetal and adult tissues has been studied. 8cl-2 is expressed in a

variety of tissues including those of hematolymphoid, epithelial, neu~ endocrine,

and mesenchymal type in both adult and foetal stages (Monaghan et al., 1992~

LeBrun et al., 1993). In additio~ 8cl-2 expression is reported in cells committed

to the formation of complex structures such as the glomeruli of kidneys, the

glandular epithelium ofthe skin and intestine, and post..mitotie neurons (Monaghan

et aL, 1992). Hence, Bcl..2 is topographical1y restricted to proliferating or long­

lived zones in tissues that demonstrate apoptotie cell turnover (Hockenberry et al.,

1991 ).

There is general agreement that the 26 kDa 8el-2 oncoprotein is

intraceUular and membrane-bound (Monaghan et al., 1992; Nguyen et al., 1993 ).

SubceUular fraetionation assays and conventional immunofluorescence microscopy

contirm the residence ofBcl-2 in the nuclear envelope, the endoplasmic reticulum,

and the inner and outer mitochondrial membranes (Hockenberry et al., 1991;

Monaghan et al., 1992; Krajewsky et al., 1993; Janiak et al., 1994). The pattern of

immunostaining seen at the electronmicroscopic level and crude subceUular

fraetionation assays in lymphoma ceUs sugest tbat Bcl-2 is present in a patchy

non-unifonn manner in the outer mitochondrial membrane as weU as within the

contact region between the inner and outer mitochondrial membranes. A simiJar

non-unifonn patchy distribution of Bcl-2 is noted in the nuclear envelope

(Krajewsky et al., 1993). Studies on the distribution of Bcl-2 in the endoplasmic

reticulum have not been done in depth. AccordiDg to studies undertaken by Zhu et

al (1996), the subceUular location of Bcl-2 is ceU-type dependant and may atJect



its anti-apoptotic funetions. 80th cytosolic and integral membrane fonns of Bel-2

cao bind Bax. However, in sorne cells restricted subcellular localization ofBcl-2 to

the endoplasmic reticulum promotes its anti-apoptotic funetions than any other

location in the cells (Zhu et al., 1996).

4.1.1. EspressÎon or BeI-l in the central nervoussystelD (CNS)

Northem blot analysis and in situ hybridization assays revea1 a widespread

expression of the Bcl..2 gene in the developing and adult central nervous system

(CNS) (Ferrer et al., 1994; Castren et al., 1994). The distribution of Bcl-2 mRNA

appears to be neuronal with high levels in the neocortex and the hippocampus of

the developing rat brain (Castren et al., 1994; Hockenberry et al., 1991; Ferrer et

al., 1994). Granule cells of the cerebellum express highest levels of Bcl-2. Glial

cells and ependymal cells lining the walls of the ventricles in the striatum are

thought to express lower levels of Bcl-2 mRNA (Hockenberry et al., 1991; Ferrer

et al., 1994). Expression of Bcl-2 in the CNS is developmentally regulated (Merry

et al., 1994). Studies done in the rat brain reveal that Bcl-2 expression is higher in

the embryonic stages than in the post-natal period. After binh, Bel-2 mRNA in the

rat brain decreases to a level which remains somewhat steady but further decreases

in adulthood. Similar expression patterns of Bcl-2 are thought to occur in the

human CNS. The decrease of Bel..2 levels in the adult CNS correlates wth the

amount of neuronal ceU death which accompanies the normal development of the

CNS (Ferrer et al., 1994; Merry et al, 1994; Veis Novack and Korsemeyer, 1996).

ln the nervous system, Bcl-2 prevents neuronal ceU death indueed by serum and

glucose deprivation, growth factor witbdrawal, calcium ionophore administration,

lipid peroxidation, and ftee-radical exposure (Garcia et al., 1992; AUsopp et al.,

1993; Zhong et al., 1993; reviewed by Reed, 1994; reviewed by Wyllie et al.,

1993; reviewed by Kroemer et al., 1997; reviewed by Lakshmi and White, 1997).

Functional homologues of Bcl-2 such as Bel-XL are proposed to compensate for
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the decrease in Bcl-2 expression in the adult CNS by substituting Bel-2's funetions

(reviewed by Reed, 1994).

4.1 BeI-l and Bel-l related proteÎDs

The structure of the Bcl-2 gene produet is depieted in figure 6. Bel-2 is the

prototype molecule of an array of proteins recently identified as the Bel-2 gene

family. The raie of the Bel-2 gene family is to modulate eeU death and survival.

The Bcl-2 gene family includes both anti-apoptotic as well as pro-apoptotie

structural homologs of Bcl-2 ranging ftom viral species., nematodes, to mammals

(Oltvai et al., 1993; Oltvai and Korsemeyer, 1994). Some of the 8cl-2 related

proteins are outlined in table 2. Members of the 8cl-2 gene family posess variable

degrees of Bcl-2 homology regions: 8HI (amino aeids 136-155), 8H2 (amino

acids 187-202), 803, and BH4. Bcl-2 homology domains BHI-BH4 allow the

8cl-2 family members to fonn homo- and heterodimers amongst themselves. Thus,

their mechanism ofaction in regulating cell death and survival is mediated through

protein-protein interactions (Oltvai et al., 1993; Oltvai and Korsemeyer, 1994).

Indeed, the yeast-two-hybrid system bas been used ta analyze the interactions

among several members of the 8cl-2 family (Sato et al., 1994).

Scientific studies involving Bcl-2 and members of the 8cl-2 family of

proteins have aUowed a potential breakthrough in understanding the molecular

mechanism involved in programmed cell death (apoptosis) of mammalian ceUs.

Apoptosis is a normal physiological process which triggers an intrinsic cell suicide

program. Apoptosis involves distinct morphologica1 and biochemical features such

as ceU shrinking, blebbing of the eeR membrane, ehromatin condensation,

activation of endonucleases, and DNA fragmentation (reviewed by WyUie, 1987;

reviewed by Reed, 1994; revicwed by Kroemer, 1997; revicwed by Lakshmi and

White, 1997). Altbough Bel-2 prevents bath apoptotic and necrotic ceU death,
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Table %: Bel-% ProJein F'DljIy

ANn-APOPI'OTIC APO"OTIC
PROTEINS PROTEINS

Bel-2 Bax
Ced-9 (nematode) Bad
Mel-l Bak
Al Bik
Bel-XL Bel-Xs
Btl-l Bid
Brag-l Hrk

Table 2lists sorne ofthe members ofthe Bel-2
gene family.



most of the focus has been on its role in modulating apoptosis because of the

growing revelance ofapoptosis in neurodegenerative disorders.

4.3 FUDctions of BcI-%: a regalator orcell deatb

In 1988, Vaux et al reported that Bcl-2, when overexpressed, prolongs cell

survival by blocking apoptosis in various mammalian cells in vivo and in vitro -8

notion confirmed by multiple studies (Allsopp et al., 1993; Zhong et al., 1993;

reviewed by Wyllie et al., 1993; reviewed by Reed, 1994; Martinou et al., 1994;

Farlie et al., 1995; Yang and Korsemeyer, 1996). The exact biochemical

mechanisms by which Bcl-2 modulates cell survival and cell death remain unclear

but several theories are postulated. These include: 1) inhibition of free radicals and

peroxidation, 2) regulation of calcium fluxes, 3) regulation of penneability

transition in mitachondri&, 4) regulation of cytochrome c release trom

mitochondria, and 5) protein-protein interactions with Bax (reviewed by Wyllie et

al., 1993; reviewed by Reed, 1994; reviewed by McManus and Linnik, 1996;

reviewed by Kroemer, 1997; reviewed by Lakshmi and White, 1997).

Apoptotic cell death involves the generation of reactive oxygen spec:ies

(ROS) and lipid peroxidation (Kane et al., 1993; Hockenberry et al., 1993;

Jacobson et al., 1993; 1995;). Bcl-2 may modulate the increase in ROS influenced

by the degree of ceU death either by decreasing or inhibiting the net cellular

generation and accumulation of ROS, or by increasing scavenging of free-radical

species .In support of tbis proposai, is Bcl-2's localization in the endoplasmic

reticulum, nuclear envelope, and mitochondrial membranes, all sites involved in

ROS production (Hockenberry et al., 1993). Proposed mechanisms accounting for

the anti-oxidant etTects of&1-2 that have been observed include the foUowing: 1)

Bcl-2 fimetions as a direct ROS scavenger, 2) Bcl-2 may possess metal binding

properties, and 3) Bcl-2 may inhibit the transfer of electrons ftom Complex 1 to
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Complex m to oxygen in the inner mitochondrial membrane, blocking the

formation of superoxide as a result (Kane et al., 1993; Hockenberry et al., 1993).

In addition, Bcl·2 is also able to rescue neural cells that were depleted trom

glutathione (GSH), a tripeptide involved in protecting cells from oxidative injury

(Kane et al., 1993). In situations where oxidative damage is a significant

component of cell death ie. in cerebral ischemi~ the anti-oxidant etfects of Bcl·2

are beneficial (Zhong et al., 1993; Martinou et al., 1994). However, the anti­

oxidant effects ofBcl-2 have not been observed in ail ceUular models of apoptotic

death. Jacobson et al reponed that Bcl-2's anti-apoptotic funetions are canied out

even in ceUs lacking funetional mitochondrial DNA (Jacobson et al., 1993;

Jacobson et al., 1994; Jacobson et al., 1995). Based on the findings by Jacobson et

al, free radical species is one of the events leading to apoptosis that is not

necessarily required. Bcl-2 mayaet at a level upstream ta inhibit ROS production

and eventually inhibit programmed ceU death (Jacobson et al., 1993; Jacobson et

al., 1994; Jacobson et al., 1995).

Bcl-2 is also involved in the regulation in calcium fluxes. Calcium is an

important second messenger involved in apoptosis. The effiux ofcalcium from the

endoplasmic reticulum iota the cytosol of ceUs is part of a signal transduction

pathway resulting in apoptosis (Lam et al., 1994; Martinou et aI.,1994; Linnik et

al., 1995; Chen et al., 1995; Zhong et al., 1993). Abnormal intraceUular

concentrations ofcalcium leads to ceUular toxicity and eventually death. Bcl-2, due

ta its localization in the endoplasmic reticulum, is able to black such events (Lam

et al., 1994). In additio~ Bcl-2 regulates the calcium fluxes in the mitochondria

(Murphy et al., 1996). Under stressfu1 conditions such as hypoxia, isch~ or

treatment of cens with calcium ionophores, ceUs die due to calcium-induced

respiratory injury. Toxic levels of calcium trisser formation of ROS, and as

previously mentioned, eventually resu1t in ceU death. In the presence of Bcl-2,

neural ceO mitochondria have a greater resistance to such injury because Bcl-2
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enhanees their maximal calcium uptake capacity (Murphy et al., 1996). Whether

Bcl-2's effeet on intracellular calcium homeostasis is direct or indirect remains to

be established.

The mechanism ofaction that received the most focus in the scientifie field

is Bel-2's ability to inhibit apoptosis via protein-protein interactions. Members of

the Bcl-2 family are able to form homo- and heterodimers amongst themselves and

through tbis mechanism, they aet to modulate the fate ofa cell (Oltvai et al., 1993~

Oltvai and Korsemeyer, 1994). One heterodimerizing partner of Bel-2 is the 21

kDa cell death protein Bax. Bax shares 21% homology with Bcl-2 (Oltvai et al.,

1993). This homology is within the conserved BHl(amino aeids 136-155 ofBcl-2)

and BH2 (amino acids 187-202 of Bcl-2) domains responsible for bath the anti­

apoptotic funetions of Bel-2 as weil as the formation of Bcl-2-Bax heterodimers

(Y'm et al., 1994; Sedlak et al., 1995). Evidence supporting tbis notion is based on

the mutagenesis experiments undertaken by Korsemeyer et al (1994). Mutations of

the conserved amino aeids Trp 188 in the HH2 domain and Gly 145 in the BHI

domain are enough to disrupt the association of Bel-2 and Bax and eliminate

Bcl-2'5 death repressor aetivity (Ym et al., 1994). A model bas been suggested in

whieh Bcl-2 interaets with Bax and regulates eeU survival. As shown in figure 7,

overexpression of Bax either as a monomer or homodimer, causes ceU death.

Bcl-2 is responsible for binding Bax through the BH2 domain, and preventing Bax­

Bax homodimers or Bax monomers (Ym et al., 1994). Bcl-2 rescues the ceUs trom

apoptosis as a result. The ratio of B<:I-2 to Bax determines the amount of Bcl-2­

Bax heterodimers versus Bax-Bax homodimers and determines the susceptibility of

ceUs to apoptosis (Ym et al., 1994). As saon u the Bcl-2-Bax interaction is

dîsropted by either mutations or offset in the balance between the Bax-Bax versus

Bcl-2-Bax ratios, eeUs undergo apoptosis (Ym et al., 1994). Other Bcl-2-related

proteins like Bel-n, Bad, Baie etc. are proposed ta play simiIar roles (Sedlalc et al.,

1995).
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Additional funetions of Bcl·2 include the regulation of cytochrome c

release from mitochondria and the regulation of the transmembrane across the

mitochondria (reviewed by McManus et al., 1996). Bel-2 also aets to inhibit the

activity of caspases~ key etfector molecules of apoptosis whieh cleave cellular

substrates required for eeUular survival and maintenance (reviewed by Lakshmi and

White., 1997).

4.3.1. Regulation of Bcl-l's anti-apoptotic activity

Although &1-2's anti-apoptotic activities are not completely understood,

scientific studies indicate that regulation of these activities occurs at the post­

translational level. Biochemical and eeU biological studies of Bcl...2 activity reveal

that Bcl-2's anti-apoptotic activity requires an integral membrane position. The

hydrophobie carboxyl terminus of the Bcl-2 prolein which allows ilS post­

translational insertion in cellular membranes is necessary for Bcl-2's anti-apototic

functions (Nguyen et al., 1993; Nguyen et al., 1994). Constnlcts lacking this

carboxyl domain, or mutations in this domain, reduce Bcl-2's abiüty to suppress

ceU death (Nguyen et al., 1994). In addition, post-translational modifications such

as phosphorylation or deletion of serine residues of the Bcl-2 protein also have an

impact on ilS ability to regulate IPQptosis. Phosphorylation of Bcl-2 inhibits ilS

anti-apoptotie funetions while deletion of serine residues promotes Bcl-2's anri­

apoptotic aetivity in neuronal cells (Haldar et al., 1995). Consistent with these

findings is evidence that deletion of a negative regulatory loop eontaining serine

and threonine phosphorylation sites in Bcl-2 enables il ta promote cell survival

(Chang et a1.~ 1997). Recently, Cheng et al., reponed that Bcl-2 are substrates for

caspases, etl"ector Molecules in apoptosis. A loop domain of Bcl-2 (amino acids

32-80) is suscepn'ble to cleavage by caspase 3 (CPP 32). Once cleaved at Asp34 of

the loop domain, Bcl-2~s BID domain is activated. The BBJ domain is known ta
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confer the pro-apoptotic aetivities of Bax. Bcl-2 is therefore converted to a Bax­

like death effector by caspases (Cheng et al., 1997).

5. Rypotbetis: PrpC is iovolveel in aD iDteraction witb Bcl-2 and Bu proteiDI

The present study proposes that Prpc bas an association with 8cl-2, B~

and possibly other Bcl..2 related proteins based on the homology that exists

between 8H2 and the four tandem octapeptide repeats as weU as the nonapeptide

of Prpc (see figure 5). The homology existing between the amino acid sequences

of the proteins suggests that they interact with each other. Prpc through its

interaction with BcI-2 and Bax, may play a role in the regulation of ceU survival

and death similar to Bcl-2 related proteins. Mutations, overexpresssio~ or

conformationally abnormal prion could disrupt such protein-protein interactions

and offset the balance between the death and survival states of the ceU. This may

result in familial, sporadic, or iatrogenic prion diseases. This hypothesis constitutes

only the beginning to investigate different aspects of Prpc funetion.

The aims of this thesis were to investigate the possible interaction of the

entire human prion protein with complete human Bcl-2 and Bax in human ceU-ftee

systems and in the human CNS. The Bel-2-Prpc and Bax- Prpc interaction was

tested by crossslinking and co-immunoprecipitation studies using recombinant

human Prpc and Bel-2 proteins expressed in the human Iymphoid K562 eeU line,

and proteins extraeted ftom human primary foetal neurons, human foetal and adult

brain tissues. In addition, the Prpc..Bel-2 interaction wu studied in the yeast-two­

hybrid matchmaker system. The levels of expression of ail three proteins were

examined in ditrerent ages of the human CNS in order to establish a relationship

between the three proteins and the posssible connection to the neurodegeneration

seen in prion disease.
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n. MATERIALS AND METROnS

A. EXPRESSION OF .1-2 AND PrpC IN K562

la. CloniDI Bcl-1 and PrpC cDNAs in Cep 4p: The Bcl·2 cDNA was a kind gift

from Walter Nisbioka and wu already subcloned into the Hind m site of the

eukaryotic episomal Cep 4p vector (In Vitroge~ ON, Canada). Prpc DNA was

extracted from peripheral blood or frozen brain tissue and was amplified by PCR

as described by Medori et al, 1992. The Prpc DNA was initially subcloned into the

Bam ID and Eco RI restriction sites of pBluescript Il KS (pBKS; Stratagene, CA,

USA) and subsequently subclon~ into the Dam ID and Kpn 1 restriction sites of

the Cep 4p vector (In Vitrogen, ON, Canada).

b. TraD.rection a••ays: The K562 human erythrolymphoid ceU line (ATTC#

GM05372E NIGMS Human Genetic Mutant Cell Repository, NIH) a kind gift

trom Mark Tyckocinski, Case Western University, Cleveland, OH, US~ was used

for transfection. Transfections were carried out with 5 J.Lg DNA (Cep4 p_Prpc,

Cep 4p-Bcl-2, and Cep 41) vector alone) per 1 x 10' K562 ceUs and 15 Ilg

lipofectin reagent in serum-ftee OPTI-MEM (Life Technologies, ON, Canada)

media as directed in the manufacturer's protocol (Life Technologies, ON, Canada).

After 3 hours, 1 ml OPTI-MEM (Life Technologies, ON, Canada) with 200At

bovine calf senun (Hyclone, UT, USA) wu added. The ceUs were grown in RPMI

1640 (Canadian LiCe Technologies, ON, Canada) containing 10 % bovine calf

serum (Hyclone~ UT, USA). After expansion of the cens for three days,

transfectants were seJected with RPMI + 10010 serum containing 250 IJglmI

Hygromycin 1) (Boerhinger Mannheim, QC, Canada). AlI cells were fecl with

RPMI 1640 + 10 % serum containing 250 Ilglml Hygromycin Pevery 48 hours.

FoUowing a period of approximately two weeks, stable transfectants were

observed under the microscope. These were attaehed on the bottom ofthe tlask as

colonies with a bee-hive appearance. Wdd-type KS62 looked sbriveUed and dead

36



indicating a successful transfection. The term "stable" is used for these

transfectants since even upon freezing and thawing, transfectants are still

maintained.

c. Extnction of protein from the transfected 1<562 cells: Transfected KS62

cells were collected (about 1 million cells per f1ask) and centrifuged at 600 xg at

4°C for 5 minutes. The pellets were homogenized in 200 ill 20 mM sodium

phosphate butTer pH 7.5. The homogenates were centrifuged at 600 xg for 30

minutes at 4°C and the pellets were rehomogenized in 200 III 20 mM sodium

phosphate buffer pH 7.5. Protein concentration was determined by the BCA

(Bicinchinonic acid) protein assay (Smith et al~ 1985) following the specifications

of the manufacturer (Pierce, IL, USA).

d. Assessing the expression of PrpC and 8cl-1 in 1(562 by western blot

analysis: Proteins (40 Ilg) extracted from the Cep 4~_Prpc, Cep 4~-Bcl-2 and Cep

4p -transfected K562 cells, as well as wild-type K562, were mixed with 3 ill of

4X SOS/Sample loading buffer (300mM Tris-HCI, pH 6.8, 600mM DTT, 120/0

SDS~ 0.6% bromophenol blue, 60% glycerol)~ and separated in parallel with

prestained low molecular weight markers (BioRad, ON, Canada) on 15°/0 SOS­

polyacrylamide gels by electrophoresis. Separated proteins were transferred onto

lmmobilon-P membranes (Miiiipore, ~ USA). Membranes were blocked in

Blotto A (5% (w/v) low fat milk in TBST (Tris-butTered saline; 10mM Tris-HCl~

pH 8.0, lS0mM NaCI, 0.050/0 Tween-20) for 1 hour, and immunoblotted with

either monoclonal anti-PrP 3F4 antibody (1/1000 dilution in 50/0 blocking solution~

kind gift trom Neil Cashman, Montreal Neurological Institute) or monoclonal anti­

human Bcl-2 antibody (11400 dilution in 5% blocking solution; #sc 509; Santa

Cruz, CA, USA overnight at 4°. Membranes were washed in TBST butTer (10

mins/wash) three times and then incubated with the appropriate secondary

antibody conjuguated to alkaline phosphatase (AP)-goat-anti-mouse-AP (1/500 in
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TBST~ Jackson Labs~ PA, USA) for 2 hours at room temperature. The blots were

developed with 20mls alkaline phosphatase butTer (lOOmM Tris-HCl~ pH 9.5,

lOOmM NaCI, 5mM MgCh) containing 132 J,l1 NBT{Nitro blue tetrazolium

chloride~ Fisher, QC, Canad~ dissolved in 70% diethylformamide) and 66 J,l1 BCIP

(5~bromo-4~chloro...J~indoyl phosphate; Fisher, QC, Canada~ dissolved in IOO°!cJ

diethylformamide to detect the immunoreaetive proteins.

fi 8. IN VITRO Prpc AND 8(1-% INTERACTIONS

1. Assessing the Prpc-8cl-2 interaction in K562 cells

a. Coimmunoprecipitation assay: Total protein extracts (150 ~lg) trom cell

Iysates generated trom K562-Cep 4J3~Prpc and K562-Cep 4p-Bcl...2 transfected

cells were immunoprecipitated with polyclonal anti-human Bcl~2 (#sc 493; Santa

Cruz., CA, USA) antisera. lmmunoprecipitations were carried out in 200 J-li total

volume consisting of ISO J,lg protei~ JO J,ll protein A agarose (Sigm~ MO, USA),

50 J.lI SX RIPA butTer (10mM Na2PO.h O.lSM NaCh, 15 NP-40, 2mM EDT~

pH 8.0, 0.05% PMSF, O.lJ,lg/ml pepstatin ~ IlJg/ml TLCK~ 0.5J,lg/mJ leupeptin

(ail protease inhibitors were purchased ftom Sigm~ MO~ USA) and SIlI of the

appropriate antisera. After mixing on a rotator overnight at 4°(, the

immunoprecipitations were centrifuged at 16 250 x g at room temperature, and

washed in IX RIPA buffer three times. They were placed in 20 t.1l4X SOS/Sample

loading butTer (300mM Tris-HCI, pH 6.8, 600mM OTT, 12% SDS~ 0.6%

bromophenol blue, 60% glycerol), boiled for 5 minutes, and separated on a 150/0

SDS-polyacrylamide gel by electrophoresis. Western blot analysis was done as

described above.

2. Investi.atiDI the PrpC-1k1-2 and PrpC-Bu interactions in hum.a brain

a. Preparation of human primary fetal neurons

Human fetal cultures (trom embryos of 10-18 weeks of gestation) were prepared

by the lab technician as previously described (LeBlanc, 1995).Guidelines
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established by MRC, NnL the Jewish General Hospital and McGill University

(Montreal, QC~ Canada) were followed.

b. Extraction of protein from human fetal neurons. retal and adult brains

00 the eleventh day of seeding the primary fetai neurons, they are ready for

experimentation. Approximately 40 x 106 primary human fetal neurons were

collected by trypsinization (2.5 % trypsin was used). The resulting cells were

washed twice in 1 x PBS buffer containing protease inhibitors :1 Ilglml TLC~ 0.5

IJ,g1ml Leupeptin~ 0.05% PMSf, and 0.1 Ilg/ml Pepstatin A (ail protease inhibitors

were purchased from Sigm~ MO, USA) and homogenized in 200~L1 20 mM

sodium phosphate butTer pH 7.5. Extraction of protein was done as described for

K562 cell lines. For the brain extracts, frozen fetal (13 .. 15 weeks) or adult (46..91

years) frontal brain tissue was cut and used for protein extraction. Quantitation of

proteins was done by BCA assay following the manufacturer's protocol (Pierce,

lL, USA).

c. Assessing the expression levels of PrP and Bcl-2 in human primary

neurons, human retal brain, and human adult brain by western blot

Forty micrograms of protein extracts from human fetal neurons, human fetal brain

and human adult braio tissues were mixed with 3 ~l of 4X SOS/Sample loading

buffer (300mM Tris-Hel, pH 6.8, 600mM OTT, 12% SOS, O.6°tla bromophenol

blue, 60% glycerol), and separated in parallel with prestained low molecular

weight markers (BioRad, ON, Canada) on 15% SDS..polyacrylamide gels by

electrophoresis. Western blots were performed as described for K562 cells.

Monoclonal anti-PrP 3F4 antibody (1/1000 dilution in 50/0 blocking solution~ kind

gift trom Neil Cashman, Montreal Neurological Institute ) or monoclonal anti­

human Bcl-2 antibody (1/400 dilution in 5% blocking solution~ #sc 509; Santa

Cruz, CA, USA) were used for immunoblotting.

d. InvestigatiDI tbe PrP·Bcl-l and PrP·Bu intenction iD buman fetal and

adult brain by co- ilDlDunoprecipitatioD and western blottinl
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Total protein extracts (150 ).lg) from fetal and adult brains were

immunoprecipitated with either polyclonal anti-human Bcl-2 (#sc 493, Santa Cruz,

CA, USA) , polyclonal anti-human PrP RISS antisera (detects amino acids 56-92

of the N terminus of PrP; made in our lab) or polyclonal anti-human Bax antisera

(#sc 509, Santa Cruz, CA., USA). Immunoprecipitations were carried out in a

volume of 200 1.11 consisting of the 150 ).lg protein extract , JO III protein A

agarose (Si~ MA, USA), 50 III 5 X RIPA buffer (10mM sodium phosphate,

0.15 M sodium chloride, 1% NP-40, 2mM EDTA pH 8, 0.05% PMSF, 0.1 ).1g1m1

pepstatin A, 1 J.1g1ml TLeK, 0.5 J.1g1ml leupeptin) and the appropriate antisera

(5).11). Immunoprecipitates were subjected to western blot analysis as described

above. Monoclonal anti-PrP JF4 antibody (1/1000 dilution in 5% blocking solution

), monoclonal Bcl-2 antibody (1/400 dilution in 5% blocking solution), or

monoclonal Bax (1/5000 dilution in S% blocking solution; YTH -2D2; Trevige~

USA) were used for immunoblotting. Competition experiments were atso

perfonned by adding 1 ).lg of the appropriate peptide to the immunoprecipitation

mix. Synthetic Peptides 8gainst anti-human PrP RISS, polyclonalBcl-2 (#sc 492P;

Santa Cru~ CA, USA), and Bax (#sc 493P, Santa Cruz, CA, USA) were used.

Blots were a1so reprobed with monoclonal Bcl-2 and monoclonal Bax antibodies.

Following the incubation with the primary antibodies, the blots were washed three

times with mS-T (Tris-buffered saline; IOmM Tris-HC~ pH 8.0, ISOmM NaCI,

0.05% Tween-20) and incubated with the appropriate secondary antibody

conjugated to horseradish peroxidase (HRP)-goat anti-rabbit-HRP (1/5000 in

Blotto A) or goat anti-mouse-HRP (1/1000 in Blotto A) (bath ftom Santa Cruz,

CA, USA) for 1 hour at room temPel1lture. Immunoreactive proteins were

detected with ECL Western Blot Detection Reagents (Amersham, ON, Canada)

according to the manufacturer's specifications.

40



e. Adsorption experiments

Adsorption experiments were done to test the specificity of bath the polyclonal

RI55 and the polyclonal Bcl-2 antisera. In one milliliter Blotto A (5% (w/v) low

fat milk in TBST, 5 ~I RI55 antisera with 1 Ilg synthetic peptide against RISS

were added. In a separate milliliter Blotto A, RIS5 antisera alone was added. The

mixes were incubated on the rolator overnight at 4°C, centrifuged al 16 250 x g at

room temperature for 5 minutes and the supematants were used for

immunoblotting of membranes containing 401J,8 proteins trom human fetaI and

hurnan adult brain. Adsorption reactions for bcl-2 antibodies were done using

synthetic peptide against the anti-human Bcl-2 antisera (1/400 dilution in 50/0

blocking solution~ #sc 492P; Santa Cruz, CA, USA) following the sarne procedure

described above.

II C. IN VIVO Btl-2 - Prpc INTERACTIONS

1. The yeast-two-hybrid matchmaker system

a. Cloning of PrP and BcI-2 in pGAD424 and pGBT9 ve~tors

Using Barn HI and Eco RI restriction enzymes, PrP was released trom the

pBluescript vector (Stratagene, ON, Canada) and was then subcloned into the

Barn HII SaI 1sites of pGBT9. Pvu II and Barn HI restriction enzymes were used

to release Bcl-2 from the Cep 4(3 vector. Bcl-2 was then subcloned into the Barn

HII Pw II sites of pGAD424. Cloning procedures were done following guidelines

from Sambrook et al, 1989..

b. Characterization and co-transformation of YRG-2 yesst

Saccharomyces cerevisiae yeast main YRG 2 (Stratagene, ON, Canada) carries

mutations which ensure that the endogenous GAL 4 gene is not expressed. YRG-2

contain three aLL"(otrophic markers: 1) tryptophan (trp 1), 2) leucine (leu 2) and 3)

histidine (his 3) as weil as two reporter genes: His-3 encoding histidine and Lac Z

encoding p-galactosidase. The YRG-2 cells were grown in VPO (20 gIL
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Difcopeptone, 10 g/L yeast extract, 20/0 glucose) media overnight at 30°C tilliate­

log phase (1 :'C 107 cells). CeUs were centrifuged at 600 :'C g at 4°C for IS minutes,

washed in sterile water three rimes, and resuspended in lM sorbitol (Fisher, QC,

Canada) and lM dithiothreitol (DTT) (Boerhinger Mannheim, QC, Canada). One

microgram ONA: Bcl-2-pGBT9, PrP-pGAD424, both construets, or vectors

alone. was mixed with 0.8 mIs competent yeast cells and transformed by

electroporation at 1.5 Kilovolts, 25 ~ capacitance and 200 n in resistance with

the Bio-Rad gene pulser.

c. Isolation of yeast co-transformants:

Synthetic dropout (50) medium is used for selection ofyeast containing a plasmid.

CeUs were plated out on synthetic dropout media (SO) (6.7 g/1 Oifco yeast

nitrogen base without amino acids, 182.2 gIt D-sorbitol, 40mIsIl 50% glucose and

100mlsll dropout solution (300 mg/l L-isoleucine, 1500 mg/l L-valine, 200 mg/l L­

adenine hemisulfate salt, 200 mg/l L-argjnine HCI, 200 mgll L-histidine HCl

monohydrate, 1000 mg/1 L-Ieucine, 300 mgll L-lysine Hel, 200 mgll L-methionine,

500 mg/1 L-phenylalanine, 2000 mg/1 L-threonine, 200 mg/1 L-tryptophan, 300

mgll L-tyrosine, 200 mg/1 L-uracil» selection agar plates lacking tryptophan,

leucine, tryptophan and leucine, or histidine, tryptophan, and leucine amine acids.

Plates were incubated at 30°C for 4 days and cotransformants were selected.

d. p-galactosidase Iiquid culture ass.y:

The p-galactosidase liquid culture assay was done following the protocol from

Stratagene with certain modifications: yeast cotransformants were grown in 2 mis

YPO media at 30° till mid-log phase (00 600nm- 0.5-0.8). 0.1 mis culture were

used for this assay. Cultures were washed in Z buffer (60mM Na2HP04, 40mM

NaH2 POol , 10mM Mg2SOol) containing p-mercaptoethanol. Pellets were

resuspended in O.7m1s Z buffer. To each sample SOOI-Ù chloroform and 500,," 0.10/0

sodium dodecyl sulfate, 1601J! of 4mglml o-nitrophenyl-p-gaiaetoside / Z butrer



was added .and were incubated at 30° for 1 hour. Ta quench the reaetions, O.4mls

of 1M sodium carbonate was added. Produet formation was detennined by reading

the 00 at 420nm. p-galaetosidase units were calculated using the following

formula: ~-gal units: lOOOx [00420/t x V x 006(0) where OD=absorbance, t=60

mins of incubation and V=O.lmls culture used for this assay. Average 13­
galactosidase units were calculated from the three independant clones used for this

assay. Results were standardized to the transfection done in the absence of DNA.

e. Colorimetrie tilter assay for p-galaetosidase:

Cotransformants were streaked on a circular whatman tilter paper and placed on

the surface of the appropriate SO agar plates (SO -Hîs,-Trp,-Leu. and SO +His,­

Trp,-Leu). Plates were incubated at 30°C for 4 days. The tilter was lifted and

placed on dry ice colonies facing up till it was uniformly frozen. Once thawed, the

tilter was placed on a clean whatman filter presoaked in Z buffer lX·gal (S-bromo­

4-chloro-3-indolyl p-D-galactopyranoside)/ p-mercaptoethanol solution (lOOmls Z

buffer, 0.27 mis p-mercaptoethanol, 1.67 mls X-gal). Filters were incubated at

30°C and checked periodically for the appearance of a blue colour, an indicator of

p-galactosidase activity. Four hours was the average period of time elapsed

between the tilter assay and the appearance of blue colour for our assays.

2. Detection of BcI-2-PrP and Bax-Pr' proteins by in vivo erosslinkioc:

To further confirm the interactions of Bcl-2 and Prpc as weil as Prpc and Ba.x in

vivo, crosslinking experiments were performed. Human primary fetal neurons

known to expresss high levels of Prpc and Bcl-2 were used for in vivo crosslinking

experiments. CeUs were treated with DSP (Dithiobis-succinirnidyl proprionate) at

various concentrations 0 mM, 1 mM, 2 mM, 4 mM as descnbed by the

manufacturer (pierce,IL,USA). Proteins were collected in NP 40 Iysis butfer (100­

200 J.Ù). An equal volume of each Iysis produet was immunoprecipitated with

either anti-PrP RISS polyclonal antisera or anti-human monoclonal anti-human PrP
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3F4 and separated on a 15 % polyacrylamide gel under non-reducing conditions.

Anti-PrP 3F4, anti-Bcl-2 and anti-Bax antibodies were used for immunoblotting.

RD. Determination of the expression levels 01 PrP, Bel-l, and Bu in the

cerebeUum:

Frozen cerebellum tissue was obtained trom both human adult brain (46 year ol~

80 year ol~ 91 year old individuals) as weil as human fetal brain (13 weeks old).

The post-mortem brain tissues were kindly collectect by Dr. Stephen Albrecht

(Jewish General Hospital), and Dr. Cynthia Goodyer (Montreal Children's

Hospital). A small piece of tissue was eut trom the original frozen samples and

homogenized in 200 III 20mM sodium phosphate buffer pH 7.5. Extraction of

proteins was carried out following the same procedures as described previously.

Forty micrograms of protein were separated by 10% SOS-PAGE. Western blot

analysis using anti-human monoclonal Bcl-2, PrP (3F4), and Bax antibodies was

done as previously described.
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III Results

1. IN VITRO INTERACTION OF PrpC AND Bel-2

1.1 Expression or 8cl-2 and PrpC in the K!61 human Iympboid cells

The human K562 erythrolymphoid cell line was chosen to express the Cep

4p_Prpc and Cep 4~-Bcl-2 DNAs respectively. The advantages of using the K562

cell line and the eukaryotic episomal Cep 4J3 vector over other systems are

numerous: 1) K562 cells can be easily grown in culture, 2) wild-type K562 cells

do not express high levels of endogenous Prpc or Bcl-2, 3) K562 cells are easy to

transfect using lipofeetin reagent, 4) the post-translational and confonnational

modifications of the Prpc and Bcl-2 proteins in K562 cells are representative of

what oceurs in a human eukaryotie cell, 5) the insened Prpe and Bcl-2 genes are

under the control ofa Cytomegalovirus (CMY) promoter and Cep 4p cao replicate

to attain many copies per ceU nucleus resulting in high levels of expression of the

cloned genes of interest, and 6) Cep 4p possesses a hygromycin B resistance

marker allowing the selection of transfected cells within a period of two weeks.

Transfectants, when observed under the microscope, are attached to the bottom of

the culture flask.. form colonies with a bee-hive appearance and expand quickly.

Wild-type K562 cells look shrivelled and die after treatment with hygromyein B

(250 llglml) antibiotic.

According ta figure 8~ the K562 ceUs were successfully transfected with

the Cep 4p_Prpc (designated PrP) and Cep 4p-Bcl-2 (designated Bel..2) constructs

since transfeeted K562 ceUs are expressing high levels of Bcl-2 and Prpc in

comparison to control wild-type. Transfected K562- Cep 4p_Prpc cells show high

levels of the expected series of Prpc proteins between 25-36 kOa. The multiple

bands seen on the western blot represent altemate forms of the different post­

translationally modified Prpc such as glycosylation. This is an example of the

heterogeneity of the Prpc molecule. Transfected K562- Cep 4p-Bcl-2 ceUs are
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expressing high levels of Bel-2. A sharp 26 kDa immunoreaetive band

corresponding to Bet-2 is seen in the transfected K562 ceUs in comparison to the

wild-type K562 cells.

Once it was confinned by western blot anaIysis that the K562 eeUs were

transfected with Bel-2 and Prpc, the next step was to test a possible Prpc-Bel-2

interaction by eo-immunoprecipitation. Proteins (150 ~g) extracted from K562

Cep 4p_Prpc (designated as PrP in figure 8B) and K562 Cep 4p-Bcl-2 (designated

as Bel-2 in figure 8B) transfected ceUs were mixed (designated as PrP x Bel-2 in

figure 8B) and immunoprecipitated with polyelonal anti-hurnan Bel-2 antisera.

Samples were separated on a 1001'0 aerylamide gel. Monoclonal 3F4 anti-human

PrP antibody shows the co-immunoprecipitated bands of Prpc present in the Prpc

x Bcl-2 mix. Monoclonal anti-human Bel...2 antibody shows the sharp 26 kDa

Bel-2. Results in figure 8B show that polyelonal anti-human Bel-2 antisera

immunoprecipitates both Bet-2 and Prpc, and aU isofonns ofPrpc sueh as present

in the non-immunoprecipitated contro~ bind Bel-2. The second Bel-2

immunoreaetive band (above the expected 26 kDa Bel-2) may he the result of a

post-translationally modified Bel-2. There is evidence 5UGGestîng that Bel-2 is

post-translationally modified by phosphorylatioo 00 serine and threonine residues.

Phosphorylation inhibits Bel-2's anti-apoptotie aetivity (HaIdar et ~ 1995).
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Filure 8. Westem blot aaalYlis of PrpC and Bcl-% espression and

co-immunoprecipitation in KS6% cells

A. Expression of PrpC and Bcl-l in KS6% ceUs

Each lane represents fony micrograms of protein extraeted ftom wild-type K562

(K562)~ K562 transfected with Cep 4p-PrP (PrP), K562 transfected with Cep 4p­

Bcl-2 (Bcl-%). Proteins were separated on an SOS polyacrylamide gel and

submitted to western blotting. Monoclonal anti-human PrP (3F4) and monoclonal

anti-human BcI-2 (anti-mBcl-l) antibodies were used for immunodetection. A

sharp band at 26 kOa representing BcI-2 and multiple bands between 25-45 kDa

representing Prpc are highly expressed in transfected K562 in comparison to wild­

type. Molecular weight markers are indicated in kOa.

B. Co-immuDoprecipitation of Bcl-l with PrpC in 1(561 ulinl anti-bumaa

Bel-l antisera.

Proteins (150 J,lg) extraeted ftom PrP-transfected K562 (PrP) and Bcl-2­

transfected K562 (Bcl-l) were mixed (PrP s Bcl-%) and immunoprecipitated with

polyclonal anti-human Bel-l antisera (pBeI-11P +). Immunoprecipitates and 40 J,Lg

of non-immunoprecipitated mracts (pBeI-11P -) were separated on a 100.4 SOS

polyacrylamide gel. Bcl-2 and Prpc were detected as described in SA. Polyclonal

Bct-l antisera immunoprecipitates both Bel-l and Prpc. AlI isoforms of Prpc (25­

4S kOa), detected in the non-immunoprecipitated control (pBeI-Z IP -), co­

immunoprecipitate with Bel-2.
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1.%. In vitro interaction of PrpC and Bcl-1 in huma. brain

Until now, the systems used to study the expression of Prpc and Bcl-2

consist of rodent primary neuron cultures. Although such systems have allowed

elucidation of the molecular genetics and possible roles of PrP and Bcl-2 proteins,

they are not entirely relevant to the human neurons. Since Bcl-2 and Prpc proteins

are highly expressed in the human brain, highly purified prirnary human foetal

neurons were established for the study of Prpc and Bcl-2 expression as weU as

their interaction. In addition ta the primary human foetal neurons, frozen post­

mortem tissue tram human foetal brain as weil as human adult brain was used to

investigate bath the expression of Prpc and Bcl-2 as weU as the Prpc-Bcl-2

interaction. Figure 9A shows the ditTerent levels ofexpression ofPrpc and Bcl-2 in

foetal neurons, foetal brain, and adult brain. Forty micragrams of protein extracted

trom primary human foetal neurons, foetal and adult brain, were separated on a

1DOAt SnS-PAGE and immunoblotted with monoclonal anti-human Bcl-2 and PrP

antibodies respectively. As seen in mice brain (Merry et al., 1994), Bcl-2

expression is more intense in the human foetal brain than in the human adult brain.

In contrast, Prpc levels of expression are higher in the adult brain than in foetal

brain. The pattern of bands detected far Prpc (between 25-34 kDa) in the adult

brain dift"ers trom the pattern of bands seen in foetal brain. Additional bands

present below 16 kDa al a stronger intensity in the adult brain may represent the

proteolytically cleaved N-tenninal fragments (8.5-13.5 kDa) ofPrpc. Human foetal

neurons display a pattern simllar to the adult brain with respect to bath Prpc and

Bcl-2 expression.

Once the levels ofexpression for the Prpe and Bcl-2 proteins were assessed

in both human foetal and adult brain, the Prpc-Bcl-2 interaction wu studied.

Figure 98 shows a western blot anaIysis of the co-immunoprecipitatian of Prpc

and Bel-2 in buman foetal brain. Total protein extraets (150118) were

immunoprecipitated with either polyclonal anti-PrP (RISS) antisera wbicb detects



amino acids 56-92 of the N-tenninus of Prpc or polyclonal anti-human Bcl-2

antisera. The immunoprecipitates were separated on a 1S% SOS-PAGE

acrylamide gel and immunoblotted with monoclonal anti-human antibodies 3F4 or

Bcl-2. When proteins extracted trom human foetal brain were immunoprecipitated

with polyclonal Bcl-2 antisera and immunoblotted with monoclonal anti-PrP

antibody (3F4), Prpc (thick sharp band at 34 kDa) was detected (Jane 3 of left

panel, figure 98). Also, when proteins were immunoprecipitated with polyclonal

anti-PrP (RISS) antisera and immunoblotted with monoclonal Bcl-2 antibody, a

26 kDa band corresponding to Bcl-2 was detected (lane 5 of right panel, figure

9B). The same experiments were performed using protein extracts of adult human

brain. The adult hurnan brain constitutes an excellent system for studying the Prpc_

Bcl-2 interaction since prion diseases normally manifest in the fourth decade of

adult life. Figure 9C shows co-immunoprecipitation of Prpc and Bcl...2 in the adult

human brain of a 46 year old individual. Less Bcl-2 is present in adult brain since

Bcl-2 expression decreases with Ige. The decrease in Bcl-2 expression with age

explains why less Bcl-2 is bound ta Prpc as seen in the western blot in figure 9C.

To test the specificity of the antibodies used for the immunoprecipitation

experiments, adsorption reactions using specifie synthetic peptides against both the

RISS and the Bcl-2 antisera were perfonned. Results are sem in figure 9D. In both

foetal and adult human brain, the bands detected by each antibody (- lane) are

specifieallyadsorbed by each peptide (+ lane). To further confirm the Prpc-Bcl-2

interaction shown by co-immunoprecipitation, additional primary antibody control

experiments were done using protein extraeted ftam human foetal brain. Controls

include competition with a synthetic peptide against the RISS antisera,

immunoprecipitation with pre-itnmune antisera, and the absence ofa tirst antibody

in the immunoprecipitation. Results are shawn in fipre 9E. In the upper panel of

figure 9E, the competition experiment done uSÎDg 1 &Jg synthetic peptide against

the polyclonal RISS antisera shows tbat the thick 34 kDa band detectecl with RISS
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antisera, is specifie for Prpc since this band is competed out. When proteins were

immunoprecipitated with the pre-immune antisera or when no tirst antibody was

used in the immunoprecipitation mix, only background appears, indicating once

again that Prpc is only detected by the RiSS antisera. The same primary antibody

control experiments were done to test for the specificity of the band detected by

the monoclonal Bcl-2 antibody. When 150 IJg of proteins extraeted from foetal

brain were immunoprecipitated with polyclonal RISS, immunoreactive proteins

representing Bel-2 (26 kOa), as seen in the non-immunoprecipitated control,

appear on the western blot prob~ with monoclonal Bcl...2. In the presence of the

tompeting peptide against RIS5 and pre-immune antisera, the appearance of this

immunoreactive band is eliminated. The same results when the western blot is not

probed with monoclonal Bcl..2 antibody (last lane, lower panel, figure 9E).

On the basis of the results obtained by the co-immunoprecipitation

experiments performed in the human KS62 erythrolymphoid cell line and the

human foetal and adult brain systems, Prpc and Bcl..2 interact in vitro.
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Figure 9. Westem blot analysis showing interaction of Prpc and BcI-2

proteins in human primary foetal neurons, human foetal and adult brain

A. Expression of Prpc and Bel-2 proteins in human primary foetal neurons,

human foetal and adult brain

Each lane represents 40 Ilg of protein extracted from human foetal brain., human

adult brain, and primary human foetal neurons. Monoclonal anti-human PrP (3F4)

and anti-human BcI-2 (mDcl-l) antibodies were used for immunoblotting.

D. Co-immunoprecipitation of Prpc and 8cl-2 in human foetal brain

The tirst lane ofeach panel represents 40 Ilg non-immunoprecipitated protein from

foetal brain. Immunoprecipitation of ISO Ilg protein with polyclonal anti-human

PrP RI SS antisera (RI55) or polyclonal Bcl-2 antisera (p8d-2) were

immunoblotted with monoclonal 3F4, or Bcl-2 antibodies. Co­

immunoprecipitation of Prpc and Bcl-2 in human foetal brain suggests an

interaction between Prpc and Bel-2.

C. Co-immunopreeipitation of PrpC and 8el-2 in human adult brain

Same as 9B except the proteins were extracted from human adult brain. Prpc and

BcI-2 co-immunoprecipitate in human adult brain. Notice that there are lower

levels ofBcl-2 in the adult brain. Less Bcl-2 is bound by Prpc

o. Adsorption experimenu witb synthetie peptides against epitopes

recolDized by the R15! and Dcl-2 aatisera in adult and foetal bnin

Forty micrograms of protein extacted from either adult or foetal human brain,

irnmunoblotted with non-adsorbed (-) RI55 or BcI-2 antibodies, were separated on

an SOS polyacrylamide gel in parallel with 40 Ilg proteins immunoblotted with

RISS or BcI-2 and 1 J,lg synthetic peptide against each antisera (+).
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E. Western blot analysis showing controls done on one set of

co-immunoprecipitation e:lperiments in foetal brain

In the upper panel, the tirst lane shows 40 118 proteins extracted from human foetal

brain non-immunoprecipitated (non-l'). The other lanes show

immunoprecipitation of 150 Ilg proteins with polyclonal anti-human PrP (Ir

R155), polyclonal R155 antisera competed with a peptide against R155 (IP R155

+ peptide) or pre-immune antisera (IP pre-immune). The upper panel represents

detection of PrP with monoclonal 3F4 antibody. Lane 5 shows 150 J.1g proteins

extracted trom human foetal brain immunoprecipitated with polyclonal Bax

antisera and no 3F4 antibody used for probing (no fint Ab). The lower panel

represents the same blot probed with monoclonal Bcl-2.
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2. IN VIVO PrpC AND 8cl-2 INTERACTION

2.1 AssessiDI the Prpc-Bcl-l intenction usinl the yeast-two-hybrid

matcbmaker system

To determine the Prpc-Bc1-2 protein-protein interaction in vivo the yeast­

two-hybrid matchmaker system was used. The eukaryotic yeast-two-hybrid

matchmaker system IS based on the properties of the GAL 4 protein of

Saccharomyces cerevisiae yeast strains (Fields and Son~ 1989). GAL 4 regulates

the expression of genes encoding the enzymes required for galactose utilization as

a carbon source. GAL 4 consists of two separable and functionally essential

domains: an N-terminal domain which binds specifie DNA regulatory sequences

(UAS GAL 4) necessary for the transcription of the Lac Z reporter gene~ and a C­

terminal domain necessary for the transcriptional activation of the Lac Z gene

(Guthrie et al, 1991; Guarente, 1993; Fields and Song, 1993). In the yeast-two­

hybrid matchmaker system, the N-tenninal and C-terminal domains of GAL-4 are

encoded by the two vectors pGBT9 and pGAD424, respectively. pGBT9 is a S.4

kb vector that encodes a DNA binding domain and pGAD424 (6.4 kb) encodes an

activation domain. The Prpc protein was cloned into the pGAD424 vector and the

Bc1-2 protein was cloned the pGBT9 vector. Bath the pGBT9-Bcl-2 and

pGAD424-PrP constructs were co-transformed in the Saccharomyces cerevisiae

yeast strain YRG 2 by electroporation. Other methods such as lithium acetate and

polyethylene glycol were used to co-transform the yeast cells. However,

electroporation yielded 10 times the number of co-transformants. Synthetic

dropout (SO) media was used to isolate the co-transfonnants. SO media contains a

yeast nitrogen base, a carbon source (2% glucose) and an amino acid dropout

solution. Control YRG 2 cells that do not express any DNA., grew on SD agar

plates containing ail the essential nutrients and amino acids. Omission of histidine

did not allow their growth, as expected. YRG 2 ceUs transfonned with the pGBT9

plasmid grew on 50 plates without tryptophan since the vector already expresses
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the tryptophan marker (Trp 1). Omission of leucine from the sn medium selected

for the pGAD424 control plasmid. Omission of tryptophan or leucine in growth

media selected co-transformants of pGBT9 and pGAD424. Removal of leucine,

tryptophan, and histidine selected plasmids encoding the interacting proteins. If the

two proteins are interaeting, transcription of the His 3 and Lac Z reporter genes of

YRG 2 is induced.

~-galaetosidase activity (table 3) was detected by qualitative colorimetric

tilter assays and quantitative p-galaetosidase liquid culture assays (Bartel et al,

1993). Aceording to the p-galactosidase colorimetrie tilter assay, Prpc and Bcl-2

interaet. A strong blue colour appeared on the tilter indicating a positive

interaction. Controls such as YRG 2 cells alone, the pGBT9 vector alone, and the

pGAD 424 vector alone showed a white colour indicating that p-galaetosidase

activity was not activated by vector atone. pGAD424 x pGBT9, Bcl-2-pGBT9 x

pGAD424, PrP-pGAD424 x pGBT9, PrP-pGAD424, and Bcl-2-pGBT9 controls

showed a faint blue colour, indicating a possible false-activation of

p-galaetosidase. This is one limitation associated with the yeast-two-hybrid

matchmaker system. Ta funher confirm the Prpc-Bcl-2 interaction, we used the

more quantitative p-galaetosidase üquid culture assays. In the presence of 13­
galaetosidase activity, ONPG releases o-nitrophenol and D-galaetose seen as a

yeUow colour and deteeted by spectrophotometry. P-galaetosidase units were

calculated using the foUowing fonnula: P-gal units = lOOx [OD 420/t x V x OD

600]. Table 3 shows the p-galactosidase units for each type of interaction. The

average P-galactosidase units were calculated based on three individual clones

assayed for each interaction. The Prpc-Bcl-2 interaction represents a twenty-tive­

fold increase in P-galaetosidase activity in comparisoD ta the controls non­

transformed yeast or yeast transfonned with vecton on their own. Controls Prpc_

pGAD424 x pOBT9, Bcl-2-pGBT9 x pGAD424, Bcl-2-pGBT9, or Prpc_
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pGAD424 revealed a slight background p-galactosidase activity. However, Prpc

and Bcl-2 co-transfonnants displayed a three-fold increase in p-galactosidase

aetivity in comparison to the controls.

Although the yeast-two hybrid matchmaker is a quick method for detecting

protein-protein interactions, and has many advantages, there exist severa!

limitations. This system is a highly sensitive and quick method for detecting in vivo

protein-protein interactions that may not be detected by other means (Bartel et al.,

1993). These interactions of proteins are detected within the native environment of

the eukaryotic yeast cell and no biochemical purification of the proteins is required

(Phizicky and Fields't 1995). The proteins in question must be able ta fold and be

stably expressed in the yeast cells (Phizicky and Fields, 1993). The proteins must

be able to retain their activity as fusion proteins and since they are fused ta

vectors't their sites of interaction may be blocked (Phizicky and Fields, 1993). The

~-galactosidase filter assay used ta assess J3-galactosidase activity gives many

false-positive results since deteetion is based on colour formation (Phizicky and

Fields, 1993). Quantitative ~-galactosidase liquid clture assays may aIso leave

room for inconsistencies since each culture differs in terms of the level of ~­

gaIactosidase activity, even if treated under the same conditions. In liquid phase,

the yeast can aIso release their constructs.
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Table 3.- Results rrom yeast-two-bybrid system

Table 3 summarizes results &om the p-galaetosidase colorimetrie filter assay as

weil as the quantitative p-galactosidase liquid culture assay done using the yeast­

two-hybrid rnatchmaker system. A strong blue colony (designated as +++)

indicates a positive interaction. White colonies indicated an absence of interaction

(designated as -). A faint blue coloured eolony, is designated as a weak interaction

( +/-). The liquid culture assays were done as described in materials and methods.

Results are expressed as the mean p-galaetosidase units ± standard deviation of

three independant experiments. The P-galactosidase units ofcontrol no DNA were

subtracted as background &om all tested construets.
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Table 3... l'EAST MATCHMAKER Z-HYBRID SYSTEM RESULTS

INTERACTION p-GAL UNITS STD. DEV. COLORIMETRIC FILTER
ASSAY

NODNA 0.0 0.0 -
DGBT9 0.0 3.6 -
DGAINU 0.0 4.9 -
pCBT9spGAlN24 2.1 2.2 +/-
Bd-2-pGBT9 s pGAlN24 - 4.5 1.1 +/-

~~ADt24s pGBT9- 0.9 1.4 +/-

~-:-~ADt24 9.7 2.• -
Bd-2-DGBT9 8.9 2.7 -
Bd-2-pGBT9 s PrP- 25.3 2.2 +++
ItGAlN24

p-gal units = 1000 )( 100 420/t )( V )( 00 6001
t= time of incubation (min.)
V= volume of culture (ml)

Lecend: -: no interaction (white colour)
+/-: weak interaction (faint blue)

+++: strong interaction (blue)
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1.1lnvestigating the in vivo PrpC-Bcl-l intenctioD by crosslinkiD&

To further confirm the interaction of Prpc and Bcl-2 in vivo, crosslinking

experiments were perfonned. Crosslinking is a quick method for deteding protein­

protein interactions between proteins that interaet in a cell. In additio~

crosslinking can detect weak interactions with ditTerent proteins. Crosslinking was

accomplished using dithiobis-succimmidyl..proprionate (DSP), a membrane­

permeable crosslinking reagent followed by immunoprecipitation of the ligand

protein. DSP is an NHS-ester which interaets with the primary amine group of the

protein ligand. Human primary foetal neurons known ta express high levels of

Prpc and Bcl-2 were used for in vivo crosslinking experiments. The neurons were

treated with DSP according to the manufacturer's specifications. Proteins were

extracted, immunoprecipitations were carried out with anti..human PrP RISS

antiser~ separated on a 10°At acrylamide gel under non-reducing conditions, and

immunoblotted with monoclonal anti-human 3F4 and Bcl-2 antibodies (figure

IOA). In the presence of DSP crosslinker, the amount of 3S kDa Prpc is

decreased. In additio~ two raint bands above 104 kDa appear indicating that Prpe

has crosslinked ta other proteins. The proteins bound to Prpc may include Bcl-2

and other related proteins. To confirm the presence of Bcl-2, thirty times more

protein was immunoprecipitated with polyclonal anti-human RISS (anti-PrP)

antisera, and immUDoblotted with monoclonal anti-human Bcl-2 antibody. The

same two bands above 104 kDa were immunodetected indicating that Bcl-2 is

crosslinked to Prpc. In addition, several bands are detected at 34 kDa and above

104 kDa. These multiple bands may represent crosslinked proteins specifically

immunoprecipitated with Prpc and detected with Bcl-2. Tlw b~d. at 34 kDa may

represent one isofonn ofPrpe ofa low molecular weight (Iess than 16 kDa as seen

in figure 9A, in the primary human foetal neurons) associated with the 26 kOa Bel­

2 proteine The vlrious sizes of the crosslinked proteins may indieate the

association of various sized isofonns of PrpC with Bcl-2. The reason why the
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multiple bands above 104 kDa are faint may be because crosslinking cao mask the

epitopes recognized by the antibody or because there is aggregation ofthe proteins

occurring, an event that usually accompanies crosslinking. To confirm that ail of

the protein was present in the detergent soluble fractions, detergent insoluble

proteins trom DSP-treated cultures were separated on 1S% SOS PAGE 000­

reducing gels in paraUel to untreated neurons. Results are shown in figure lOB. In

the presence of DSP, the graduai disappearance of Prpc and Bcl-2 is observed.

However, no bands indicating crosslinking are observed. This result confirms the

presence of ail protein in the detergent soluble fractions. In conclusio~ Prpc and

Bcl-2 interact in vivo.
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Figure 10. Western blot analysis showing PrpC-Bcl-l interaction in primary

human foetal neurons by crosslinking

A. Proteins extracted from primary human foetal neurons (OSP -) were separated

on an SOS polyacrylamide gel under non-reducing conditions~ along with proteins

extracted from OSP-treated primary human foetal neurons (OSP +). Monoclonal

anti-human PrP (3F4) and BcI-2 (mBcl-l) antibodies were used for

immunoblotting. The last lane of the right panel of figure 10A represents an

immunprecipitation of thirty times more protein with RISS (IP + , RtSS). The

same two bands (above 104 kDa) that were present in the non-immunoprecipitated

samples (IP - )~ are seen at a much higher intensity. B. The proteins extracted from

the detergent-insoluble fractions of both OSP-treated (+) or untreated (-) neurons

were separated on an SDS polyacrylamide gel. PrP and Bcl-2 were detected using

monoclonal anti-human PrP (3F4) and Bcl-2 (mBcI-l) antibodies.
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3. Interaction of Prpc and Bax in human brain

The 21 kDa pro-apoptotic protein Bax is a heterodimerizing partner of

Bel-2. Bax shares 21% homology with Bel-2 and this homology lies in the BHl

and BH2 domains. Sînce Bax is also highly expressed in the central nervous

syste~ and the amine acid sequence of the BH2 domain of Bax is highly

homologous to the amine acid sequence of the octapeptide repeats of the Prpc

Molecule , the interaction between Bax and Prpc was also investigated. The Prpc_

Bax interaction was studied both in a cell-free system as weil as within living cells

by methods of co-immunoprecipitation and crosslinking. Figure Il A represents

results from the co-immunoprecipitation of Bax and Prpc in human foetal and

adult brain. Proteins (150 Ilg) extracted from whole foetal brain tissue were

immunoprecipitated with polyclonal anti-human Bax antisera and immunoblotted

with monoclonal anti-human 3F4 antibody. Ali isoforms of Prpc (25-34 kDa) as

present in non-immunoprecipitated controls (... lane) are detected. The same result

was obtained with the proteins from the adult human brain. As expected., less Prpc

co-immunoprecipitates with Bax in the adult human brain since Bax levels are low

in the adult brain and less Bax is available to be bound by Prpc as shown later

(figure 13). Figure lIB shows the western blot analysis of proteins extracted from

adult brain immunoprecipitated with polyclonaJ anti-human RISS antisera and

immunoblotted with polyclonal anti..human Bax antibody. A 21 kDa band

representing Bax , as present in the non-immunoprecipitated control, (..) is

detected. A thick smear-like pattern is also seen. This smear is probably due to the

problems of IgG detection by the secondary antibodies when using polyclonal

antibodies. To confinn this possibility, we bought a monoclonal Bax antibody and

repeated the experiments (Figure IlC ). To confirm that the bands deteeted by the

Bax antisera were specifie, primary antibody control experiments were perfonn~

and monoclonal anti..human Bax and anti-human 3F4 antibodies were used for
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immunoblotting. Results are shown in figure IlC. Immunoprecipitated Bax is

detected as one band with the monoclonal Bax. The co-immunoprecipitation of

Prpe is confinned with 3F4 immunostaining. Addition of a specific bax peptide

against the Bax antibody eliminates the immunodetection of both Bax and Prpc

indicating that the Bax peptide successfuny competes out the immunoprecipitation.

The Prpc..Bax interaction was confinned in vivo using DSP crosslinking

agent on human primary foetal neurons. In the presence DSP, there is a graduai

disappearance of the Bax protein, indicating that the Bax protein bas crosslinked

(refer to figure 12). When thirty rimes more protein were immunoprecipitated with

monoclonal 3F4 antisera, bands at 51 k.D~ 34 k.D~ and slightly above 21 kDa are

detected. The band at 51 kDa May represent Bax-PrPC bound proteins since the

size of the band corresponds to the additive molecular weights of bath proteins.

The faint band present slightly above 21 Wa could be Bax. The reason for the

band shifting in the acrylamide gel is probably due to the faet that it may he bound

to some small post-translationally modified isoform of Prpc below 16 kDa. The

same explanation could he given for the sharp band present at 34 kOa.

On the basis of bath the in vivo and in vitro co-immunoprecipitation and

crosslinking experiments Prpe and Bax interact in human neurons.
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Figure 1t. Western blot analysis showing interaction of Bax and Prpc in

human foetal and adult brain

A. Western blot analysis showing co-immunoprecipitation of Bax and Prpc

in human foetal and adult brain

Proteins (150 ~lg) extracted trom either foetal or adult human brain were

immunoprecipitated with polyclonal anti-human Bax antisera (Bax).

Immunoprecipitates were separated on an SDS polyacrylamide gel in parallel to 40

~lg non-immunoprecipitated samples (IP -). Westerns were probed with 3F4.

B. Western blot analysis showing co-immunoprec:ipitation of Bu and Prpc

in human adult brain

Proteins (150 ~g) extracted from adult human brain were immunoprecipitated

with polyclonal anti-human PrP antisera (RISS). As was done in A..

immunoprecipitates were separated on an SDS polyacrylamide gel in parallel to 40

}.lg non-immunoprecipitated samples (IP -). Westerns were probed with polyclonal

Bax (pBax).

C. Controls done for the co-immunoprec:ipitation of BaI-Prpc in human

foetal brain

In the upper panel, the tirst Jane shows 40 ~g proteins extraeted from human foetal

brain non-immunoprecipitated (non-IP). The other Janes show 150 ~g proteins

immunoprecipitated with polyclonal Bax antisera

(IP pBaI), polyclonal Bax antisera competed with a peptide against Bax (IP pBax

+ peptide) or pre-immune antisera (IP pre-immune). Ali were immunoblotted

with monocional3F4 antibody. Lane 5 shows 150 Ilg proteins immunoprecipitated

with polyclonal Bax antisera and no 3F4 antibody used for probing (no fint Ab).

The same experiment was done using monoclonal Bax for immunoblotting (lower

panel) .
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Figure Il.Westem blot analysis sbowinl the in vivo interaction of PrpC and

BaI in primary humBa foetal neoronl usinl crosslinkiDI

Proteins extracted ftom primary human foetal neurons (DSP -) were separated on

an SOS polyacrylamide gel under non-reducing conditions, along with proteins

extracted from OSP-treated primary human neurons (OS, +). Polyclonal anti·

human Bax antibody (pB.I) was used for immunoblotting. The last Jane of the

western blot represents an immunoprecipitation of thirty times more protein with

the monoclonal anti·human PrP antisera (IP 3F4).
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4. Esprassion patterns of PrpC, Bcl-l, Bu in human brain

The levels of expression for PrpC7 Bcl-27 and Bax were studied in the

eerebellum of human foetal brains aged 13 weeks old as weU as in human adult

brains of 46 year old7 80 year old, and 91 year old individuals. The reason for

chosing the cerebellum for our study was to compare the expression patterns of

Prpc t Bcl-27 and Bax during development within a specifie region of human brain.

Also7 high levels of Prpc and Bel-2 are expressed in the Purkinge neurons of the

cerebellum. Proteins extracted (40 Ilg) from the post-mortem tissues were

separated by 15% SOS-PAGE7 and immunoblotted with monoclonal anti-human

3F47 8el-2, and polyclonal anti-human Bax antibodies respectively. According to

figure 13, Prpc expression increases with age. A more abundant expression of the

prpe protein (represented by bands between 16 kOa-35 kDa) is noted in the adult

human brain cerebellum in comparison to the foetal cerebellum. Results are

consistent with those previously seen (figure 9A). Additional isoforms of the Prpc

protein (sharp bands below 16 leDa), which rnay correspond ta the proteolytically

cleaved N-tenninal fragments of Prpe exist in the adult stages. The higher

expression of Prpc in the aged CNS is expected since prion diseases normaUy

manifest themselves past the third or founh decade of life. Figure 13 also depiets

the developmental expression of Bcl-2. In mice, Bcl-2 expression decreases with

age (Merry et aI' 7 1994 ~ reviewed by R~ 1994). Simîlar to 8cl-2, Bax

expression also decreases with age (refer ta bottom western blot of figure 13).

Therefore, we conclude that Prpc and BcI-2 interact in human foetal and adult

brain, and foetal neurons. The interaction of Prpc, Bax, and Bel-2 and the

expression patterns ofPrpc, Bax, and Bcl-2 indicate that Prpc may he a rnember of

the Bcl-2 family ofproteins. An inverse relationship with respect to the expression

of Bcl-2, Bax, and Prpc occurs with age in the agiog CNS. Prpc may functionally

replace Bcl-2 or Bax in the agiog CNS. Different modifications of Prpc such as
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conformational changes7 or mutations may alter the interactions ofPrpc witb Bcl·2

and Bax. The increased expression of Prpc during aging could explain why prion

diseases involving mutations do not manifest themselves before the third or founh

decade oflife.
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Fipret3. Difl'erent espralion p.deml orPrpC, Bel-l, and Bu in the CNS

Each lane of tms western blot represents 40 IJg of proteins extracted from bath

human foetal (aged 13 weeks) and human adult cerebeUum (46, 80, 91 years of

age). Monoclonal anti-human PrP (3F4), Bcl-2, and Bax antibodies were used for

immunoblotting. An inverse relationship exists between the expression patterns of

Prpc, Bel..2, and Bax. In contrast to Prpc expression, Bel-2 and Bax expression

decreases with age in the CNS.
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IV. Discussion

1. Apoptosis and prion diseues

Programmed cell death (apoptosis) is a normal physiological process which

maintains homeostasis in neurons during the development of the hurnan central

nervous system (CNS). Any dysregulation in the programmed ceU death cycle may

result in the death of long-lived, terminally differentiated neurons.

Neurodegenerative disorders including prion diseases may partly arise ftom

dysregulated apoptosis. Prominent hallmarks of apoptosis such as DNA

fragmentatio~ and cell shrinking, have been observed in scrapie-infected sheep

brain as weil as post-mortem brains of humans aftlicted with CID, GSS, FFI,

FASE, and variants of human prion disorders. The neurodegeneration, dementia,

and spongiform encephalopathy associated with prion diseases have been

attributed to the overexpression of Prpc, the altered biogenesis and metabolism of

Prpc, and mutations in Prpc, which result in its conformational conversion ta the

infectious and transmissible scrapie isofonn (prpsc) (reviewed by Collinge, 1997).

However, the nonnal ceUular function ofPrpc and the mechanism ofPrpsc remains

unclear. Studies condueted in transgenic and Prpc knockout mice implicate Prpc in

astrocyte hypenrophy and proliferation, normal synaptic transmission, as weU as

neuronal differentiation and CNS maturation (Cashman et al., 1990; Manson et al.,

1992; Collinge et al., 1994). Apoptosis, being a critical companent of neuronal

development and CNS maturatio~ MaY he associated with the Prpc protein. This

notion raises severa! important questions. Does Prpc modulate the fate of neurons?

Is Prpc a regulator of apoptosis and how? The role ofPrpC in apoptosis bas never

been addressed. In the present study, we show that Prpc interaets with Bcl-2 and

Bax, two key modulators of apoptosis. Identifying proteins that interaet with Prpc

is a good staning point to assign a precise filnction to Prpc and understand PrpC'5

implications in neurodegenerative diseases.
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1.1 Prion protein intencts witb Bcl-1

Dr. Andrea LeBlanc noticed that the amino acid sequence of the

octapeptide repeats in the N-terminus of Prpc, is homologous to the amino acid

sequence of the BH2 domain of the anti-apoptotie 8c:1-2 protein. The homology

existing between the Prpc and Bcl-2 proteins indicates a possible membership of

Prpcto the 8cl-2 family ofproteins. 8cl-2 and related proteins are implicated in the

regulation ofapoptosis. In the central nervous syste~ Bcl-2 proteets neurons nom

apoptotic stimuli such as deprivation of NGF, toxie Ca2
+ levels, and oxidative

stress (Allsopp et al., 1993; Zhong et al., 1993; reviewed by Wyllie et al., 1993;

reviewed by Reed, 1994; Martinou et al., 1994; Farlie et al., 1995; Yang and

Korsemeyer, 1996). The exact mechanism of action of BcI-2 is unclear. However,

it is known that the 8M2 domain of Bcl-2 confen its anti-apoptotic funetions and

allows it to interact with an array ofproteins. ln particular, Bcl-2 interacts with the

ceU death protein Bax. In a cell, Bcl-2 heterodimerizes with Bax and rescues ceUs

from apoptosis. The ratio of Bcl-2-Bax heterodimers versus Bax-Bax homodimers

determines the susceptibility of a ceU ta apoptotic stimuli such as those mentioned

above (Yin et al., 1994; 01tvai and Korsemeyer, 1994). Since neuronal cell death

lies at the heart of neurodegenerative disorders such as prion diseases of both

humans and animals, it is possible that Prpc is implicated in regulating apoptosis

through Bcl-2 and related proteins.

ln the present study we show the Prpc-8cl-2 interaction by co­

immunoprecipitation both in Prpc-transfected human erytbrolymphoid K562 ceUs

as weU as in post-monem human foetal and adult brains. The in vivo interaction of

Prpcand 8cl-2 is shown by the yeast-two-hybrid matchmaker system and

crosslinking in human primary foetal neuroDS. The yeast-two-hybrid matcbmaker

system, although a quick metbod to detect protein-protein interactions, leaves

room for inconsistencies. False activation of P-galaetosidase may result even in the

presence ofappropriate controls. Crosslinking, on the other band, is a much better
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method for detecting protein-protein interactions in vivo. However, masking of the

epitopes recognized by antibodies usually accompanies crosslinking. In our case,

the crosslinked proteins were evident as faint bands due ta masking of the epitopes

recognized by anti-human Prpc and Bcl-2 antibodies.

Despite the technical difficulties encountered with both the yeast-two­

hybrid matchmaker system and crosslinkin~ our data clearly indicate an interaction

of prpcand Bcl-2 both in vitro and in vivo. The ceU systems we used to investigate

the Prpe-Bcl-2 interaction are appropriate since both proteins are highly expressed

in the human CNS and prion diseases are restrieted to the CNS. Our studies

provide novel infonnation about bath Prpc and Bcl-2 since the interaction of Prpc

and Bcl-2 has never been investigated in hurnan neurons.

ln order to understand the significance of the interaction between the Prpc

and Bcl-2 proteins, it is necessary to know where the interaction takes place both

within the ceU as weU as al the molecular level. One prerequisite for the interaction

of Prpc with Bcl-2 is that the two proteins must co-exist in the same cell. It is

clearly evident from our data that Prpc and Bcl-2 are highly expressed in neurons

ofthe human CNS making it possible for the proteins to associate with each other.

However, the subcellular compartment in which Prpe and Bcl..2 interact is

unknown. Pinpointing the exact subceUular location of the Prpc-Bcl..2 interaction

is a future goal. Methods such as subceUular fractionation and

immunocytochemistry have already been used to address this issue. Preliminary

results from a subceUular ftactionation experiment done in human primary foetal

neurons reveals that PrPCand Bcl-2 are co-Iocalized with calnexin, an endoplasmic

reticulum (ER)-specitie ehaperone, in the ER traction (unpublished data and not

shown in present thesïs, Papadopoulos, M and LeBlanc, AC.). In support of such

findings, is immunocytochemistry done using specifie anti-human monoclonal and

polyclonal Bcl-2 and Prpe antibodies indieating co-Iocaljzation of PrpC and Bcl-2
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in a perinuclear region consistent with the ER location (unpublished data and not

shown in present thesi~ LeBlanc, A.C.). Further experiments of both

immunocytochemistry and subcellular ftaetionation must be dORe to confirm these

findings and to draw clear conclusions.

The recent evidence that Prpc can be synthesized as a transmembrane fonn

at the ER membrane tends support to our findings. C-transmembrane Prpe has its

C-terminus directed in the ER lumen while the buUc of the protein is exposed to the

cytosol ofcells (Hegde et al., 1998). Therefore, this topography and localization of

Prpc in the ER would allow interaction with Bcl-2. Bcl-2 is a1so localized in the

ER (Zhu et al., 1996).

Dysregulation in the biogenesis of Prpc, or mutations in specific stop

transfer etfeetor sequences (STE) or transmembrane regions of the Prpc gene

which are responsable for regulating the translocation of Prpe at the ER

membrane, result in overexpression of C-transmembrane Prpc. C-transmembrane

Prpc protein subsequently accumulates in the CNS, and causes neurodegeneration

(DeFea et al., 1994; Hegde et al., 1998). We propose a model of Prpe interaeting

with Bcl-2 as depieted in figure 14.

C-TM Prpe

LUMEN

ER MEMBRANE

CYTOSOL

N

Figure 14.-MotIci or p,:pC-.1-2 iutmeÛl.
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Aceording to figure 14, C-transmembrane Prpc(C_TM Prpc) binds to Bcl-2 when

8cl-2 is localized to the ER. As discussed in the introduction of the present thesis,

8cl-2's subceUular location is cell-type dependant. 8cl-2 cao exist either as an

integral membrane protein or cytosolic protein. In our model, Bcl-2 is attached to

the ER membrane via its carboxyl terminus while the bulk of the protein is exposed

to the cytosol. Through its BH2 domai~ Bcl-2 binds to the N-terminus of Prpc

where the oetapeptide repeats (OR) are localized.

Since there is homology between the BH2 domain of Bcl-2 and the

oetapeptide repeats of Prpc, and the DH2 domain allows 8el-2 to interaet with

ditTerent proteins, we expect the interaction to be taking place between the

respective sites. However, the present study does not specifically show this. Site­

directed mutagenesis of the DH2 domain of 8cl-2 or even the octapeptide repeats

of Prpe is one experiment to be done in the future. Once mutants are created, it is

necessary to test the different interactions by co-immunoprecipitation and

erosslinking in vivo and in vitro. In addition, truncated constructs of Prpc and Bcl­

2 can be used to test the interactions between the two proteins and assess the exact

site of interaction between the molecules. In 1995, Kurshner and Morgan screened

a cerebellar cDNA library with the goal of identifYing specifie neuronal Bcl-2­

binding proteins. FuIIlength murine Bcl-2 was used as bait. Kurshner and Morgan

reponed an interaction between amino acids 72-254 (includes the octapeptide

repeats) of the murine Prpc and amino acids 176-236 (including the BH2 domain)

of the carboxyl terminus of murine Bcl-2 in the yeast-two-hybrid system. The

results of Kunhner and Morgan support our idea that interaction occun between

the BH2 domain of Bcl-2 and the octapeptide repeats ofPrpc. In contrast to their

studies, we have used full-length human Prpc and Bcl-2 proteins thereby avoiding

possible binding artifacts due to the conformation of peptides. Also, we have

studied the PePc-Bcl-2 interaction in vitro in KS62 cells and in human brain and in
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vivo in human primary foetal neurons demonstrating physiological signiticance to

these findings.

What is the signiticance of the Prpc-Bel·2 interactions? Several theories

can be postulated regarding the significance of the Prpe-Bcl-2 interaction and the

effects of this interaction on neuronal cells.

First~ it is possible that Prpe interacts with Bcl-2 and helps target Bcl-2 to

the endoplasmic reticulum membrane. At the ER, the anti-apoptotic activities of

Bcl-2 are enhanced. Zhu et al specifically targetted Bcl-2 to different subcellular

locations and they found that once in the E~ Bcl-2 was able to bind Bax more

easilyand its anti-apoptotic funetions were enhanced (Zhu et al.~ L996). Although

Zhu et al condueted their studies in MOCK cells~ the same may oceur in human

neurons whieh are also polarized cell types. Scientists have not investigated this

issue yet. Prpc
y alIowing Bcl-2 to carry out its anti-apoptotie funetions, could be

benefieial to neurons. Any mutations to Prpe or alterations in its synthesis,

metabolis~ or confonnatio~ May abrogate Prpc,s role in neuroprotection and

neurodegeneration may result.

Second~ the Prpc interaction with Bcl-2 may displace Bax and disrupt the

fonnation of Bcl-2-Bax heterodimers. As was previously discussed, Bcl-2-Bax

heterodimers proteet neurons iTom apoptosis. If the formation of Bcl-2-Bax

heterodimers is abrogated by the Prpe protein which binds Bcl-2, Bax is left free in

the cell. Overexpression of Bax as Bax monomers or Bax-Bax homodimers

promotes neuronal cell death as seen in patients with prion disease. Overexpression

of Prpe and perhaps mutant PrP1 may also offset the balance between the death

and survival in neurons by inhibiting Bcl-2-Bax heterodimers.
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Third, Bcl..2 may be a bridging protein involved in the Prpc_Prpsc

conversion.The exact mechanism by which prion infectivity increases is unknoWD.

The "protein only" hypothesis is most accepted in explaining the processes

involved in the development and transmissibility of prion diseases. According to

the "protein only'" hypothesis, Prpc is convened into Prpsc in an exponential

process. Prpsc subsequently accumulates in the CNS and results in diseases

(Prusiner, 1991; reviewed by Prusiner, 1996). Prusiner and colleagues have

recently reported that a yet uncharacterized protein (protein X) is a probable

intermediate involved in the Prpc to Prpsc conversion (prusiner, 1991). Bcl-2 rnay

be protein X (Kurshner and Morgan, 1995;1996) . This idea was addressed in the

paper by Kurshner and Morgan. It bas also been reported that foldases and

molecular chaperones May also facilitate the Prpc to PrpSC conversion (prusiner,

1991).

In summary, there are severa! implications of the interactions of Prpc with

Bcl-2 are several. The negative cellular etfects of such interactions outnumber the

positive etfects. Disruption of protein-protein interactions between Prpc-Bcl-2 by

either mutations, overexpression, or confonnational changes may result in

abrogation or alteration in each of the funetions of the proleins concemed. As a

result, neurodegeneration may occur.

1.Z .rpC iDttracts with Bu

Sïnce Bax is a heterodimerizing panner of BcI-2 and its BH2 domain is

homologous to the octapeptide repeats of Prpc
.. we expected Bax to interaet witb

Prpc. However, Kursbner and Morgan (1996) reponed no interaction between

Bax and Prpc. Their conclusion was based on one negative colorimetric ~­

galaetosidase tilter assay using the yeast-two-bybrid matcbmaker system and the

absence ofco-precipitation in murine neuronal cultures. Such fiDdiDgs may be valid

in murine neurons but the situation is not entirely ret1ective of buman neurons. In
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contrast, we clearly detect interaction of Prpc with Bax by co­

immunoprecipitation in human foetal and adult brain as weU as crosslinking in

human primary foetal neurons. It cannat be emphasized enough that we studied the

interaction of fuU-length human Prpc and Bax proteins in human foetal and adult

brain in addition to human neurons in vivo and in vitro. In contrast to Kurshner

and Morgan, we conclude that Prpc and Bax do interaet.

How can Prpc interact with bath Bct-2 and Bax? A possible explanation

for Prpc,s involvement with both BcI-2 and Bax is that Prpc bas four oetapeptide

repeats and one nonapeptide repeat of related sequence. The amino acid sequence

of the BH2 domain of both Bcl-2 and Bax proteins is homologous to aU the

repeats of Prpc. Prpc may bind to the BH2 domain of Bel-2 via one oetapeptide

repeat while binding ta Bax through a second octapeptide repeat. Sinee these are

aU sma1l proteins of21-26 kDa, sterie hindranee may not present a problem.

Agam, a prerequisite for a significant interaction of Prpc with Bcl-2 and

Bax is that the proteins must co-exist in the same eeU. Preüminary results from a

subceUular fractionation experiment done in human primary foetal neurons reveal a

co-Iocalization of aU three proteins in the ER (data not shawn in present thesis).

We have yet to confirm the eo-Iocalization by immunocytoehemistrty.We propose

the foUowing model for the interaction ofPrpc with both·Bcl-2 and Bax:
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Figure 15.- Prolcin-protcÎp intcpctioDI bctwnn .[pC, .1-2. ,pd Bas

According ta figure 15, C-transmembrane Prpc has its N-tenninus in the cytosol

and can bind to Bax since Bax is cytosoüc. At the same rime, Prpc cao also bind

BcI-2. As mentioned previously, Bcl-2 cao exist either as an integral membrane

protein or cytosolic protein. In both forros, Bcl-2 can interact with Bax (Zhu et al.,

1996). Prpc may be an intermediate between the Bcl-2-Bax interactions and may

modulate the interactions taking place between Bcl-2 and Bax. Prpc may either

promote interactions between Bcl-2 and Bax by bringing the two proteins closer

together or abrogate their interactions by preventing them ftom coming together.

Through its interactions with Bcl-2 and B~ Prpc may modulate the death and

survival states of neuroDS. Any disruption of sucb interactions by either

overexpression, mutations, inoculation ofPrpSC, or altered expressions may lead to

neurodegeneration as seen in prion diseases.



Future goals include testing the interaction of mutant PrP with Bcl-2 and

Bax to determine the exact site of interaction within each protein and to determine

the effect of PrP mutations associated with human Prion diseases on this

interaction. In additio~ we must confirm the function of these interactions.

Collectively our findings and proposItIons as outlined above~ cao be

consideree! as a tirst step into assigning a role for Prpc in apoptosis. This issue has

never been addressed before. We clearly show that Prpe interacts with key

regulators of apoptosis BcI-2 and Bax. The model that we have proposed explains

how the proteins may interact and where this interaction may be taking place.

Although the exact outcome of such interactions is not known yet~ our ideas can

be tested in the future by further experiments to draw final conclusions.

2.0 Developmental expression of Prpc, Bel-2, and Bas possibly atTects the

modulation of neuronal survival and prion disease manifestation

Once it was determined that Prpc interacts with BcI..2 and Bax proteins in

human brain by crosslinking and co-immunoprecipitation in vivo and in vitro, the

relationship between their expression levels in the human CNS was assessed. There

is a more abundant expression of Prpc in the human adult cerebellum in

comparison to human foetal cerebellum. The increase in Prpc expression with the

development of the human CNS is consistent with previous studies undertaken by

Manson et al. Northem blot analysis and in situ hybridization studies of Prpc

expression in mouse and hamster braios have revealed that PrP mRNA expression

parallels the development of the CNS. Low levels of Prpc were detected in both

mouse and hamster brains respectively after the immediate post-natal period but

increased four-raid to a high level maintained in the adult CNS. Constitutive

expression of Prpc in the adult brain indicates an important raie for Prpc in neural

fimction and differentiatio~ as weU as brain maturation (Manson et al., 1994).
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Since our studies were conducted in human brain, they provide novel information

about the expression ofPrpc in the human CNS.

ln contrast to Prpc, expression of the Bcl-2 and Bax proteins dec:reases

with agiog in the human CNS. In support of our results are Northem blot ana1ysis

and in situ hybridization assays indicating that Bcl-2 expression in the CNS is

developmentally regulated. Strong Bcl-2 immunoreaetivity is present in the

embryonic stages of rat brain and during the first post-natal week but decreases

with age. Very low levels of Bcl-2, usually undetectable by immunohistochemistry

is seen in the adult brain (Merry ~ al., 1994). Our studies show the same pattern of

Bcl-2 expression in the human CNS. In additio~ Bax expression levels also

decrease with age in the CNS.

What is the significance of the inverse relationship of expression between

Prpc, Bcl·2., and Bax in the human CNS? Could this explain the molecular

processes underlying the manifestation and transmissibilty of prion disease? There

are severa! theories that can he postulated based on the variable expression of

Prpc, Bcl-2, and Bax in the developing CNS.

First, the inverse relationship between Prpc, Bcl-2, and Bax expression

levels implies that DOnnal Prpc may compensate for the loss of Bcl-2 anti­

apoptotic functions in the adult CNS. On the other band, Prpc may acquire the

pro-apoptotic funetions of Bax. To determine the precise funetional role of Prpc

and if Prpc is a funetional homologue of either Bcl-2 or Bax , an assay

demonstrating the role ofPrpc in apoptosis must be done.

A decrease in the expression of Bcl-2 and an increase in Prpc expression in

the adult CNS may account for the restriction of prion diseases to the CNS. Prpc,

a ubiquitously expressed protein is bigbly expressed in the CNS. Significant levels

of PrpC have al50 been detected in heart, Jung, and liver. Bcl-2 and Bax are al50

ubiquitously expressed proteins. However, the expression of ~, Bcl-2, and



Bax is developmentally regulated ooly in the CNS, explaining the restriction of

prion diseases in the CNS. In addition, the developmental expression of Prpc ,

Bcl-2, and Bax in the CNS, MaY account for the manifestation of prion diseases in

the third or fourth decade of Iife. As individuals age, Bcl-2 levels in the CNS

decüne, no longer providing neuroprotection. In contrast to Bcl-2, the expression

of Prpc, the central protein in prion disease pathogenesis, increases. Altered

expression of Prpc such as overexpression, may have an impact on the expression

of both Bcl-2 and Bax. DitTerent amounts of Prpc, Bcl-2, and Bax may have an

efFect on the ratio between Prpc-Bcl-2 and Prpc-Bax dîmers. An imbalance in the

ratios may have an etTect on the interactions between ail three proteins. If

interactions of Prpc with Bcl-2 or Bax are involved in modulating neuronal death

and survival, alterations in these may explain the neurodegeneration underlying

prion diseases.

Transmission of prion diseases between ditferent mammalian species is

limited by a species barrier (reviewed by Prusiner, 1996~ CoUinge, 1996). The

species.barrier in transmissibility of prion diseases may be explained by the

existence of species.specific sequences of Prpc, Bcl-2, and Bax. The variabiüty of

phenotypes associated with the different prion disorders cao be explained by the

variable expression of Prpc, Bcl-2, and Bax proteins in the brain and during CNS

development.
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v. Conclusions

In conclusio~ we have studied the protein-protein interactions of Prpc

with Bcl-2 and Bax in human foetal brain, human aduit brain, and primary human

foetal neurons.CoUectively, our results indicate that Prpc interaets with both Bcl-2

and Bax proteins. In additio~ Prpc, Bcl-2, and Bax proteins are expressed in

neurons of the foetal, developing, and adult CNS, making it possible for the

proteins to associate with each other. Through its interactions with Bcl-2 and Bax,

Prpc may be implicated in the regulation of apoptosis or cell survival as a member

of the Bcl-2 family ofproteins.

Prion protein gene mutations, post-translational modifications of Prpc,

overexpression of Prpc, altered expression levels of Prpc, Bcl-2, and Bax, or

inoculation witb PrpSC, may disrupt normal interactions between Prpc, Bcl-2, and

Bax proteins. Ifprotein-protein interactions between Prpc, Bcl-2, and Bax proteins

are involved in the regulation of neuronal survival and death, disruption of these

may result in neurodegenerative disease.
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