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Preface

Candidates have the option of including, as part of the thesis, the text of one or

more papers submiued or to be submitted for publication, or the clearly

duplicated text of one or more published papers. These texts must be bound as

an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges between

the di fferent papers are mandatory. The thesis must be written in 5uch a way

that it is more than a Mere collection of manuscripts; in other words, results of

a series of papers must be integrated.

The thesis must still conform to ail other requirements of the uGuidelines for

Thesis Preparation". The thesis must include: A Table of Contents, an abstract

in English and French, an introduction which c1early states the rationale and

objectives of the study, a review of the Iiterature, a final conclusion and

summary, an a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in appendices)

and in sufficient detail to allow a c1ear and precise judgement to be made of the

importance and originality of the research reported in the thesis.

ln the case of manuscripts co-authored by the candidate and others, the

candidate is required to make an explicit statement in the thesis as to who

contributed to such work and to what extent. Supervisors must attest to the

accuracy of 5uch statements at the doctoral oral defense. Since the task of the

examiners is made more difficult in these cases, it is in the candidale's interest

10 make perfectly clear the responsibilities of ail the authors of the co­

authored papers.
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Abstract

The normal isoform of the prion protein (Prpc) is a small cell-surface

glycoprotein that is expressed predominantly in the brain as weil as

a wide variety of peripheral tissues. Although the involvement of an

abnormal, protcase-resistant isoform of the protein (Prp~t) in certain

neurodegenerative diseases is clear, its normal function remains

unknown. We investigated several aspects of prion protein biology to

improve our understanding of the role it may play in bath health and

disease.

We characterized the expression pattern of Prpc during human

leukocyte maturation. We observed that prion protein is present on

bone marrow stem cells and that it is downregulated upon

differentiation along the granulocyte lineage in vivo. This

observation was replicated using an in vitro system of granulocyte

differentiation. These data suggest that bone marrow stem cells may

support prion agent replication in disease, since this process is

dependent on availability of Prpe. Additionally, our studies provide a

novel in vitro system to study prion gene regulation.

We developed soluble, tagged versions of the prion protein to

determine the existence of a cognate cell-surface receptor. A prion­

human placental alkaline phosphatase fusion protein was found to

bind specifically to the surface of many cell lines, implicating the

existence of such a receptor.
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We further investigated the nature of this interaction and

determined that it was not only specifie, but saturable and high­

affinity, as expected for a ligand-receptor interaction. We delermined

that the N-lerminal region of the prion protein is essential for

binding lo the receptor and mapped the precise location of the

binding site using peptide inhibition studies. Il was found that the N­

terminal region will interact with the receptor ooly when bound by

copper ions, suggesting that Prpe and its receptor may play a raie in

copper regulation.

We developed a novel expression cloning methodology uSlng Xenopus

oocytes to identify the receptor for PrP. Protocadherin 2 was isolated

as a positive clone and is therefore proposed as a prion receptor

candidate .
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Résumé

L'isoforme normale de la protéine prion (Prpe) est une petite

glycoprotéine, présente à la surface cellulaire, exprimée

principalement dans le cerveau et dans une grande variété de tissus

périphériques. Bien que l'on ait établi clairenlent le lien entre

l'isoforme anormale de la protéine, résistante aux protéases (PrPSC
),

et certaines maladies neurodégénératives, la fonction de la protéine

normale demeure toutefois inconnue. Nous avons étudié plusieurs

aspects de la biologie de la protéine prion afin de mieux connaître le

rôle qu'elle pourrait jouer tant dans un organisme sain que dans un

organisme malade .

Nous avons caractérisé l'expression de la Prpe au cours de la

maturation de leucocytes humains. Nous avons observé que la

protéine prion est présente sur les cellules de souche de la Maëlle

osseuse et qu'elle est rétrorégulée lors de la différenciation pendant

le lignage granulocytique in vivo. Cette observation a été reproduite

en utilisant un système in vitro de différenciation des granulocytes.

Ces données suggèrent que les cellules de souche de la moëlle

osseuse pourraient entretenir la reproduction de l'agent prion dans

l'organisme malade puisque le processus dépend de sa présence. De

plus, nos recherches fournissent un systeme in vitro original

permettant dt étudier la régulation génétique du -prion.
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Nous avons préparé des versions solubles et marquées du prion pour

déterminer l'existence d'un recepteur de surface cellulaire apparenté.

Nous avons découvert qu'une protéine de fusion prion-phosphatase

alcaline du placenta humain (PrP-AP) se liait spécifiquement à la

surface de nombreuses lignées cellulaires. Nous avons ainsi mis en

évidence l'existence d'un tel récepteur.

Nous avons étudié par la suite la nature de cette interaction et

déterminé qu'elle était non seulement spécifique, mais saturable et

de haute affinité ainsi que l'on pouvait s'y attendre dans une

interaction de type récepteur/ligand. Nous avons déterminé que la

région terminale N de la protéine prion est essentielle pour se lier au

récepteur et nous avons établi la location précise du site de liaison en

utilisant des études d'inhibition par peptides. Nous avons trouvé que

la région terminale N n'interagissait avec le récepteur que lorsqu'elle

était liée par des ions cuivre, ce qui suggère que la protéine Prpe et

son récepteur pourraient jouer un rôle dans la régulation du cuivre.

Nous avons établi une méthodologie originale de clonage d'expression

en utilisant les oocytes Xenopus pour identifier le récepteur de la

PrP. Le résultat du tri a permis l'isolation d'un clone de la

protocadhérine deux, que nous proposons comme candidat récepteur

de la protéine prion.
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fusion protein

of PrPSc

Ab

aSA

CDl5

CD34

CID

CNS
FSC

GPI

GSS

mAb

mw

PC2

PIPLC

PrP

• Prpc

Prpsc

PrP

PrP-AP

PrP·Ig

PrP 27·30

SSC

SOD-t

SSEA-l

l'SE

antibody

bovine serum albumin

cell surface carbohydrate marker, aka SSEA-t

bone marrow stem cell Marker

Creutzfeldt·Jacob discasc

central nervous system

forward seaner

gIyeos yIphosphatidy li nosi to 1

Gerstmann-S tr~ussler-Scheinker syndrome

monoclonal antibody

moleeular weight

protocadherin 2

phosphatidylinositol phospholipase C

prion protein

normal cellular isoform of prion protein

scrapie isoform of prion prolein

prion construct lacking GPI anehor sequence

prion-human placental alkaline phosphatase fusion

protein

prion-i mmunoglobulin

protease resistant core

side searter

superoxide dismutase

stage specifie embryonic antigen

transmissible spongiform encephalopathies
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• Claims to Originality

For all the work presented within this thesis, the author is the
prirnary researeher and experimenter. Contribution by co-authors
are explicitly stated at the beginning of eaeh chapter concerned
(Chapters 4 & 5) The following are the clairns to originality contained
within:

Prion Protein Expression in Human Leukocyte
Differentiation

1) 1 have shown that, of aIl mature leukocytes, only granulocytes
do not express Prpc , but that bone marrow stem eeUs are positive for
Prpc expression, indicating a negative regulation of PrP during
differentiation of the granulocyte Bneage. This was confirmed by
analysis of immediately ex vivo differentiating granulocytes. This
study expands our knowledge of the expression patterns of Prpc, and
provides important information with regards to the infectious

• potential of human and animal bone marrow.

2) An in vitro differentiation model using the HL-60 cell line was
used to demonstrate that expression of Prpc in the granulocyte
lioeage is regulated at the transcriptional level. This system provides
a model with which to study PrP gene regulation, which has been
poorly studied.

Generation of soluble prion protein constructs

•

3) Ta determine the existence of a receptor for Prpc, it was
essential to develop specifie, easily deteetable probes with which to
carry out our studies. 80th the prion-immunoglobulin (PrP-Ig) and
the prion-human placental alkaline phosphatase (PrP-AP) fusion
proteins are easily produced, tagged, soluble versions of the prion
protein that have not been previously reported in the literature.
PrP-AP was used suceessfully to deteet a PrP binding activity on the
surface of Many eell lines, confirming a unique report in the
literature.
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Characterization of a cell surface receptor for the prion
proteln

4 ) The prion protein binding activity detected using PrP-AP was
further characterized. Il was determined that this binding activity
was specifie, saturable and of an affinity ten-fold higher than that
stated in the only other report in the literature. The binding activity
was also protease sensitive, demonstrating the existence of a prion
interacting protein at the cell surface, in other words a receptor.
Although postulated in the literature, this is one of only two
demonstrations of the existence of such a receptor.

5 ) It was found that a large panel of cell lines from various tissues
exhibited binding of PrP-AP, with muscle cell Hnes showing the
highest activitY. The presence of a receptor for prion protein on
muscle cells has never been reported.

6) It was determined that the N-terminal region of the prion
protein is essential for interaction with the receptor. Peptide
inhibition studies precisely mapped the polypeptide necessary for
binding. This is the first demonstration of the precise region of the
prion protein that is necessary for interaction with its receptor.

7) Although severa) reports have characterized the binding of
copper to the N-terminal octarepeat region of the prion protein, we
are the first to show that copper is an essential cofactor for the
interaction of prion protein with its receptor.

Cloning of the prion proteln receptor

8) We have developed a novel expression cloning methodology
using Xenopus oocytes to identify the receptor for the receptor for
the prion proteine

9) Having used PrP-AP to screen a muscle cell lioe expression
library, we are the first to report that the protocadherin 2
glycoprotein is a strong candidate for the prion receptor.
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Introduction

Although the role of the scrapie isoform of the prion protein, PrpSt,

has been intensely studied in the context of the prion diseases, the

biological function of ils normal cellular counterpart, Prpc, has

proven elusive. Our goal was ta investigate aspects of Prpc biology in

arder to improve our understanding of this highly conserved protein

in both health and disease paradigms.

We began our investigations with the examination of Prpc expression

patterns during human leukocyte maturation, since there is major

concern about transmission of prion disease via the blood supply and

the infectious potential of a tissue depends on the presence of Prpc.

We determined that, of the mature leukocytes, only granulocytes fail

to express Prpc . However, bone marrow stem cells, the precursors of

ail leukocyte lineages, were positive for Prpc, indicating a negative

regulation of this protein during granulocyte maturation. This was

found to be the case in vivo and was replicated in vitro. We propose

that the granulocyte model provides a system which which to study

the regulation of Prpc expression at a transcriptional level.

Additionally, Prpc expression by bone marrow stem cells argues for

the PrPSt infectivity potential of these cells, which should he taken

into account for disease prevention (Chapter 2).

The near ubiquitous tissue distribution of Prpc expression, together

with its presence on the cell surface, suggests that Prpe funetions as
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an important mediator of cell adhesion, signal transduction, or

uptake of extracellular ligands. We decided to investigate the

existence of a receptor for Prpe, postulating that the identification of

such a receptor and the characterization of its interaction with prpe

would give us clues as to the true function of the protein. The

development of sensitive and specific detection tools for this

potential receptor was a critical first step. Three different constructs

were generated, and a fusion of prion protein and human placental

alkaline phosphatase (PrP·AP) proved successful in the detection of a

binding activity present on many cell lines (Chapter 3).

Further analyses demonstrated that the binding activity observed is

consistent with the existence of a receptor since it is specifie, of high

affinity and is dependent upon a protein component. Although the

presence of the N·terminal region of PrP has been shown to he

unnecessary for the disease process, we determined that it is

essential for receptor interaction. Since copper has been found to

bind to octapeptide repeats within this N-terminal region, we

investigated the possible contribution of this metal to PrP­

AP/receptor binding. We observed that copper is a neeessary eo­

factor for the activity of this domain and that it may confer a

favourable binding conformation (Chapter4). We propose that

interaction of PrP with its receptor is a copper dependent

mechanism, and may thus serve to regulate the balance of copper in

vivo.
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Several candidate proteins have been proposed in the literature as

PrP binding proteins. Although these proteins may interact with PrP

in sorne fashion, none fully satisfy the requirements of a widely

expressed, high affinity receptor as revealed by our observations. We

therefore carried out a cloning effort to identify the receptor for PrP.

Isolation of a clone for protocadherin 2 led us to conclude that this

member of a widely expressed family of proteins may be involved

with Prpe interaction (Chapter 5).
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Chapter 1

Llterature Review

Prion protein in health and disease

The term 'prion' was coined by Dr. Stanley Prusiner to define a novel

class of infectious agent, an agent of 'lU-Qteinaceous infectious' nature.

This agent is the involved in a class of neurodegenerative diseases

known as the transmissible spongiform encephalopathies (TSEs) or

prion diseases. The TSEs are a group of human and animal diseases

which include Creutzfeldt-Jakob disease (CID), Gerstmann-Straussler­

Scheinker syndrome (GSS) and Fatal Familial Insomnia (FFI) ln

humans, scrapie in sheep and goats, and bovine spongiform

encephalopathy (BSE), or 'mad cow disease', in caule. The

neuropathology of TSEs is characterized by neuronal loss, spongiform

change, astrocytic hypertrophy (gliosis), and accumulation of an

abnormal protease-resistant protein designated Prpsc (for ~on

g.rotein lkrapie) in bath brain and spleen {reviewed in (Prusiner,

1998».

Transmission of disease in laboratory animais using purified

preparations of this protease resistant protein led to the proposai

that it was the major, if not the only, component of the infectious

agent {reviewed in (Prusiner, 1989». Oligonucleotide probes derived

from amino acid sequences of the N..terminus of the purified protein

were used to screen a cDNA library from scrapie-infected hamster

brain (Oesch et al., 1985; Prusiner et aL, 1984). Analysis using
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positive cDNA clones revealed that these sequences were present as

an identical single copy gene in both normal and scrapie-infected

hamsters (Oesch et aL, 1985). The cDNA sequence predicted a small

protein of just over 250 amine acids with a glycine/proline rich

octarepeat region in the N-terminal half and two Asn-linked

glycosylation sites and an intracellular disulfide bond in the C­

terminal half (Kretzschmar et aL, 1986; Turk et aL, 1988). The

protein itself has been found to be a widely expressed glycoprotein

of 33-35 kDa that is anchored to the outer plasma membrane by a

glycosylphosphatidyl-inositol anchor. How then could this protein,

encoded by a gene present in both normal and diseased animais, be

the causative agent of TSEs?

Further investigation determined that, although identical in amine

acid sequence, the protein isolated from normal animais had

biochemical and biophysical properties quite different from the one

extracted from infected brains. While the structure of the normal

form of the prion protein (Prpc , for ll[Îon I2.rotein kellular) is mostly

a-helical, the disease associated Prpsc: is mostly B-sheet (Pan et al.,

1993). This conformational difference is accompanied by other

changes such as detergent solubility (Prpe is soluble in non­

denaturing detergents, Prpsc: is not) and susceptibility to proteases

(Prpc is readily digested, whereas Prpsc: is partially resistant) (Meyer

et aL, 1986; Oesch et al., 1985).
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This data led to the now generally accepted 'protein-only' hypoth~.sis

that states that Prpsc: is indeed the infectious agent, and that it is a

modified, pathogenic form of its normal cellular counterpart, Prpc.

Prpsc is also proposed to 'replicate' by converting the normal isoform

to the disease isoform by an auto-catalytic process(reviewed ln

(Prusiner, 1991». This conversion seems to be limited to a

conformational change, since no other differences in post­

translational modifications have been detected (Prusiner, 1989).

Much evidence has accumulated in favour of tbis bypothesis,

including Many transgenetic and gene targeting studies in mice

(reviewed in (DeArmond and Prusiner, 1996; Scott et aL, 1996» and

the cell-free, in vitro conversion of Prpc to Prpsc: (Kocisko et aL,

1994) .

Although the role of Prpsc: in the mechanism of prion diseases has

been the subject of mucb research, the function of Prpe remains

unknown. The examination of the biology of the normal isoform of

the prion protein is the focus of this thesis and the remainder of this

review.

Expression of the prion protein

PrP is encoded by a single copy gene, present in ail vertebrates

examined to date, and has been strongly conserved throughout

evolution (Gabriel et aL, 1992; Locht et al., 1986; Westaway and

Prusiner, 1986). Human and murine PeP genes are located on

chromosomes 20 and 2 respectively, which are homologous in the
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two organisms (Sparkes et al., 1986). The genetic structure,

extensively examined in hamster, has revealed that the entire PrP

open reading frame is included within the second of two exons,

which are separated by a 10 kb intron (Basler et al., 1986; Chesebro

et al., 1985; Robakis et aL, 1986). The immediate 5' region of the

transcriptional start site does not have a TATA box, but contains Ge­
rich sequence clusters similar to those observed in several

housekeeping genes (Basler et aL, 1986).

Despite these promoter characteristics, expression of the PrP gene IS

both temporally and spatially regulated. In mouse embryos, PrP

transcripts were detected, beginning at day 13.5, in developing

brain, spinal cord and other non-neuronal tissues such as kidney and

toath buds. Additionally, PrP gene expression was observed in extra­

embryonic tissues derived from the primitive ectoderm lineage such

as the amnion, umbilical cord, and the mesodermal layer of the yolk

sac (Manson et aL, 1992). In newbom hamsters and rats, PrP gene

expression has been observed in neurons, astrocytes and

oligodendrocytes and was shown ta increase two-fold during post­

natal development (Moser et aL, 1995).

Immunohistochemical analysis of protein expression in hamster

organ preparations revealed that Prpe is present in virtually aU

tissues examined. The protein was visualized, to varying degrees, in

brain, heart, skeletal muscle, lung, stomach, intestine, adrenals,

kidney, testis, ovary, spleen, pancreas, thyroid and thymus, but was

undetectable in Uver and erythrocytes (Bendheim et al., 1992).
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Within the brain, Prpe has a specifie distribution and is concentrated

in neurons and the neighbouring neuropil of gray matter, with very

little immunostaining in the white matter (Bendheim et aL, 1992).

However, the lack of staining in white matter may be an artifact due

to myelin, since prion mRNA has been detected in glial cells (Moser

et aL, 1995). The hippocampus contains the highest concentration of

Prpe, particularly in the stratum radiatum and stratum oriens of the

CAl region (Taraboulos et al., 1992). Cortex, fornix, septal nuclei,

caudale, t~alamus and brainstem also express substantial amounts of

the proteine

This nearly ubiquitous expression of PeP in addition to ilS high

degree of evolutionary conservation suggest that it plays an

important role in normal cellular function.

Possible Function of the normal prion protein

Although its role in disease has been thoroughly characterized the

physiological function of PrP has remained elusive. Ils abundance on

neurons has led to the proposai that it May function as a neural

receptor or adhesion Molecule and serve to direct and maintain the

architecture of the nervous system (Hope and Manson, 1991). Others

have suggested that PrP may be a proliferation factor for astrocytes,

based on the dramatic gliosis observed in prion disease (DeArmond

et aL, 1987). Work from our own laboratory argues for a role in

signal transduction, since antibodies to the protein blocked mitogen

induced activation of lymphocytes (Cashman et aL, 1990). This is in
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accordance with the association of other GPI-linked molecules with

defined signaling pathways. However, whether this is a general

function of Prpc or one specifie to lymphocytes is unknown.

In the past several years, the generation of 'knockout' mice has

yielded important information about the function of Many molecules.

Strikingly, miee homozygous for a null mutation of the PrP gene do

not demonstrate any developmental or behavioural abnormalilies

(Bueler et aL, 1992). Upon further investigation more subtte

phenotypes were revealed. Electrophysiological studies demonstrated

defective GARA" reeeptor-mediated fast inhibition and impaired

long-term potentiation, suggesting that Prpe may be required for

normal synaptic transmission (Collinge et aL, 1994). Altered circadian

rhythms and loss of cerebellar Purkinje cells with advanced age have

also been reported (Sakaguchi et aL, 1996; Tabler et aL, 1996).

Similarities of sorne of these phenotypes with certain features of

prion disease has implied that the loss of normal Prpe function May

contribute to neuropathology (Estibeiro, 1996).

Recently, an association of the N-terminal octarepeat region of Prpc

with copper has been reported. Examination of various tissues from

PrP null mice revealed that brains of these animais contain

approximately 20-fold less copper than those of wild type controls,

whereas zinc and iron showed no significant difference (Brown et aL,

1997a). Patch clamp analysis of Purkinje cells from PrP null mice

demonstrate a significant reduction of inhibitory post-synaptic

currents in the presence of copper (Brown et aL, 1997b). Cerebellar
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cells from these animais show an increased susceptibility to copper

toxicity and are more sensitive ta oxidative stress due ta a decrease

in copper/zinc superoxide dismutase-l (SOD-I) enzyme activity

(Brown et aL, 1998; Brown et aL, 1997). Release of Prpc (as weIl as

other OPI anchored proteins) from the surface of wild type cerebellar

cells by phosphatidylinositol-specific phospholipase C (PIPLC) results

in a reduction in the membrane copper content. These data strongly

suggest that Prpc is a major copper-binding protein of brain cells or

that it behaves as a copper sensor, controlling the activity of other

membrane-associated copper binding proteins. Prpc may thus serve,

directly or indirectly, to regulate the copper content of intracellular

and extracellular compartments. Through this activity, Prpe may

therefore protect neurons from direct copper toxicity and from free

radical damage by providing copper for enzymes such as SOD-l.

Does PrP have a receptor?

The cell surface localization of Prpe t in addition to its proposed,
functions, make it likely that the protein interacts with other

molecules on the same or adjacent cells. Indeed, it is becoming

increasingly apparent that Prpe may have a cognate receptor.

The existence of such a molecule is suggested by Harris and

colleagues in studies examining the recirculation of chicken Prpc

(chPrP).

Unlike Many other OPI-linked proteins, chPrP was found ta be

closely associated with and endocytosed via clathrin coated pits
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rather than caveolae (Shyng et aL, 1994). Internalization by coated

pits is dependent on interaction of the target protein with several

intracellular components such as adaptar proteins. Since GPI­

anchored proteins such as PrP lack a cytoplasmic domain, they

cannot interact directly with the intracellular machinery of coated

pits. PrP may therefore interact with a transmembrane protein

which contains a coated pit localization signal to target the complex

for endocytosis.

Additionally, N-terminal deletions of Prpe reduced the localization to

coated pits and the amount of protein endocytosed. The effect of the

deletions was graded, with progressively larger deletions resulting ln

more pronounced reductions in the amount of protein internalized

(Harris et aL, 1996; Shyng et aL, 1995), suggesting that this region of

the protein is involved in the interaction with the proposed receptor.

Experiments with prion disease transmission in transgenic mice

models have also led Prusiner and colleagues to postulate the

existence of a prion interacting protein, which they have designated

'protein X' (Telling et aL, 1995). Mice expressing both endogenous

mouse Prpe and transgenic human Prpe proved to be resistant to

disease induction by human prions. Howevert when these mice were

crossed with others in which the mouse PrP gene had been ablated,

the resulting animais were found to be susceptible to human prions.

These results led to the hypothesis that another Molecule might he

necessary for the formation of Prps, and that this protein, much Iike
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PrPSC itself, interacts with Prpc most efficiently when the two

proteios are from the same species. Thus, in mice expressing both

mouse and human PrP, mouse protein X is bound to mouse PrP and

therefore unavailable to participate in the formation of human Prpst'.

Only upon removal of mouse PrP will mouse protein X be available

for binding to human PrP, making these animais susceptible to

human prions. Further transgenic analyses using various point

mutations in Prpc have mapped the interaction site of protein X to a

discontinuous epitope with in the C-terminus (Kaneko et aL, 1997).

Although protein X May be more of a co..factor or chaperone than a

true receptor, it is nonetheless a prion binding protein. It is

interesting to note that the interaction site of protein X is different

from that proposed by Harris and colleagues for their receptor,

suggesting that these May be two unrelated proteins with potentially

different functions.

The direct search for Prpe binding molecules was pioneered by Oesch

and colleagues, who have probed "ligand blots" of brain extracts with

Prpsc, or with short synthetic peptides derived from PrP sequence

(Oesch et aL, 1990). Of tbree PrP ligands (Plis) reported to date, the

most abundant is glial fibrilluy assoeiated protein (GFAP) (Telling et

aL, 1995). Another Pli has been identified as PSF, a splice factor

associated with the polypyrimidine-tract binding proteio, and the

third is oot an intrinsic membrane protein (Oesch, 1994). Il is

unlikely that the Oesch Prpe ligands have normal biologieal
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relevance, considering that Prpe is expressed at the cell surface and

none of the identified proteins are integral membrane components.

Recently, two reports have claimed the identification of a receptor

for PrP. A complementary hydropathy strategy was used to design a

peptide that would hypothetically mimic a PrP receptor binding site

(Martins et aL, 1997). Antibodies raised against this peptide

recognize an unknown protein of 66 kDa present on neurons.

Bacterially produced PrP was indirectly shown to interact with a

protein recognized by this antibody.

ln a more classical approach, Rieger and colleagues used a yeast two­

hybrid screen to identify Prpe interacting proteins, one of which was

the 37 kDa laminin receptor precursor (LRP) (Rieger et aL, 1997). The

LRP-PrP interaction was confirmed using proteins produced in both

insect and mammalian cells. Interestingly, the levels of LRP were

increased in the brains and spleens of scrapie infected mice relative

to control animais, indicating a potential interaction with Prps
«: as

weil as Prpe.

The sheer difference in size of these two candidate proteins indicates

that they are probably not the same. Since neither study provides a

measure of the affinity of the proposed interaction or an indication of

the functional domains involved, a more detailed comparison cannat

be made. The tissue distributions of these proposed receptors does

not entirely correlate with that of Prpe, which would he expected of a

cognate receptor1 and no functional basis for these interactions is
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proposed. Thus, the lack of 'incriminating' data makes il impossible

ta determine whether either one of these Molecules represent a true

functional, high affinity receptor for the normal cellular isoform of

the prion protein. However, il is clear that Prpe can interact with

other cell surface proteins and that sorne or aIl of these interactions

May he relevant for the normal function of Pepe.
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The al..... Isofonn of prion prat.. (PrPC) Is ....
glJcoprOl8in .t ta leIftat al lM ...,.
membtIM bJ ,lphotphatidJlinolltol 1ftChor. This
moIecuIe's invo"" in pa""""iI of priCIn d 1n
bottI humant and 1nimaII.W....w chanctIriIed .
lian pattams al pfIIC during human leukocJte maturation bJ
now e,tometry wfth rnonocIDnal entibodin ta PfPC, the
glyan maiety C01,. InCl .... Item cd marli., COU. W.
obHrve ....t prion proteln il IN....t on COM· mInOW

(SM) Item ceill. Althaugh I)mphocyt monaqteI
malntain p,.e .lpI'ftlkMt thraughout tMIr diff...ti.Uon.
p,pe Il do tM1 upon dHf..ntiltlan.1ong the ......
Iocyte IIM In vitro retInoic acld-induced dilr tJation

THE PRION PROTElN is besl known for hs involvemenl in
the uansmissible sponliform encephaloplllhies <TSE) or

prion discues.lllToUP ofhuman and animlll neurodeseneralive
diseues which inc:ludc Creuufeldl·Jakob disease in humlllli.
sc:npie in lheep and loats. and bovine lponCiform encephll1opa·
th)' in callie. The pamolo,)' of the TSEs is characterized by
neuronalloss.lpon.iform chlllllC.IIiOlis, and Keumulalion of
an abnonnal proreue·rcsislanl protein desi,nalect PrPk in balh
bmn and peripheral OISUes. ineludin. or'lIns of the Iymphore­
liculll syslem. The pn:valenl "prolein·only" hypothesis of
prion diseasc proposes mal Prps.: il indeed the infectious Iieni.
and thal this modificd, plltholenie fonn of dM: normal cellular
protein replicales by conve"in, lhc normul isoform 10 the
diseue isoform.1

The normal cellular isoform of the prion prOiein Prpe il a
smallllycosylphosphalidylinosiloi (GPI)·anchored cell·surface
protein expressed prcdominlU1tly in the brain. butlllso in Il wide
variety of peripheraltissues. includin. pcripheral mononuclelU'
blood cells.lJ Prpe is presenl in ail ve"ebrates cumined to
dIte, is widcly expressed durinl embryolcnesis, lU1d hu becn
srronlly conservcd mroulhoui CVolulion, SUlleslinl Il vitul
function for the prolein.·.. Surprisinlly. PrP null mice have
shown mal the procein is IPPlU'endy nol nccessary for normal
murine devclopmenl or mature survival because thcse mice are
viable. do nollhow any obvious developmental phenotype. llIId
show no bchavioral abnormalitics up to 93 wecks of Ilc.'.s

Fro", .Iw Dqa""..", 01Mfcrubiolo,y tUtJ 1"",.lIIIolo,y. 1111 Ihl'fl"­
lM'" 01N~tlrolol1_ N'Mtos"'1'ry, MOfU~fll N'tlrolo,ier" llUli"'"
lUfII HtUpillll, McGilI UIliHnity. MmlltwtlL QlIIlHc. C""""'"

SfllMtinldJ.I, J, 1997; accrp"tIOct., 2". IW!.
SIIf'IHI",dby.ItII M,tliCIIIltllNICIi CDWlCiI (/tIItC) ofCilMIlII GrrutI

No. M'T12U", N4Iillllllllu'illllU ofHIlIlIIi Cirruu ND. AGOMH. tIIWI
Atlwutc,d6iocollC'p" V.C.D. ...... IfIIIPD"~d byl'ltD lltulnwltip.1fIIIIS
/rotfI MItCIINI FIHIIÛ .tG rrcItIIlCItII '"141II1. Qllib«.

A"'u rwprlIU ~""J" 10 Nil/il C.u.. MD. MOfUfNl N,tiro­
lolical I,.,.ilfd, _ HtUpikJ/, JIOI UrtlVfnily. MOIfII'N/, QuiNC.C,.,.., HJA·16".

77w pllbtic4llDII cm" ol.Aù anicl~ Wfn dll",,.d hl ""n 6, "".'
cArI,.. ptJ)'ffW1II. nu arr/d, "lUI .~/o,.,". '''rdy 11III'*"1 "Idver·
dllftleDc" Ut IICCO""""_ wtllll' U.S.C. slCI/MI7J" sal"y.o /Ildicru,
dùI/rJa.
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al the ......pIold Une HL'- lnto .....IocJ celll
rnimiCI the suppression of PrPC in IfI"UlocJh dllf tiI-
tian. Il bath p,pe mANA .nd prOUin Ied.
Thne data .....t thel ..lectad lM celll .ncI periphIrIl
mononucIe. ceIII ma, tuppOIt prion agent r....tIo...
_ .... thII proceIl il depandent an .v.ilabilltJ of p,pc:.
AdditionlllJ, retJncMc acld-induced ••tlnctian of PtfIC IlprU­
,Ion ln Hl-to eetts prcvldes a potcntlat model ta ltudy PrP
fIlM ......üan incl protlin function. Finall,...... d.ta
......1the ••Istence ofcell-lpecific glycofonnl of p,pc thlt
...., detennine cellular lusceptibilllJ to Infection br the

prion..-
Co') 1'"by The Am«icM SOCMty oIH."..rology.

Ablation of !he prion lene renden lhese mice raillanl ta
experimcntal scrapie and obviates accumulation of Prp5e.· More
lar.ct-dirccted ways have ahown subtle abnonnll1ilies in null
mice such as dcfcctivc GABA,. receplor-mcdillted fast inhibi·
tion and impaired lonl-term porentialion, llhered circadilU1
rhYlhms, IU1d loss of cerebclllU' Purkinje cells.9-11 Thcsc: pheno­
lYpes are reminiscent of ccrtain fealures of TSEs IUld sU.lcsl
lhatlolS of the normal funçtion of!his protein may conlributc ta
dise4SC.12

Clues to the function of Prpe may he licaned by eumination
of cell·specifie expression pllllems. In peripheral blood of
human.s and rodents. PrlJC is detected al lhe cell surface of
lymphocytes and monocytes, but is absent from erythrocytes
and lflU1ulocytcs.lJ Our laboralory has previously dclcrmined
lhal Prpe expl'e$sed by mononuclear cells ma)' play a role in ccII
aClivalion.' ln dUs sludy. wc fu"her chAraclerizcd the exp'es·
sion paucms and aene R!lulation of the protein in cells of the
immune system. Wc now show thal Prpe is exprcssed very early
in hcmatopoiesis. indicated by ilS presenee on CD34· srem
cells. DifTerentialion alon, the lymphocyte or monocyte lin­
cales supports the expression ofsurface PrfJC, while difTercntia·
tion a10nllhe 'rlnulocyte linea.e propesses wÎlh concomitant
downrcaulalion of Prpe sw1aee prolein. This ccII-type specifie
extinction ofPrPC in Iranulocyte difTerentiation can be recapilu.
lated in virro b)' relinoie Kid induction of HL-6Q cells.

Thesc results allow us 10 bener define the Jelulalion of the
upresaion of Prpe in human leukocylCS, which has polcoDai
implications for human and animal prion disellseS. In addition,
our Itudies providc a novel in viuo system wilh which 10 Iludy
PrP ,ene re,ul.lion and protein funclion.

MATERIALS AND METHODS

C,lIs. Human periphaal blood leukoqtu wcrc ilOllIIrd hom
whole blood from IaIth)' volunteer dofton lDd lCpII'IICd usia,
L)'II1IIIoc)'IC-poly <CedIr!ane. Homby. o..io.CanIdi) demi!)' calrifu.
phoa. The IWO raullin,laycn wae poolcd. wubed dlrcc lima~
pIa...·buff'ercd Aline (P8S), Md Itaiacd for flaw eytOmeU)'

....yU. u dacribcd la Ibe foUowin.ICCIiOIL
Human low«aaily bone .-raw (BM) celb were ilolaied by

FicoIl·Paque (PhIrmId.. Baie D'Urff, QuaIec. C.....) dcDIily ca­
lrifupdon 0' lM upinla (rom pIIieIdI .......CIÙII dlapalCic BM
enlUllion (kildly provided by Dr Alan BIO&. Royal ViClOria HOIpiIll,

8b1et VoIt1. No 5 (MItch 1). 1911: pp 1551-1511
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Mc:Oili University). Cells wcre wuhedextensively and IUincd for ftow
C)1omeUy ana1ytil.

The human premyelold line HlAjO (ATCC CC1,240) wu main·
IIined in RPMI 1640 medium (CilBCQ.BRL. BurlinllOD, Ontario,
Caudal IUpplemealed with 1" faal bovine saum (FIS), 2.5 mllmL
penicillin, 2.5 mlfmL Itreplomycin. Md 2 nunoL1.. Ilutamine. DiJrmn·
Liadon alonl lhe monocytoid Uncqe wu iDduced by culcure in 100
nmollL of phorbol 12·myrilllh! IJ·KetIle (PMA; Silma. St Loui.,
MO) for J clay•• DiffCftnûllion alonl lhe panulocyce li... wu
induœd by culhlnlln 1 molJ1. all·I"'1II rerinotc acid (Sisml) 'Of 0, " 3,
and 6 daYI. Celll were then IlIincd for lIow c)1ometry uYlil or
procured for isolalion of tocal RNA.

MOfluclolUl1 IJIII/bodi,s (MoAbs} dIllI fluw cylOlMt,.,. The MoAb
lF", whiçh uniquel)' m:OlniZCI prJlC IIlhe celllurfKCw (and N.R.C.,
unpublished data), wu prrpared u ucileS ftuid in priltane'primed
Halblc mice, and ua UftConjupted Il 1 1:5,000 dilulioa. lF.a w..
followed by ellhcr 1 1_ and-11IQUIe Fib ftuoresœin ilOdUoc)'Ullle
(FITC) conjulile or a donkey anli-mouse pbycoerll)1hrin (PE) eonju·,Ile (bolh from lackson tlMllllOftJellCb, Wat Orove, PA). AnIi-CD15­
mc and anü-CDJ4.PE MoAb direct coajulatel were obIained from
Becton DiekilUoa (Sainl·Lawent, Qufbcc. Canada). FITC-coajulated,
PE·conjul.teeS. and uncoajuilled ilOlype-mIIched lnelevant control
MoAbl were lnc:luded in ail aperimenu (Bectoa DiclUDIOn and
Silml).

For lmmunotluoreaaoce Iwninl, œlll Wen! finI Incublled on iœ for
JO minutes in PHS supplemenled with I~ nonnallOlllCnlm to block
nonspecific bindina. Cells were then staincd wilb the approprille
MoAb., eKh for JO minutel on iœ. Samplc. wcre llnalyud on 1
FACSCAN ftow eytomcter usinl LYSYS Il software (Hecton Dickin­
son).

S~lfIiqlUUltil"'/V~ polywwnu, Cllu/II IYuc,ifJlI (PC') alllllys/s. Hl,
60 cells wcre diffmnliated wilh .11","11I retinoic Kid u described.
Cells wcre harvated Il da)'s 0, l, lAd J and local RNA wu isollded
usina TRlzol (CiIBCO-BRL). Tocal RNA wu then tRated wilh RQI
RNue f~ONue (Prome... M:adilon. WI) and re-eJluacted twice wilh
phenol-chloroform. TotAl RNA wu rcvme'lnnIc:ribed 10 cONA usina
S"~pI reverse U'lInIc:ripIUC (OIBCQ.BRL) ICcordiniiO the l1\lIIIU'

flClUlCt's instnletiolU. This cONA wu dwn used for bath prion lAd
p'Klin ampliftClllion by PeR. Primm used for lhe feR ractions hall
lhe followial 1eqUCnc:a: human prioo forwvd 5'·AAOCCTOOAO·
OATOOAACACT-J', n:vene 5'-Ci1TCiCfCiTACTCATCCATOOO·3',
and p.aetin forward S'·ATOCCATCCTCiCCiTCTOOACCTCiGC·3'.
reverse 5'-AOCAlTfOCOOTOCACGATOOACiOO·)'. The primas
for human prion and p-lCtia wcre dcailned 10 aenenae frqmcnu of
434 and~ bp, rapeclively. 'IWo hundred nanopams of cON" wu
Idded co the raction mblure cODlalILiD' PCR buft'er, 0.5 mmolll.
dNTPI (PhlrmKiI). 50 pmol of eithcr primer let, and 0.5 .-L Taq
polymeruc (GIBCO). Sampla wcre pl8ced in a dlennocyclrr (Puüll
Elmer CelUI Corp, Norwalt, CT) for 25 cycla of 94-<: for 1 miAUle,

WC for 2 miaula, and 71-c for J ninuta. The PCR producb wcre
lepInIICd on a 11i 1x TriI-KeWe EDTA(TAE)"nIe ICI, hUfared
10 • nylon memlnnc omalpl by clpillary âon. and che Soulhcm
bloll wae ptobed wilh the lppfOpCÎIlC nndom primed (lfJp·"1ed
probes for 16 houri .. 4rc in Rapid-H)'b buft'er (Ammham, lurlin,­
ton, Ontario, C.....). Blou wcre wubed. and upoled 10 Phosphor
Sc:reen and anaIyzed on a Phoapborlmapr (Molecu" Oyuamics,
SIIIUI)'VIIe, CA).

RESULTS

PriOll PIOI,ill apfluiDII III luunaII peripMral blood c,ll.r.
Humm periphcnl blood leukocytel wae ualyzcd (or p,pe
surface immunorexlivity by lIow cytOfDCtry (Fi, 1). Thrcc
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mlÛn populations can bc defincd on the buis of lize (forward
sc:aner (FSC» and ll'lnularhy (side seaner [SSC). When lhcse
duce populations are examined for PrPC and COI.5 immunore­
acrivity, each presenlS a unique stainin, profile. CDI.5 providcs
a convcnient scconduy mu"r beuuse of its diffcrential
disuibution amona1eukocytcs. I..16 Lymphocytes have low to
inlennedialC levels of Prpe and are CO15-. monocytes are PrPC
hi,h and COIS low, and &ranulocyccs arc PrPC- and COIS
hiah. ErythrOCYles are ne,ative for both markers (data not
shown). The absence of Prpe on cranulocYles SUIICSlS at leut
two possibililics: lymphocYlcs and monocytes acquire Prpe
durin, differentiation. or Iranulocytes lose Prpc as they mature.

Prion prottin uprruion in hwnan BM cllh. To examine
the qucstion of acquisition or suppression of PrfIC in leukoq1c
differentialion, we first examined Prf'C expression in C034+
muhipotcntial stem cells. As shown in Fia 2, cclls that express
CD34 CDeXpress surface prion protein. This SUIJeSlS that prion
protein may indeed be specifieall)' downrelulated in the Itu1U­
locyte and crywoid tineale, and mil otber IinClllcs maintain
the;r expression of prion protein. Wc furthcr investi,atcd this
possibility by analyzin. low density human BM œlls by ftow
eytometry (Fil 3). CeUs that are differentiatin. atonl the
anlnu10cyte lineD,e show a dramatic: inen:asc in CD! S swninl
in the maturalion process. Thcse hilhly ,ranular cells show a
Prolre5sive loss of Prpe surface immunoreactivilY as they Iain
CDIS slllinins. These dala demonsullte lhat prion prOlein is
present on pluripotential stem cclls, and thlU it is downrelulaled
durinl subsequent dif'fen:ntiation aJon, the l''lUlulocyte Uncl,e.

R~gwllUion 0/ priaI! pro'~ilt uprrssion in clifftrrn.ia,iltl
HL·6() (Ills. To provide a more convcnienl model of myeloid
cellular differenlÏllcion, we eumined the premycloid œil line
HL·60, which can be induc;:ed to diffcrcntiatc aJonc cither the
Crunuloc:yte or monocyte linca,es by retinoie Ilcid or phorbol
cslers, respeetivcly.IT.zo HL·60 ccIls express PrPC, whieh pcr·
sists upon phorbol ester induccd differenliation inlo mac:roph1Ie­
like ccII. (Fil 4). Conversely, induction of HL·6Q ceIls inlo
Irlmulocyle differenliluion by relinaie acid wu associatcd with
Prolressive downrclulalion of surfllce PrPC (Fil S). The œlls
werc observed over a 6-day period, with the proponion.lly
IUICSC decline in surface prion protein immunorclctÎvily occur­
rin, aCter die finI 24 houn (Fil SB).

To investi••te the role of ,eM tnnseription in the loIS of
InRulocyte PrPC immunoreactivity. wc examincd the level of
mRNA for the prion procein by scmiquanutalive PCR. To
uelude potential contamination by PrP 'CRomic sequences. the
toclll RNA eXlnCt wu lnalCd wilh RNue-frec DNue before
PCR amplification. HL-60 œlll wcn: diff'erentillcd with reti­
noie aeid as dcscribed and hanared for RNA exUIICtion af1cr
24 and 72 houD. A propcaive decreasc in the level of prion
mRNA can bc obscrvcd. while the level of p-aclin mRNA
remunI approllimalCly constant (Fi, 6). Thil shows a Itronl
usociation between decrcased surface Prf'C immunoreutivil)'
and decreued PrP mRNA, mOlt probably me result of de­
creascd uanacri~lion trilieRd by rctinaic Kid ueaunenl.

DISCUSSION

The nonnal cellul. isofonn of the prion proœin, PrfIC, il
hiahly eJlprascd in nn as weil as man)' periphml blSUCS,
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includin, peripheral blood mononuclear celli. We have found
thal Prpe is ~preased by C034· multipo«enlial stem cells in
human BM. PrfIC is downre,ulaled in Item cell differendalion
[0 lhe panuloc:yre Iinea.e. bUI is mllinlained in Iymphoid and
monocyte line'les. The downrclulation of PrPC in mycloid
diffcrenliation. .. bolb rhc protein and mRNA levell, WIS

modclcd in vitro by lhe inducrion of HL-60 œlls to lfUIulOCYI­
oid linuae by relinoic lCid. Our findinll difrer rrom Diomede
et ",21 who reponcd PrPC upraaion in neutrophill, IS weil AS

lymphocytCl and monoc:ytes. Howevcr, theIe IWdics were
baed on œil populationl of 9'" purilY, in which cOlulmin.­
ûon by mononuclear œlla ma)' have contribu1Cd 10 the PrP
mRNA and prOlan deœcted by feR and immunopecipillûon,
respeclively. It is also Il Ieut fonnally possible dw PrPC is.
cell-Iurraee rnolecule in mononuclear œlll dcœc:table by ftow
c:ytomeuy. IIId III inrcmall)' scquClrered protein in neutrophils.

ne reluillion of upnaion of PrfC il incompletel)' under~
IlOOd. Dcapile the daue-Nplated and developmenlllly relU~

Iated exprasion 01 PrfIC. the immediaœ ,. re.ion of lhc
IrUllCriprionai ltan lite does noc contain • TATA box. bUI
displaYI lOC-riels lequcnce limilar 10 that obIcncd in many
bouIckccpin. pna.22 Enbanca clementi have becn mapped
uplaeam 0I1be ItUtlile. and are 1110 appanntl)' praent Ùl the

lonl finI intron (-10 kb) derected in ail venebrate species
whose lenomic PrllC ofllnization is known.l].)I Our s[udy
SUIICSlS thal rerinoic ac:id-responsivc clemenls puticipate in
lbe cell·specifie relulation of PrfIC, Md provides la biolo.ically
relevanl in vitro paradi,m 10 invesûlilc !he moletullU' buis of
this re.ulation. Ahemately, reûnoic Kid may be indueinl the
expression of ,nuIN,,:linl proleÎnl lbat acl lit a sileneinl
clement conuollin, PrP apression. The relulation of prion
protein ~pression in .ranulocyta and eryrhrocylCl may under­
lie a pnmal relulatory mcc:hanism thal could be exploilCd 10

rcduce the amounl of PrP<: Ivailable for conversion in the prion
diseues, beclUlC it hu been shown that endopnous expression
of PrP il neceIIIIY for continucd propa.ation of lhe scrapie
"cnl.'

Prion infcelivity Ippuenll)' copurifies wilb PrPSC. the proie­
Ile resislanl ilOform of Prpc.25.11 Ccll-free conversion of PrPC
to Prpk hu now bcen accomplished in viuo.21 Replication of
lhe prion lient appeMI 10 be Itrictly dependenl on avulabilit)'
of PrPC. because mice hoRlOZ)'1OU1 for the tqetcd disruplion
of the PrP pac are completel)' miStlnt 10 scrapie, and
heterozypus mice diapla)' a tonpr incubation and Ilower
diseuc propeaion lban wild-type mice.· '!bus. me distribuuOll
of PrPC in hcmltopnOUI cells ml)' prediet Ihc capabilit)' ofWI
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cell 10 propaille lUld/or uansmil prion infcctiviry in hoSlS

UlU1sfuscd or Iransplanlcd wilh lhose cells. On the buis of our
cumnt report. BM cells. includins C034+ slem cells, miahl bc
expected 10 harbar Ihe prion Ilcnl. despitc cunenl luidelines
which do ROi rec:olnizc BM as hi&h-risk lissuc.%1J9 ln the
pcriphcry. monocyles and lymphocytes. which express PrPC,
wouId be expccled 10 suppon prion replic:alion. w~as PrPC
nelluivc crythrOC:Ylcs and lrartuloc:yles would nol. This c:onlen­
lion is supported by a Iimiled numbcr of transmission experi­
menlSlO.Jl and by rceenl data from Blanler cl Il.n who show
thal prion alcnl infec:tivilY dclecled in spleen by bioassay is
dcpendenl on the expression of PrPC by spleen œlls and does
nol acCumUhlle by nonspecific "CIlrT)'-over" (rom the ori,inal
innoculum.

An Idditional implication of our sludy il mal Prpe musi be

difrerentially Ilyc:osylaled in the nervous syslem u opposed 10

the pcriphery. PrpSc, the abnonnal disease-usoc:ialed isofonn of
PrPC. hu becn found 10 posscss 1 hilh proponion of N·linked
Ilycan chaiM lCnninalinc in the Ilycolyl moiety SlalC-spec:ific
embryonic antilen 1 (SSEA-I), also known Ils CDU." This
c:arbohydrale moielY bu becn found 10 plU1icipale in c:ell-ccll
Adhesion IUId lissue differentialion early in developmenr. and
probably plays lU1 importlRl role in immunoc:ylc Adhesion in
inftammlliory proc:esses.34.lS ln thc peripheral blood. IrlUlulo­
cytes. whic:h cxpress no Prpe. display prominenl immunoreac:­
ùvily for CO1S. Lymphocytes, which display no surface CD 1S,
do cl'press Prpe:. Only pcripheral monocyles possess surface
immunoreac:livity for bom PrpC and CDIS, allowin. the
possibility thal monocyle PrpC ma)' bc modified wim lhc
SSEA·I moielY. Because Ilyc:osylation may pllltic:ipaie in the
brain-recion-spec:ific: replicalion of the scrapie lllcnl.]6 it is
possible dual c:enain PrfIC on differenl pcripheral cells miahl be
more likcly 10 participale in scrapie infection. Of inlerest. sorne
data indic:ate mal the monoc:yte-mac:ropha.c cell Iinea,e is
crilic:al to the propa'ilion of sc:rapie infeclivity in the periphcry.
Scnpie infection in severe combined immunodeticieRt miœ is
applll'ently dependenl on dendritic cells." which are tillue

•
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macrophales specializcd for immune presentation. Morcovcr,
peripheral blood tells contlinina strapie infectivity arc rela­
tively radiation inscnsitive.]I whh;h is consistent with the
end-mitotie nature ofperiphenaJ monocytes. Finlllly, monocytes
mlY bc unique unon, peripberal bl00d tells for their capability

of proc:essing Prpe to Prps.:." Recause other periphcral blood
cells also express PrlJC, the c:apability of monocyloid œlls to
suppon scr.pie asent replication may ralate to a postuans.a­
tional modification, such as SSEA·l modification of the termi­
nai Prpe: IlyeMs.
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Following our investigation of prion protein expression in human

leukocyte differentiation, we shifted our focus to potential functions

of this highly regulated protein. We chose to examine the possible

existence of a cell surface receptor for Prpe using soluble,

recombinant versions of the protein. This chapter oUllines the design,

production and initial characterization of the functionality of these

prion protein constructs .
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Summary

Prions are best known for their involvement in scrapie, bovine

spongiform encephalopathies (BSE), and Creutzfeldt-Jakob disease.

The pathogenic, protease-resistant form (PrPSC), believed to be the

causative agent of the prion diseases, is derived from the normal

cellular isoform of the protein (PrPC). Little is known of the

physiological role of Prpe, although it has been shown that it is a

necessary precursor of PrPSe as demonstrated by the resistance to

disease induction of PrP knockout mice. Previous work from our

laboratory has determined a role for Prpe in lymphocyte signaling,

and has led to our hypothesis that normal cellular prion protein May

be a receplor with one or more cognate ligands. We report here the

development of several soluble recombinant forms of prpe as protein

probes for ligand screening. A prion protein-alkaline phosphatase

fusion construct has been used successfully to demonstrate a PrP

dependent binding activity on the surface of several cell Iines.
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Introduction

Il is likely that a better understanding of the function of the normal

cellular isoform of the prion protein will provide important clues to

its subversion in prion disease. However, the function of prpe in

normal cells is unknown, and its protein sequence is not significantly

related ta any other protein in the databases, disallowing aoy

functional analogies (Prusiner, 1991).

Our laboratory has approached the problem of Prpe function by

discovering and characterizing its raie in lymphocyte activation

(Cashman et aL, 1990). Il was found that lymphocyte Pepe was

dramatically upregulated by cell activation, and that aotibodies

directed against Pepe suppressed T cell activation induced by the

lectin mitogen concanavalin A. These results place Prpe in the

context of other cell surface glycosylphosphatidylinositol (GPI)-

linked proteins such as decay accelerating factor (COSS), Thyl, CDS9,

and Qa-2 which have been shown ta modulate T cell mitogenesis

(Cook et aL, 1992; Davis et aL, 1988; Korty et aL, 1991; Pont et aL,

1985). The signal-transducing function of prpe is not limited to

lymphocytes. A recent study of transplantation of normal mouse

brain tissue into PrP -/- null mice demonstrated that cell surface

Prpe is essential for neurodegeneration and spongiform change in the

transplanted tissue (Brandner et aL, 1996). These data, implicating

prpe in cellular activities as important as lymphocyte activation and

neuronal death, strongly suggest that prpe can function in signaling

local environmental changes -- in other words, a receptor. One would
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anticipate that a functionally important cell surface receptor such as

prpe must have a cognate ligand.

The direct search for Prpe binding molecules was pioneered by Oesch

and colleagues, who have probed "ligand blots" of brain extracts with

Prpsc, or with short synthetic peptides derived from PrP sequence

(Oesch et al., 1990). Of three PrP ligands (Plis) reported to date, the

most abundant is glial fibrillary associated protein (GFAP) (Telling et

aL, 1995). Another Pli has been identified as PSF, a splice factor

associated with the polypyrimidine-tract binding protein, and the

third is not an intrinsic membrane protein (Oesch, 1994; Oesch et aL,

1995). It is unlikely that the Oesch prpe ligands have normal

biological relevance, considering that prpe is expressed at the cell

surface .

Recently, other techniques have been used to identify candidate

ligands for Prpe. Martins et al have used a complementary

hydropathy approach ta generate an antibody which recognizes a 66

kDa protein on the surface of neurons (Martins et aL, 1997). Rieger et

al have used a more conventional yeast two-hybrid screen to

identify the 37 kDa laminin receptor precursor as a potential prpe

binding protein (Rieger et al., 1997). Molecular weight alone suggest

that these two proteins are most probably different and the lack of

physiological data concerning them makes it difficult al this time to

determine their validity as candidate ligands. Il is also quite possible

that more than one ligand exists.
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We decided to approach the question of the existence of a Prpc ligand

using a technique that would maximize relevant cell surface

interactions. Dy using recombinant soluble forms of the prion protein

as protein probes, eell lines and tissues can be screened for the

presence of one or several cell surface binding proteins. Additionally,

we chose to use mammalian production systems for these

recombinant proteins to ensure proper folding and glycosylation of

Prpc. This chapter details our efforts to construct and express such

reagents with Prpc. Three different constructs were generated: A

truncated Prpc, lacking the GPI-anchor (PrPâ); a fusion of Prpe and

the constant portion of human IgO 1 heavy chain (PrP-lg); and a

fusion of Prpe and the heat-stable human placental alkaline

phosphatase (PrP-AP) .
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Results

Truncated PrP

It had been previously demonstrated that deletion of the OPI anchor

signal sequence results in secretion of these proteins and truncated

soluble versions of cellular prpe have been detected in protein

extracts of both human platelets and hamster brain (Borchelt et aL,

1993; Caras and Weddell, 1989; Perini et aL, 1996). Such a soluble

forrn of prpe would be minimally mùdified, ensuring proper folding

and post-translational modification and could be detected by direct

radioactive labeling, or indirectly with anti-PrP antibodies. A

construct was therefore generated that was truncated after the Ser230

codon (PrPâ), thus completely lacking the GPI anchor signal sequence

(Figure 3.1). Although sorne protein was produced in transient

transfection assays of COS·7 cells (data not shown), this proved to be

too little for functional assays. Additionally, the half·life of this

truncated Corm of Prpe was very short in solution, as has been shawn

by others (Borchelt et al., 1993).

Given the difficulty of production and short half-life of PrPâ, work

with this construct was not pursued. We surrnised that development

of a fusion protein with a stable non·PrP domain might prevent PrP

degradation and allow for high level production. The availability of a

defined protein tag would also aid in purification and detection of a

PrP fusion protein .
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Fusion prot,ins

PrP-lg

In order to generate large amounts of a stable soluble form of Prpe

with which to screen binding to cell lines and tissues, we designed a

fusion protein consisting of the eotire open reading frame of human

Prpe up to and including Ser30 (thus excluding the GPI anchor

sequence) linked in frame to the hinge, CH2, and CH3 domains of

human immunoglobulin G1 (IgO1) heavy chain (Figure 3.2). Such an

Ig fusion provides Many advantages over untagged soluble

constructs. Simple purification and detection procedures are possible

with such constructs, and the covalently hound dimer form may

increase affinity of interaction by clustering and cooperative binding.

The chimerie protein was suceessfully expressed by transient

transfection of COS-7 cells and was shown to migrate as a dîmer

under non-denaturing SOS-PAGE conditions (Figure 3.3 A, B).

Unlike the PrPâ construet, J.lg amounts of PrP-Ig were readily

produced and the fusion protein appeared to be stable and was

easily purified. The fusion protein was used for binding assays with

flow cytometry either directly in supernatant forrn or as a purified

disulfide linked homodimer. Analysis of a multitude of primary cells

and cell lines was carried out, but we could not identify cells that

were positive for expression of surface PrP ligands. More sensitive,

radioactive assays using either 3sS-methionine labeled PrP-Ig or

detection using protein-A 1251 also failed to demonstrate the

presence of a cell surface ligand. This recombinant soluble form of

PrP May bave been particularly susceptible to proteolysis since

growth of transfected eells in serum free medium yielded a protein
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product that corresponded to ooly the Ig portion of the fusion

protein, (Figure 3.3 C). PrP-lg May have been cleaved by cellular

proteases normally held in check by protease inhibitors present in

serum.

PrP-AP

Our third attempt at generation of a recombinant soluble form of the

prion protein was made using the secreted human placental alkaline

phosphatase (AP) fusion protein partner pioneered by Ors. J.G.

Flanagan and P. Leder (Flanagan et aL, 1991). The AP provides a

practical tag to which commercially available antibodies are

available. In addition, the enzymatic activity of AP can be detected

using simple chromogenic assays using a variety of substrates

without the need for purification or labeling. Sensitivity using AP

fusion proteins has been shown to be comparable to purified and

radioactively labeled reagents (Flanagan et al., 1991; Flanagan and

Leder, 1990).

In order to generate a PrP-AP fusion construct, the cDNA for mouse

prion (up to and including the Arg229 codon) was ligated in frame

into the APtag-2 expression vector, which has an SV40 origin of

replication and a CMV promoter, allowing for vectar amplification

and high level fusion protein production in COS cells. As a negative

control, secreted human placental AP with its own leader sequence

(SEAP) was expressed from the pCDNAl vector at levels similar to

lbat of the fusion protein (Figure 3.4).
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Consistent with expectations from the design of these veetors, PrP­

AP transfeeted COS cells secreted a 97 kD protein which is

immunoreactive with both AP and PrP antibodies. CMV/SEAP­

transfected COS ceUs express a 67 kD protein whieh is

immunoreactive with an AP monoclonal antibody, but not PrP

polyelonal antibodies (Figure 3.5). 80th PrP-AP and AP are expressed

and secreted by COS cells at 5-10 J.lg protein per ml supernatant, and

display similar supernatant AP activity. Supernatants of

untransfeeted or moek-transfected COS eells do not contain

detectable AP activity or immunodetectable Prpe.

Cell lines of neuronal and fibroblast origin were tested for the

presence of prpe binding proteins using a simple chromogenie

adhesion assay. Cel1s were incubated with conditioned media

eontaining SEAP or PrP-AP, washed and lysed. Lysates were then

heated at 65 OC to inactivate the endogenous cellular alkaline

phosphatases and the lysates assayed for bound AP activity.

Incubation with SEAP resulted in minimal background levels as

compared to the PrP-AP. The cell lines tested were found to he

positive for PrP-AP binding, but to varying degrees, indicating a

variable level of expression of the ligand(s) among the different cell

lines (Figure 3.6).

Our data demonstrate that we have successfully constructed and

expressed a PrP-AP "affinity reagent" with which to seek

distribution, funetion and moleeular identity of the prpe ligand.
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Discussion

To seek the Prpe cell surface ligand, we have generated and

expressed three different PrP constructs: a truncated Prpe, lacking

the GPI-anchor (PrPA); a fusion of Prpe and the constant portion of

human IgG 1 heavy chain (PrP-Ig); and a fusion of Prpe and the heat­

stable human placental alkaline phosphatase {PrP-AP}. The PrPÂ

construet proved ta be too difficult ta produce in useful quantities.

The PrP-Ig construet was secreted efficiently by transfected ceUs,

but did not show detectable binding activity. Only the PrP-AP

construct proved useful in our attempt to identify a prpe ligand. This

construct is effieiently secreted from transfeeted cells in high

quantities, appears stable, and is readily usable as crude conditioned

media .

Our decision to use a mammalian expression system for the

generation of recombinant prpe eonstructs was guided by the

successful generation of a large variety of similar eonstructs for use

in ligand detection. CD44, P-selectin, c-kit, Fas, Mek4 and Sek are just

sorne of the cell surface receptors that have been used as either Ig or

AP fusion proteins to identify their previously unknown ligands

(Aruffo et al., 1990; Cheng and Flanagan, 1994; Flanagan and Leder,

1990; Sako et aL, 1993; Suda et aL, 1993). Although bacterial systems

would have provided a simpler alternative, several reports stated

problems in attempting to produce full length prpe in hacterial

systems (Homemann et aL, 1997; Swietnicki et aL, 1997; Zahn et al.,

1997; Zhang et al., 1997). Full length Prpe bas been shown to
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accumulate in inclusion bodies, requiring the use of harsh detergents

and denaturants for purification. The protein then has to be

renatured and refolded accurately, adding another level of

uncertainty to this method of production. However, several features

of a eukaryotic expression system would favour the normal folding

and post-translational processing of a recombinant Prpe.

Glycosylation was of particular concern since mutation of the two

sites of attachment of N-linked glycans results in intracellular

sequestration of Prpe, suggesting an important function in proper

folding and transport of the Molecule (Lehmann and Harris, 1997;

Rogers et aL, 1990).

Use of eukaryotic production systems did not guarantee suceess

however, as two out of three eonstruets proved to be either difficult

to produce or non-functional when produced. Deletion of the OPI

anchor sequence or attaehment of the Ig tag May have affected

proper folding of the proteins and/or interfered with appropriate

glycosylation. Additionally, our observations with regards to the

PrPâ and PrP-Ig constructs suggest that recombinant, soluble forms

of the protein May be susceptible to degradation. The N-terminus of

PrP has been implicated in binding of other Molecules as suggested

by the accumulation of N-terminal deleted prpe al the cell surface

(Harris et al., 1993). The N-terminus of PrP is rich in basic amino

acids, which could serve as a substrate for dibasic peplidases,

secreted from the cell or present in serum. If the N-terminus were

involved in binding of prpe to ils ligand, then loss of this region

would ablate binding. This may explain the lack of binding activity

observed for PrP-Ig relative to PrP-AP, although it is unclear why
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one construct would he more prone to proteolysis than the other. A

more detailed analysis of the involvement of the N-terminus of prpe

in ligand binding is presented in the following chapter.

Use of PrP-AP in the identification of a number of cell Hnes

exhibiting a Prpe binding activity will allow us to proceed with the

characterization and identification of the ligand(s). This work is

detailed in the following chapters.
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Materlals & Methods

Constructs: PrP11

A 714 bp fragment encoding the human PrP open reading frame

(ORF) up to and including SerHO was amplified from human

peripheral blood leukocyte (PBL) RNA using RT..PCR. Human PBL

were isolated from whole blood from a healthy donor (VD) by Ficoll..

Paque (Pharmacia, Baie D'urfé, QC) density centrifugation. Total RNA

was tben isolated using TRIzol (GIBCO-BRL, Burlington, ONT) and was

then used directly in an RT-PCR reaction with the following primers:

forward 5'-AGACATAAGCTIGCAGCCATCATGGCGAACCTIGGC..3' and

reverse 5'-GACATICTCGAGCTACGATCCTCTCTGGTAATAGGC..3'. The

forward primer includes a HindIII restriction site and the reverse

primer includes both a XhoI restriction site and a TAG stop codon (to

terminate translation following Ser230
). One ug of total RNA was

added to the reaction mixture containing PCR buffer, 0.5 mmollL

dNTPs (Pharmacia), 50 pmol of each primer, 0.5 uL AMV-RT, and 0.5

uL of Taq polymerase (both enzymes from GIBCO-BRL). Reactions

were carried out in a thermocycler (Perkin Elmer Cetus Carp,

Norwalk, CT) for 40 cycles of 94°C for 1 minute, 60°C for 2 minutes,

and 72°C for 3 minutes. The size of the PCR product was verified by

electrophoresis in a 1% TAE agarose gel, the fragment excised and gel

purified, digested with HindIII and XhoI and ligated ioto pCDM8.

PrP-lg

The generation of a 721 bp fragment encoding the human PrP ORF up

to and including SerllO was completed in a similar manner as

described for PrP4. The forward primer used for amplification was
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identical to that used for PrP4. The human PrP-Ig reverse primer, S'·

GAGArrCfCGAGTCfCACCTGACGATCCTcrcrGGTAATA-3', contains a

XhoI restriction site followed by the splice donor sequence (TCTCACC)

to insure correct mRNA processing and splicing of the human PrP ORF

to the hinge sequence of human IgG1. After amplification, the PCR

product was digested with HindIII and XhoI and ligated into pCDGI

(plasmid kind gift from Dr. Marilyn Kehry, Boehringer Ingelheim,

Ridgefield, CT).

SEAP/CMV

The fragment containing the entire coding sequence of SEAP,

including an N-terminal signal peptide, was excised from pSEAP­

Control Reporter Vector (Clontech, Palo Alto, CA). The plasmid was

digested with Cial, blunted with T4 polymerase (according to

Maniatis) and then digested with HindIII. The SEAP fragment was

gel purified and subcloned into HindIIIIEcoRV digested pCDNAIAmp

(Invitrogen, Carlsbad, CA).

PrP-AP

For the PrP-AP fusion protein, a 707bp PrP gene fragment was

generated by peR from mouse brain cDNA, which encoded the entire

open reading frame from the initiating methionine (thus containing

the PrP leader sequence) to Arg229 at the beginning of the GPI

anchor attachment signal sequence (thus obviating the attachment of

the OPI anchor). The forward primer was identical to the one used

for the first two PrP constructs, sinee murine and human sequences

are virtually identical at the S'end of the PrP ORF. The murine Prp·

AP reverse primer, S'-GAGA1TGGATCCTCTICTCCCGTCGTAATAG-3',
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contains a BamHI site which generates a Gly-Ser-Ser-Gly linker

between PrP and AP when ligated to the BglII site of the AP-tag-2

expression vector (kind gift of Dr. J.G. Flanagan, Harvard University)

which contains the AP gene downstream from the cassette insert site.

Cell Culture &: Transfeclion

Cell lines were maintained in DMEM (GIBCO BRL) supplemented with

10% FBS, 2.5 mg/ml penicillin, 2.5 mg/ml streptomycin, and 2mM

glutamine (hereafter referred to as complete DMEM).

COS-7 cells were transiently transfected using either DEAE-Dextran

or Superfect (Qiagen, Santa Clarita CA). Cells were allowed to recover

for 24 hours post-transfection in complete DMEM (as above) and

were then trypsinized, washed twice in complete DMEM (to

inactivate trypsin) and reseeded in T75 flasks in either complete

DMEM or serum-free OPTI-MEM (GIBCO-BRL). The cells were then

grown for 5 to 7 more days and the conditioned media was then

collected, centrifuged at 12000 x g and kept at 4°C with 20 mM

Hepes pH 7.0 and 0.1 % sodium azide.

Binding assays

Use of PrP-AP in binding assays for detection of PrP binding proteins

was done essentiaUy as described for other AP fusion proteins

(Cheng and Flanagan, 1994; Flanagan and Leder, 1990). Briefly,

target eells were plated in 60mm dishes or 6 weil plates (Nunc,

Naperville, IL) and allowed to grow to eonfluency. CeUs were rinsed

with eold HBHA (Hank's balanced salt solution with 0.5 mg/ml aSA,

0.1 % sodium azide, and 20 mM HEPES [pH 7.0]) and then overlayed

with either SEAP or PrP-AP containing conditioned media,



•

•

61

normalized to contain equal amounts of AP activity. CeUs were

incubated at room temperature for 90 minutes in the dark. Following

incubation, cells were rinsed six limes with cold HBHA buffer and

then lysed in cold Triton X-IOO lysis buffer. Lysate was harvested,

vortexed weIl, and allowed to extract on ice for a furthef 15 minutes.

Lysate was then heat inactivated at 65°C for 10 minutes, centrifuged

at 12000xg for 5 minutes, and assayed for AP activity using the BCIP

solution reageot (Kirkegaard&Perry Labs, Gaithersburg, MD). Optical

density measurements were done using an ELISA plate reader al 620

nm .
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Figures

Figure 3.1: Characteristic features of the normal cellular isofonn of
the prion protein

PrP has an N-terminal signal peptide (SP), followed by a glycine­

proline rich octapeptide repeat region (G-P repeat), an intrachain

disulfide bond, two sites of N-linked glycosylation and aC-terminal

hydrophobie sequence that directs the attachment of the GPI anchor.

The complete protein sequence is 253 amine acids in human and 254

amino acids in mouse. The PrP~ construct comprises the entire

sequence of human PrP until and ineluding the Serno codon, thereby

deleting the GPI anchar attachment sequence to generate a secreted

farm of Prpc.
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Figure 3.2: Design of the PrP-Ig expression vector

A fragment of human PrP sequence up to and including the Ser230

codon was amplified by polymerase chain reaction using specifie

primers that contained additional restriction sites for cloning into the

pCOO1 vector. This vector contained the genomic hinge, CH2 and CH3

sequences of the human IgG1 heavy chain. The PrP reverse primer

sequence therefore also included a splice donor site for proper mRNA

processing.



•

Hind III Xho 1

• pCDGI

SV40
ori hlgG 1



•

•

•

7 1

Figure 3.3: Production of the PrP-Ig recombinant soluble fusion

protein

A) COS-? cells were transfected with either the control pCDM8 vector

(lane 1) or the PrP-Ig expression vector (lane 2) and metabolically

labeled with 355 Methionine. Supernatants were harvested and PrP­

Ig protein precipitated with immobilized protein A. Samples were

separated by SDS-PAGE and autoradiographed. PrP-lg monomers are

approximately 65-67 kDa.

B) PrP-lg protein is predicted to be secreted as a dimer due to the

disulfide linkage of the Ig chains. For verification, PrP-Ig samples

were prepared as above and either boiled in SOS-PAGE sample buffer

(which releases PrP-Ig from protein A and dissociates the dimers,

lane 1) or snap frozen in SDS-PAGE sample buffer (which releases

PrP-Ig from protein A while preserving the dimers, lane 2). PrP-lg

monomers migrate at approximately 65-67 kDa white PrP-Ig dimers

migrate at 130 kOa.

C) PrP-lg protein is degraded when produced in serum-free medium.

PrP-lg protein was precipitated with immobilized protein A from

supernatants of control (lane 1) or PrP-Ig (lane 2) transfected COS-?

cells. Samples were separated by SOS-PAGE, transferred to

nitrocellulose membrane and blotted with lHI labeled goat anti ...

mouse Ig (cross-reactive with human Ig). Lane 2 shows a product

migrating at approximately 3S leDa, indicating that mast of the PrP

portion of the protein is missing.
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Figure 3.4: Design of the PrP-AP and SEAP expression vectors

The PrP-AP expression plasmid was constructed by cloning of a peR

fragment encoding murine PrP up to and including the Arg229 codon

into the APtag-1 vector. This generated an in-frame fusion with the

secreted alkaline phosphatase sequence included in the vector. The

pCMV/SEAP control expression plasmid consists of the secreted

alkaline phosphatase sequence preceded by ilS own signal peptide

leader sequence .
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Figure 3.5: Expression of the PrP-AP and SEAP proteins

COS..7 cells were transfected with either the CMVISEAP or the Prp..

AP vector and metabolically labeled with HS methionine.

Supernatants were harvested and immunoprecipitated with either an

anti-alkaline phosphatase monoclonal antibody (lanes 1 and 3) or an

anti-PrP polyclonal antibody (lanes 2 and 4). The anti ..PrP polyclonal

was raised against the N-terminal peptide 23-40 and is of low titer.

Samples were separated by SOS-PAGE and autoradiographed .



•
1 2 3 4

•

•

200 -..

97 -..

69 -.

46 -..

;~:~: ..

;~~~~!"",,:.

•

.- •• , .....f:.\•• :.•....

~~~·(:~f,~~:~
... :-:'r'..:'~

............ JI"'.



•

•

Figure 3.6: PrP-AP binding activity of several cell Iines

Cells were incubated with control, SEAP or PrP-AP supernatants,

washed, Iysed, and assayed colorimetrically for bound AP activity.

Control represents conditioned media from mock transfected cells

containing no detectable AP activitY. Equimolar amounts of SEAP

reveals no binding relative to control, whereas PrP-AP exhibits

binding to all eell lines shown.
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Following the generation of three different soluble prion constructs,

we successfully used the prion-alkaline phosphatase fusion protein

{PrP-AP} to confirm the existence of a cell surface binding activity

specifie for PrP. This chapter describes the further use of PrP-AP lo

study the interaction with this potential receptor in greater detail.
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Summary

The normal isoform of the prion protein (Prpe) is a small cell surface

glycoprotein that is expressed in a wide variety of tissues. The cell

surface localization of this protein suggests that it May interact with

other molecules on the same or adjacent cells. We have designed and

expressed a secreted, alkaline phosphatase tagged forrn of the prion

protein {PrP-AP} to assay for the existence of cell surface prion

binding proteins. We have determined that PrP-AP binds to the

surface of a multitude of cell lines in a specifie, saturable, high­

affinity fashion, and that this interaction depends on a protein

component. We demonstrate that this interaction is dependent on the

N-terminal region of the protein and cao be blocked by

corresponding N-terrninal peptides. Copper is shawn to play a raie as

a structural co-factor, most probably by conferring a favourable

binding conformation to the N-terminal domain. These data suggest

the existence of a widely expressed high-affinity receptor for the

prion protein.
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Introduction

Prions are the infectious agents involved in a class of fatal

neurodegenerative diseases known as transmissible spongiform

encephalopathies (TSE's) or prion diseases. The major, if not the only,

component of this agent is PrPSe t a protease resistant forrn of the

normal cell surface protein Prpe. The two forms of this protein differ

dramatically in secondary structure and biochemical properties

(Caughey et al., 1991; Safar et al., 1993a; Safar et aL, 1993b). It is

hypothesized that contact between the two forms is necessary for

conversion of prpe to PrPSe by a post-translational process, which

probably occurs in endosomes (Borchelt et aL, 1992). Mutations in

the Prpe protein sequence that are linked with disease are postulated

to facilitate a process of spontaneous conversion.

Although the role of PrPSe in disease has been highly characterized,

little is known of the function of its normal counterpart, Prpe. This

small cell-surface sialoglycoprotein is anchored by a

glycosylphosphatidyl-inositol (GPI) linkage to the outer leaflet of the

plasma membrane. It is predominantly expressed on neurons and

glia in the central nervous system but also in a wide variety of

peripheral tissues (Bendheirn et al., 1992; Dodelet and Cashman,

1998; Moser et aL, 1995). The expression of Prpe begins early in

developrnent, it is present in ail the vertebrates examined to date

and portions of the PrP gene sequence are highly conserved

throughout evolution, suggesting a crucial raIe for the protein
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(Manson et aL, 1992; Westaway and Prusiner, 1986). Strikingly, mlce

homozygous for a null mutation of the PrP gene do not demonstrate

any developmental abnormalities, but present more subtle

phenotypes such as defective GABAA receptor-mediated fast

inhibition and impaired long-term potentiation, altered circadian

rhythms, and 10ss of cerebellar Purkinje cells with advanced age

(Bueler et aL, 1992; Collinge et aL, 1994; Sakaguchi et aL, 1996;

Tobler et aL, 1996). However, null miee are resistant to infection with

PrPSe, showing that the expression of Prpe is indispensible for the

disease process to occur (Bueler et aL, 1993).

Although the normal function of Prpe is unclear, the localization of

the protein at the eell surface argues for a role in cell adhesion,

signaling, or uptake of soluble extracellular molecules. It is therefore

Iikely that PrPe interaets with one or more ligands at the eell surface.

Reeently, two groups have attempted to identify the target ligand(s)

for Prpe. Martins et al have used a eomplementary hydropathy

strategy to generate an antibody for a Prpe 'reeeptor' and have

identified a 66 kDa protein present on neurons that binds to prpe

(Martins et aL, 1997). The nature of this protein is unknown at

present. A two-hybrid screen was used by Rieger et al to identify

Prpe interacting proteins, one of whieh was the 31 kDa laminin

receptor precursor (Rieger et aL, 1997). The difference in size of

these two candidate proteins indicates that they are probably not the

same, and the laek of physiological data makes it impossible to

determine whether either one is the bona /ide receptor for Prpe .
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However, it is clear that prpe can interact with other cell surface

proteins and that sorne or ail of these interactions may be relevant

for the normal function of Prpe.

To further these studies, we have constructed a soluble form of the

prion protein fused to human placental alkaline phosphatase to

determine the nature of the interaction between Prpe and its

putative ligand(s). We report here that this recombinant soluble forrn

of prpe binds to a variety of mammalian cell types in a saturable and

specifie manner. This binding is dependent on an intact N-terminus

of the prion protein, and can be specifically blocked by N-terminal

peptides. Copper has been reported to bind to an N-terminal region

of Prpe defined by amino acids 23-98 and we demonstrate that

copper is a necessary co-factor for the binding activity of Prpe to the

cell surface. Additionally, we demonstrate that the N-terminus of

native cell surface prion protein is one of only two regions of the

protein that are exposed and thus likely targets for interaction with

putative ligands. Our results suggest that bath the N-terminus of the

prion protein and copper contribute to normal prpe structure and its

ability to interact with one or more cell surface ligands.

Results

Expression of PrP fusion proteins

In order to search for potential ligands for the prion protein, several

secreted recombinant forms of the protein were constructed. A
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truncated forrn lacking the C-terminal hydrophobic signal sequence,

and thus the OPI anchor, was generated and successfully expressed.

However, the protein proved too difficult to produce in sufficient

quantity and was therefore not a feasihle tool for binding studies. A

fusion with the constant portion of human IgG 1 heavy chain was

then generated and proved to he stable and readily produced by

transient transfection. However, no binding activity was detectable

with this fusion protein (reviewed in the previous chapter).

Finally, a fusion with human placental alkaline phosphatase (PrP-AP)

was generated and successfully expressed. Figure 4.1 shows that

PrP-AP is a secreted protein, produced as a single major polypeptide

with the cxpected molecular mass of approximately 97 kDa, relative

to 67 kDa for secreted alkaline phosphatase (SEAP) alone. This fusion

protein has the advantage of carrying a tag that can be bound by

commercial monoclonal antibodies and that has enzyme activity,

which can be quantitated by simple colorimetrie assays without need

for purification or labelling.

Binding of Prp·AP is specifie and of high affinity

To investigate the presence of potential prion protein ligands on cell

surfaces, a variety of cell lines were incubated with PrP-AP

conditioned media, washed, lysed, and the lysates tested

colorimetrically for bound AP activity. Ail of the cell lines assayed

exhibited binding to PrP-AP, albeit to varying degrees (Figure 4.2A).

This wide distribution of binding activity is not surprising given the

nearly ubiquitous expression patterns of Prpe itself (Bendheim et aL,

1992). Scatchard analysis of the. binding to G8 cells indicated that il
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is saturable and produced Kd values of approximately 2S x 10-9 Mt

with I.S x lOS binding sites per cell (Figure 4.28), indicating a high­

affinity interaction within the range typical for receptor-ligand

binding. The Kd of approximately 25 x 10.9 M is ten-fold lower

(meaning higher affinity) than that reported for a bacterially

produced fusion protein of Prpe (Shyng et aL, 1995). This may be due

to more adequate folding or post-translational modifications such as

glycosylation during production in a mammalian versus a bacterial

system. Additionally t the human placental alkaline phosphatase

fusion partner has been reported to dimerize non-eovalently, which

couId increase the measured affinity by presenting a divalent form

of Prpe to the eell surface.

To determine if prpe was binding to a proteinaeeous receptor 1 COS-7

cells were pretreated with trypsin before carrying out a binding

assay. Figure 4.3 shows that binding to COS-7 cells is ablated by the

trypsin pretreatment, implicating a protein component.

The N-terminus of PrP fUlletions as a binding domain

We observed batch to batch variations in binding profiles for PrP-AP

containing supernatants. Although the supernatants exhibited similar

aroounts of AP activity, immunopreeipitation of the fusion protein

from these various batches revealed small variations in moleeular

weight (mw). A strong correlation was then established between a

lower mw product and lack of binding activity (Figure 4.4).

Since the AP activity was intact and N-terminal truncated forms of

the prion protein have been reported (Harris et aL, 1993), we
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hypothesized that the observable shift in molecular weight was due

to a small amount of degradation at the N-terminus of the fusion

protein. Immunoprecipitation with an N-terminus specifie Ab

revealed that, indeed, the N-terminus was laeking in the lower mw

fusion protein (Figure 4.5). These results suggest that the N-terminus

of the prion protein is involved in the binding activity observed.

This involvement may he indirect as this region of the protein could

contribute to the proper conformation or overall stability of the

structure.

NMR studies of purified, bacterially produced forms of Prpe, have

shown the N-terminal polypeptide segment to be flexibly disordered

and structured as a random coil (Donne et al., 1997; Hornemann et

al., 1997; Riek et al., 1997). This flexibility, while postulated to ease

interaction with PrPSe, May thus also contribute to the binding of a

heterologous reeeptor. We decided to examine the gross topology of

normal cell surface Prpe by tlow cytometric analysis of a T

lymphocyte cell line using antibodies directed against several

different peptide regions of the protein. This revealed that the N­

terminus is one of the few surface-accessible epitopes of the prion

protein in ils native conformation at the cell surface (Figure 4.6). This

availibility of the N... terminus for contact would argue for a more

direct involvement as a binding domain for Prpe.

To further the analysis of the binding capacity of the N-terminus of

Prpe, peptide blocking experiments were carried out. Peptides
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corresponding to the first 5 or Il amine acids of the mature form of

prpe (beginning after the signal peptide) were resuspended in PrP­

AP containing conditioned media, which was then used in a binding

assay. Figure 4.7 demonstrates that the Il-mer peptide is capable of

blocking binding of PrP-AP to the surface of both COS-7 and G8 cells,

while the 5-mer peptide had no effect (data not shown). The Il-mer

peptide most probably acts in a direct, competitive manner, binding

to the active site of the receptor. This confirms the involvrnent of the

N-terminus in binding of prpe to its receptor.

Copper as a structural co-factor for PrPC

ln an attempt to generate a purified fraction of PrP-AP, we

developed a purification protocol based on phosphonate gel

chromatography. High concentrations of the chelating agent EDTA

(0.01 M) were necessary for elution. The resulting fractions were then

dialyzed against a magnesium and zinc ion containing buffer to

restore these ions for proper AP function. However, when these

fractions were tested in a binding assay, they proved to he very

weak, although their AP activity content was high. It has been

reported that the octapeptide repeat region in the N-terminal half of

the prion protein binds to copper, and the presence of this ion May

serve to coordinate proper structure of the protein (Hornshaw et al.,

1995; Homshaw et aL, 1995; Stockel et al., 1998). We investigated

the possibility that copper May have been chelated away from PrP·

AP during the purification procedure and that this metal may he a

necessary co-factor for PrP-AP binding activity. Addition of 1 mM

copper to non-active eluted fractions of PrP-AP restored the binding
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activity to expected levels. However, the addition of copper did not

improve the binding of a purified PrP-AP fraction with N-terminal

degradation (Figure 4.8). This demonstrates that copper May aid in

the proper folding and organization of an intact N-terminus and is a

necessary and specifie co-factor for the binding activity of Prpe.

Discussion

In this paper we have described a cell surface binding activitY for a

prion protein-alkaline phosphatase fusion protein, representing a

potential ligand for cellular Prpe. We based our approach on the

supposition that, as a protein with potential involvement in cell

signalling and/or adhesion, prpe was likely to interact with one or

more cell surface ligands that could be detected by a tagged

recombinant form of the protein. Our data indicate that this binding

activity is specifie, saturable and of high affinity, and dependent

upon an intact N-terminus of the prpe moiety of the fusion protein.

Further analysis revealed that this binding activitY could be

competed with peptides corresponding to the N-terminal amino acids

of the mature protein. We extended our observations to cell-surface

Prpc, where flow cytometry sludies showed that the N-terminus,

along with a more central epitope, are the only two regions of the

protein, out of 10 domains studied, to be exposed and thus more

likely to be available for interactions with potential ligands. Finally,

we determined that copper, which has been shawn to bind the N­

terminal octarepeat region of the protein (Hornshaw et al., 1995;

Homshaw et aL, 1995; Stockel et aL, 1998), May indeed serve as a
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structural cofactor in that it restored the binding activity of a

purified fraction of PrP-AP.

Our findings strongly implicate the N-terminus of prpe as a crucial

element of the protein which may be essential ta its normal function.

Analysis of this region of the protein has been somewhat neglected

due to its apparent lack of involvement in prion diseases. The scrapie

isoform, PrPSe, is known to have a protease resistant core, where

approximately 60-70 N-terminal amino acids are lost upon protease

treatment, without any observable alteration in infectivity. A

truncated construct expressed in scrapie infected N2A neuroblastoma

cells demonstrated that prpe devoid of 66 N-terminal amino acids

can still give rise to PrPSe, although infectivity was not determined

(Rogers et aL, 1993). Prion knockout mice made transgenic for PrP

lacking 26 or 49 amino-proximal amine acids were equally

susceptible to disease induction as knockout mice transgenic for

wild-type PrP, with similar accumulations of PrPSe (Fischer et al.,

1996). The N-terminus of Prpe thus seems to be dispensible for its

conversion to PrPSe and its role in prion disease.

However, studies on the post-translational processing and

endocytosis of chicken PrP (chPrP) point to a role for the N-terminal

region in the normal function of Pepe (Harris et aL, 1996). It was

observed that, in N2A neuroblastoma cells transfected with chPrP,

ovec half of the chPrP Molecules on the cell surface al steady state

are cleaved within an N-terminal region of 24 amine acids that is

idenlical in chicken and mouse Prpe. Immunoblots of conditioned

media from these cells revealed the presence of two fragments of 10
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and 30 kDa corresponding to the cleaved region (Harris et al., 1993).

Additionally, the N-terminus was reported to be important for

proper localization of chPrP to clathrin-coated pits at the cell surface,

and for its subsequent internalization (Shyng et aL, 1995). These

experiments have led Harris and colleagues, much as ourselves, to

postulate the existence of a receptor that would interact

preferentially, if not exclusively, with the N-terminus of Prpe (Harris

et aL, 1996).

The existence of a cell surface binding activity for prpe is confirmed

by our studies for PrP-AP. The lack of multiple saturation plateaus in

the interaction suggest a single type of receptor. Although Prpe has

been shown to interaet with various glycans and has the heparin

binding sequence motif (XBBXBX, where B= basic amino acid and X=

other amino acids, (Cardin and Weintraub, 1989» at the N-terminus,

abrogation of PrP-AP binding by pretreatment of the target cells

with trypsin implicates a protein companent. The two findings are

not mutually exclusive, implying that the receptor for Prpe may he a

proteoglycan.

Regardless of the nature of the receptor, it is elear that the N­

terminus of Pepe is necessary for the interaction and the apparent

protease sensitivity of this region raises the interesting possibility

that an N-terminal fragment may aet as a soluble ligand, once

released from the PrP core, for activation of ils cognate receptor or

competition with cell-bound Prpe.
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Although recent structural studies of Prpc have determined that the

N-terminal polypeptide is a flexible random coil (Donne et al., 1997;

Homemann et aL, 1997; Riek et aL, 1997), our data suggest that

copper May confer a preferential binding conformation to this highly

conserved domain. Indeed, copper has been shown to be coordinated

by two histidine residues and two glycine carbonyl oxygens in the

ocatapeptide repeat region and May impart a more rigid and

organized structure to the N-terminus than has been implied from

NMR analysis (Stockel et aL, 1998). The reduced copper content in

brain tissue from PrP null mice led to the hypothesis that cell surface

prpe May be a copper binding protein in vivo involved in the supply

or regulation of copper ion (Brown et aL, 1997). By extension of this

hypothesis, we propose that binding of copper to Prpc changes the

conformation of, minimally, the N-terminus and thus permits

interaction of Prpc·Cu 2+ with its receptor. If this interaction oeeurs ln

eis, that is on the same cell, then internalization of the eomplex

follows, presumably for uptake of copper. Potentially, this interaction

could also occur in trans, with the receptor and prpe on different

cells, by the release of either the copper hound N-terminus by

protease cleavage or of the prpe holoprotein by PIPLC.

Given the importance of copper for normal enzymatic funetion and

cellular metabolism, one would assume that a receptor for a copper

binding proteio wouId have wide, if oot ubiquitous, tissue

distribution much like prpe itself. Our data support this contention, in

that ail cell types examined bind PrP-AP to some degree.

Interestingly t the muscle cell lines 08 and C2C12 exhibit the highest



•

•

•

96

degree of binding , perhaps reflective of the level of receptor

expression in vivo. High level expression of PrP transgenes in both

wild type and PrP null backgrounds led to pronounced hind limb

paresis due to an impressive mitochondrial myopathy (Fischer et aL,

1996; Westaway et aL, 1994). Notably, the distribution of pathology

was much more restricted than the distribution of protein

expression, suggesting that the disease effect was transduced by a

different Molecule -- perhaps a prpe binding protein which is

highly expressed in the cells affected by the myopathy.

Our results indicate that prion protein May indeed have a cell surface

reeeptor and that interaction with this receptor is dependent upon an

intact and copper bound N-terminal region. It will be of great

interest to understand the identity of this reeeptor and the purpose

of the interaction, as it is beeoming increasingly clear that the normal

biologieal function of the prion protein has many implications for its

role in disease mechanism.



•

•

97

Materlals & Methods

Production of AP fusion proteins

CMVISEAP and PrP-AP were constructed and produced as previously

described (see chapter 3). For metabolic labelling and

immunoprecipitation, 24 hours post-transfection, COS-7 cells were

rinscd with methionine free DMEM (GIBCO, Burlington, Ontario,

Canada) and incubated overnight with 100 uCi/ml of Tran3sS-Label

(leN, Montréal, Québec, Canada) in methionine free DMEM

supplemented with 2% dialyzed FBS. Supernatants were harvested,

centrifuged at 12000 x g and labelled AP fusion proteins were then

immunoprecipitated with a monoclonal antibody to against human

placental AP (Medix Biotech, San Carlos, CA).

Quantitative cell surface binding and peptide bJocking

Quantitative cell surface binding assays were performed as

previously described (see chapter 3). For Scatchard analyses,

conditioned media was concentrated in an ultrafiltration cell

(Amicon, Oakville, Ontario, Canada) and dilutions were made with

HBHA (Hank' s balanced salt solution with O.S mg/ml BSA, 0.1 %

sodium azide, and 20 mM HEPES pH 7.0). CeUs were then washed

four limes with HBHA, lysed and assayed colorimelrically for bound

AP activity.

For the peptide blocking experiments, peptides were resuspended at

1 mg/ml in PrP-AP conditioned media, and the binding assay was

carried out as previously described.
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Purification of PrP-AP

Phosphonate gel (L-histidyldiazobenzylphosphonic acid, Sigma, St­

Louis, MO) chromatography was used for PrP-AP purification.

Conditioned media were dialyzed against phosphonate binding buffer

(pbb; 0.01 MMES pH6.0, O.IM NaCI, 1.0 mM MgCl2, 0.1 mM ZnCI2) and

loaded onto the phosphonate gel column. The loaded column was

then washed successively with pbb containing 0.3 M NaCI, pbb

containing 0.9 M NaCI, and 0.01 M MES pH 6.0, 0.3 M NaCI, 0.01 M

EDTA, 0.05 PO... The column was then eluted with 0.01 M MES pH 6.0,

0.8 M NaCI, 0.01 M EDTA, 0.05 PO... The eluate was then dialyzed

against 0.01 M Tris pH 8.0, 0.1 M NaCI, 1.0 mM MgCI2• 0.1 mM ZnCl2

to eliminate free P04 and restore the necessary divalent cations for

AP function .

Flow cytometry

Rabbit polyclonal anti-prion peptide antibodies were a kind gift of

Ors P. Piccardo and B. Ghetti, Indiana State University. The peptides

used were derived Crom the human prion sequence (Genbank

accession number M13899) and included the following: 23-40, 58­

71, 90-102, 95-108, 109-112, 151-165, 168-178, 178-188, 182-196,

and 220-231.

For immunofluorescenee staining, CEM human T lymphoma cells

were first incubated on ice for 30 minutes in PBS supplemented with

10% normal goat serum to black non-specifie binding. CeUs were then

stained with the polyclonal antibody panel fol1owed by a goat anti­

rabbit fluorescein isothiocyanate (FITC) conjugate (Jackson

Immunoresearch, West Grove, PA), each for 30 minutes on ice.
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Samples were analyzed on a FACSCAN f10w cytometer using LYSYS II

software (Becton Dickinson, Saint-Laurent, Québec, Canada) .
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Figures

Figure 4.1: Expression of SEAP and PrP-AP

COS-7 cells were transfected with either unfused SEAP or PrP-AP

fusion protein expression plasmids. CeUs were matabolically labeled

with 35S-methionine for 16-18 hours and the supernatants harvested

and immunoprecipitated with a monoclonal antibody against human

placental AP. Samples were separated on a 10% polyacrylamide gel

and imaged with a Phosphorimager.
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Figure 4.2A: PrP-AP binds to a wide spectrum of cell lines

Cell lines were treated with either SEAP or PrP-AP containing

supernatants, washed, lysed, and assayed colorimetrically for hound

AP activity. Each column shows the Mean and range of values for two

determinations.

2B: Scatchard analysis of PrP-AP binding

08 cells were incubated with the indicated concentrations of PrP-AP,

washed, lysed and assayed colorimetrically for bound AP activity .

/nsel Scatchard plot of the specifie binding data, giving a calculated

Kd of 25 nM with 1.5 x lOs sites per cell .
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Figure 4.3: Trypsin pre-treatment of COS-? cells ablates PrP-AP

binding

COS ...7 cells were resuspended by titration and treated or not with a

0.25% trypsin solution for 15 minutes al 37°C. Cells were then

washed twice with serum containing medium to inactivate trypsin

and assayed for PrP-AP binding as described.
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Figure 4.4: Truncated forms of PrP-AP show loss of binding activity

PrP-AP was immunoprecipitated from aliquots of two different

batches of supernatant using an anti-AP monoclonal antibody.

Samples were separated on a 10% polyacrylamide gel and stained

with Coomassie blue. G8 cells were then assayed for PrP-AP binding

using the two different supernatants. Loss of binding activity is

observed from the supernatant containing the lower molecular

weight form of PrP-AP. SEAP (background) binding is shawn by

dashed line .
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Figure 4.5: Truncation of N-terminus in lower molecular weight

PrP-AP

Supernatants described in Figure 4 were immunoprecipitated with

either an anti-AP monoclonal antibody (lanes 1 and 3) or a

polyclonal sera directed against N-terminal amino acids 23-40 of PrP

(lanes 2 and 4). Samples were separated on a 10% polyacrylamide gel

and stained with Coomassie blue. The truncated form of PrP-AP

cannot be immunoprecipitated with the polyclonal sera, indicating

that the N-terminus of the protein is absent.
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Figure 4.6: Surface topology of cell surface Prpe

CEM T lymphoma cells were stained with a panel of anti-PrP peptide

polyclonal sera and analyzed by tlow cytometry. An Emini surface

probability plot (top) is compared to surface epitopes as determined

by tlow cytometry (bottom). Positive or negative staining is denoted

by +/.. for the corresponding peptide. Amino acid positions are

shown in the center.
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Figure 4.7: A prion N-terminal peptide blocks PrP-AP binding

An Il-mer peptide corresponding to amino acids 23-33 of PrP was

added to PrP-AP containing supernatant to a final concentration of 1

mg/ml. COS-7 and GB cells were then treated with SEAP, PrP-AP or

PrP-AP + peptide supernatants and assayed for bound AP activity .
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Figure 4.8: Copper restores binding of intact but not of N-terminally

truncated purified PrP-AP

N-terminally truncated or intact PrP-AP was purified using

phosphonate gel chromatography, as described. Binding to 08 cells

was then assayed in the presence or absence of 1 mM Cu2
+ •
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Following the characterization of the binding of PrP-AP to the cell

surface, we decided to identify this putative receptor. Given the near

ubiquitous expression of the binding activity on the cell lines

assayed, we had to develop an expression cloning system other than

the ones traditionally used. This chapter describes this novel

methodology and the results of the expression cloning screen.
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Contributions of addltional authors

Ms. Margit Gayle was instrumental in instructing me on how to

construct the expression Iibrary used in this study. She also

performed the final sequencing of the isolated clones. Dr. Eustache

Paramithiotis aided in the injection of Xenopus oocytes for the

screening of the library .
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Summary

The normal cellular isoform of the prion protein Prpe is an

evolutionarily weil conserved surface glycoprotein of unknown

function, linked to the outer leaflet of the membrane via a

glycosylphosphatidyl-inositol (GPI) anchor. We have previously

demonstrated the widespread expression of a high-affinity cell­

surface binding activity for PrP using a prion-alkaline phosphatase

fusion protein (PrP-AP). To seek the identity of this potential

receptor we constructed a cONA library derived from the mouse

myoblast line G8, which expressed an abundance of PrP-AP binding

activity and performed expression cloning using a novel Xenopus

oocyte system. Two clones of interest were identified from a pool

that conferred binding to injected oocytes: protocadherin 2 (PC2)

and cadherin Il. Injection of the isolated PC2 clone but not the

cadherin Il clone conferred significant binding to oocytes. We

propose that members of the protocadherin family may interact with

PrP at the cell surface.
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Introduction

The prion protein is best known as the infectious agent responsible

for a class of neurodegenerative diseases known as the transmissible

spongiform encephalopathies (TSEs). The pathology of TSEs is

characterized by neuronal loss, spongiform change, gliosis, and

accumulation of the abnormal, protease-resistant form of the prion

protein, Prpsc:. The prevalent 'protein-only hypothesis' of prion

disease proposes that Prpsc: is derived from the normal cellular prion

protein, Prpc, and that the pathogenic form can 'replicate' by

converting the normal protein to the abnormal (Prusiner, 1991).

Although the role that Prpsc: plays in disease has been extensively

characterized, the function of the normal prion protein is unknown.

The presence of prpe on the cell surface of a wide variety of tissues

suggests that it may interact with other molecules on the surface of

the same or adjacent cells. Work by Harris and colleagues has

implied the existence of a 'receptor' for Prpc, responsible for the

internalization of the protein through clathrin-coated pits (Shyng et

aL, 1994; Shyng et aL, 1995). Prusiner and colleagues have suggested

that a prion binding protein, dubbed 'protein X', modulates the

efficiency of disease transmission in transgenic mice models (Telling

et aL, 1995).

Severa} candidate proteins have been proposed as PrP binding

proteins (Martins et aL, 1997; Oesch et al., 1990; Rieger et aL, 1997).

Although these proteins may interact with PrP in sorne fashion, none
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fully satisfy the requirements of a widely expressed, high affinity

cell surface receptor. We previously determined that a prion-alkaline

phosphatase fusion protein (PrP-AP) bound specifically and with

high affinity to the surface of a wide variety of cell lines (chapters 3

& 4). This binding activity involved a protein component, since

protease treatment of target cells virtually ablated binding (chapter

4).

Our objective in this study was to identify the protein(s) with which

PrP-AP interacts with high-affinity. The 08 myoblast cell line had

been previously shawn to express high levels of binding activity and

was therefore used to construet a cDNA expression library. Oiven the

near ubiquitous binding of PrP-AP ta cell lines, we developed a novel

expression cloning screen using Xenopus oocytes, which exhibit little

to no binding activity. We identified two clones of interest from a

pool that conferred binding ta injected oocytes, coding for

protocadherin 2 and cadherin Il. Re-injection of the isolated clones

demonstrated that only the protocadherin 2 clone conferred

statistically significant binding to oocytes. These results suggest that

one or more members of this large superfamily May interact with

PrP al the cell surface.
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Results

Conventional approaches to expression cloning require the use of cell

lines that are easily grown, transfect weil, and express high levels of

the target proteins. In addition, the cells must not express the

Molecule to he cloned, allowing the transition from negative to

positive expression upon transfection of the appropriate ONA. This

caveat precluded our use of ail the cell lines traditionally used for

this technique, given the widespread expression of the receptor for

PrP (see Chapters 3 & 4).

We therefore developed a novel expression cloning methodology

using Xenopus oocytes, which possess liule or no intrinsic PrP·AP

surface binding activitY. Xenopus oocytes are most often used for ion

channel studies since they can be microinjected with target ONA or

mRNA and assayed electrophysiologically following protein

expression. We adapted this technique for use with cell surface

detection using the PrP-AP fusion protein. An oulline of the

methodology is depicted in Figure S.l.

We constructed a random-primed cONA plasmid library from the G8

myoblast cell line, which had been previously shown to express high

levels of the PrP receptor (Chapter 4). Plasmid DNA, derived from

pools of approximately 2000 clones, was then linearized for in vitro

transcription and capping. The resulting mRNA was microinjected

into oocytes which were then allowed to recover for a 48 hour time

period, previously determined ta be optimal for protein expression
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using the Elf-1/Mek4-AP ligand receptor pair (see below). Injected

oocytes were then assayed colorimetrically for PrP-AP binding using

an adaptation of the previously described protocol (described in

Methods).

For each experiment, the negative control consisted of oocytes umock

injected" without mRNA. Positive controis were provided by oocytes

injected with mRNA prepared from an Elf-l plasmid clone and

detected using a Mek4-AP fusion protein (kind gift of Dr. J.G.

Flanagan, Harvard, Cheng and Flanagan, CeU 1994).

Given our previous observations concerning copper as an essential

co-factor for the interaction of PrP with its receptor, we performed

the binding assays with PrP-AP both in the presence and absence of

1 mM CuS04. Figure 5.2 shows the results of a typical round of

screening, including positive and negative controls.

As seen in Figure 5.2, pool #35 conferred binding ta PrP-AP which

was enhanced in the presence of copper. Subsequent iterative

dilution of pool 35 disclosed that clone 6, encoding a fragment of the

mouse homologue of protocadherin-2 (PC2) was responsible for the

preponderance of binding conferred by this pool. Clone 7, encoding a

fragment of the mause homologue of cadherin Il (Cadi 1), was also

found to confer moderate binding of PrP-AP to injected oocytes.

However, multiple injection experiments determined that the binding

seen with cadherin Il was not statiscally significant (Figure 5.3).
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Discussion

ln this study, we have used a novel expression cloning strategy

based on Xenopus oocytes to identify a candidate cell-surface

receptor for the normal cellular isoform of the prion protein, Prpe .

We identified one clone which conferred statistically significant

binding of PrP-AP upon microinjection into oocytes: protocadherin 2.

Our data suggest that protocadherin 2 and potentially other members

of this large superfamily of molecules may play a raie as PrP

interacting proteins in addition to their proposed cell-cell adhesion

function.

The cadherins were initially recognized as calcium-dependent,

homophilic cell-cell adhesion Molecules, collaborating with other

adhesion molecule families (including the integrins, immunoglobulin

family adhesion Molecules, and the selectins) in cell-cell recognition

and adhesion phenomena in developmental formation and

maintenance of tissues (reviewed in (Suzuki, 1996». The cadherin

superfamily comprises a diverse group of proteins defined by

possession of extracellular "cadherin motifs" (-110 amino acids),

which fald into repeated domains sharing sorne tertiary structural

features of the immunoglobulin fold. By contrast, the cytoplasmic

domains of the cadherins markedly diverge, reflecting in part the

widely differing functions of these molecules. Sequence

considerations suggest that the cadherin superfamily can be

considered as at least two sub-superfamilies: the classical cadherins

and the protocadherins.
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The "classicaln cadherins are a family of relatively tissue-specifie

moleeules that Mediate eompaction in early embryogenesis, cell-cell

adhesion in development and maturity, and neurite extension, in

addition to Many other known activities (reviewed in (Suzuki,

1996». Classical cadherin efrects are thought to he mediated by

attachment of the conserved intracellular domain to the catenins,

which in turn bind to the cytoskeleton (Figure 5.4) (Hirano et aL,

1992) .

The protocadherins have proven more mysterious than the classical

cadherins. They are a large, incompletely characterized group of

proteins with homology to classical cadherins through possession of

extracellular cadherin domains. However, the cytoplasmic domains of

sorne family members diverge markedly from those of the classical

cadherins, suggesting an interaction with cytoplasmic proteins

different from the known catenins (Figure 5.4). The protocadherins

May thus have specialized signalling roles distinct from those of the

classical cadherins (Sago et aL, 1995). Additionally, the EC 1 binding

motif of the classical cadherios, responsible for the caleium­

dependent homophilic adhesion, is absent from the characterized

protocadherins. Indeed, transfection of sorne protocadherins in model

cells does oot appear ta confer calcium dependent adhesive

interactions as observed with classical cadherins (Obata et al., 1995;

Sano et aL, 1993). Thus, the natural ligand(s) for sorne of the

protocadherins are proposed to he heterophilic and currently

unknown. It is possible that our screen has identified PrP as 5uch a

ligand.
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Several proteins have been proposed to interact with PrP, although

many are not integral membrane components and thus not likely to

constitute true receptors (Oesch, 1994; Yehiely et al., 1997). Recently,

two reports have claimed the identification of a receptor for PrP, one

being an unknown neuronal protein of 66 kDa and the other the 37

kDa laminin receptor precursor (LRP) (Martins et aL, 1997; Rieger et

al., 1997). However, neither study provides a measure of the affinity

of the proposed interaction or an indication of the functional domains

involved. Additionally, the tissue distributions of these proposed

receptors does not correlate with that of Prpe, which would he

expected of a cognate receptor. Notably, the 37 kDa LRP is absent

from muscle, whereas we have previously found muscle cell lines to

have very high receptor expression.

It is difficult at this point to reconcile the non..complementary data,

given the large discrepancies and lack of functional analyses. The

possibility exists that PrP interacts with several different cell-surface

proteins, although our previous work suggests that the high-affinity

interaction observed with PrP-AP is limited to a single receptor type.

The cadherin/protocadherin family present an attractive option as

receptors for PrP given their binding of PrP-AP and their high level

of expression in the nervous system as well as a wide variety of

peripheral tissues. However, il remains to he determined if one or

any of these Molecules represent a true functional, high affinity

receptor for the normal cellular isoform of the prion protein.
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Materlals " Methods

Construction of expression library

Total RNA was extracted from 08 cells using Trizol reagent (Oibco

BRL, Burlington, Ontario, Canada). An oHgo dT cellulose column

(Pharmacia, Baie D'Urfé, Québec, Canada) was then used for isolation

of mRNA. rnRNA was reverse-transcribed to cDNA using the

TimeSaver cDNA kit (Pharmacia, Baie D'Urfé, Québec, Canada)

according to the manufacturer's instructions. The cDNA was then

blunted with T4 DNA polymerase (Gibco BRL, Burlington, Ontario,

Canada) and ligated to BamHI adaptors. Unligated adaptors were

separated from adaptored cDNA by S·1000 resin (Pharmacia, Baie

D'Urfé, Québec, Canada) chromatography. The resulting cDNA was

ligated into BamHI digested pCDNA3.1 (Invitrogen, Carlsbad, CA),

transformed by electroporation ioto E.coli, titrated and plated out at

approximately 2000 clones/pool. The average insert size was

determined to he approximately 1.5 kb.

AP fusion proteins

The construction and expression of the PrP-AP fusion protein was

carried out as previously described. The Mek4-AP expression

plasmid (kind gift of Dr. J.G. Flanagan, Harvard) was used to generate

MEK4-AP conditioned media in identical fashioo.

Oocyte preparation

Adult female Xenopus frogs (Boreal, Edmonton, Alberta, Canada)

were anaesthetized using 0.2% tricaine methanesulfooate (Sigma, St-
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Louis, MO) in water. Sroall portions of the egg sacks were removed

following a minor surgieal incision in the lower abdomen. Egg sacks

were placed in a collagenase solution (50 mg collagenase type 1 in 10

mis of 1 x Barth' s saline solution (88 mM NaCI, 1 mM CaCI2, 0.82 mM

MgS04, 2.4 NaHC03, 5 mM Tris·HCI pH 7.4, 1 mM NaPyruvate» and

lightly shaken for 3 to 4 hours for dissociation. Oocytes were tben

placed in defolliculation solution (100 mM KCI, 2.5 mM MgCI2, 4 mM

K2HP04, 6 mM KH2P04, 1 mM EGTA, 1% BSA, pH 6.5) for la minutes

and triturated gently using a eut and polished pasteur pipet. Oocytes

were tben returned to 1 x Barth' s saline and allowed to recover for

24 hours.

Preparation of mRNA and injection

Plasmid pools were linearized by overnight digest with Notl

restriction enzyme, followed by ethanol precipitation. mRNA was

transcribed in vitro using the Message Machine kit (Ambion, Austin,

TX) according to the manufacturer's instructions. Oocytes were

prepared for injection by al0 minute saak in 2x Barth' s saline, to

allow easier retention of the injection volume. Oocytes were

returned to 1x Barth' s saline and injected with 50 ni of mRNA

solution using a Nanoliter lnjector (World Precision Instruments,

Sarasota, FL). Injected oocytes were allowed to recover for 48 hours

and assayed for binding activity as described below.

Screening of oocytes for PrP receptor expression

Injected oocytes were harvested inta a 24 weil plate, al lOto 20

oocytes per weil, equal numbers per duplicate. Damaged oocytes
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were discarded. Oocytes were rinsed once with 1x phosphate

buffered saline (PBS), and then incubated with the appropriate

conditioned media for 4 hours at room temperature. Incubations

with PrP-AP containing conditioned media were done with and

without the addition of 1 mM CuS04 •

Following the incubation, oocytes were collected iota 1.5 ml

microfuge tubes and washed six times by gentle shaking with cold

HBHA buffer (Hank's balanced salt solution with 0.5 mg/ml BSA, 0.1 %

sodium azide, and 20 mM HEPES, pH 7.0). Excess HBHA buffer was

aspirated, oocytes were triturated in Triton X-IOO lysis buffer,

vortexed and extracted on ice for 15 minutes. Extracts were

centrifuged at 12000 x g for S minutes and supernatants transferred

ta a new tube. Extracts were heat inactivated at 65 oc for 15 minutes

(to inactivate endogenous phosphatase activity) and re-ceotrifuged

as above. Extracts were then assayed colorimetrically for alkaline

phosphatase activity using the BCIP reagent (Kirkegaard & Perry,

Gaithersburg, MD). Samples were read at OD 620 Dm in an ELISA

plate reader.
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Figures

Figure S.l: Methodology of expression cloning ln Xenopus

oocytes

•

•

Schematic representation of the novel expression cloning strategy

developed for expression clooing of Prp·AP binding proteins in

Xenopus oocytes
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Figure 5.2: Expression screening in Xenopus oocytes
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•

Plasmid pools were linearized t in vitro transcribed, and the resulting

mRNA microinjected ioto prepared Xeoopus oocytes. Injected oocytes

were allowed to recover for 48 hours for optimal protein expression

and were the assayed for PrP-AP binding as described. Binding

assays were done in the presence and absence of 1 mM CuS04 • Mock

injected oocytes are used as negative control.Positive control is

provided by oocytes injected with Elf-l mRNA and assayed with

Mek4-AP .
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Figure 5.3: Protocadherin 2 confers PrP-AP binding to

Xenopus oocytes
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•

Isolated clones of protocadherin 2 and cadherin Il were injected into

Xenopus oocytes and assayed for PrP-AP binding as described. Only

protocadherin 2 conferred statistically significant binding to injected

oocytes .
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Figure 5.4: Schematic representation of cadherin and

protocadherin structure

148

•

Classical cadherins are composed of five Extracellular Qldherin

repeats (EC 1·5). EC 1 appears to contain the homophilic cell adhesion

domain. Classical cadherins exert their function by association with a

and 13 catenins. The protocadherins do not have an ECI repeat and

associate with uncharacterized cytoplasmic molecules .
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Cbapter 6

Summary & Conclusions

The data presented in the context of this thesis has focussed on the

expression, regulation and function of the normal cellular isoform of

the prion protein, Prpc . We have shown that human bone marrow

stem cells express Prpc , and that Prpc is then downregulated upon

differentiation along the granulocyte Iineage, in· contrast with the

lymphocyte and monocyte lineages. This in vivo observation was

reproduced using an in vitro system of granulocyte lineage

differentiation in HL..60 cells. Additionally, the lack of expression of

CD 15 by lymphocytes strongly suggests the existence of cell-specific

glycoforms of Prpc .

Development of a soluble, alkaline phosphatase tagged form of Prpc,

dubbed PrP-AP, has allowed us to determine that PrP can interact,

with specificity and high affinity, with a protein-based determinant

on the surface of a multitude of cell lines. We have shown that the N­

terminus of Prpc is intimately involved in this interaction. Binding

inhibition studies using synthetic peptides allowed us to map the

binding site to the first Il amino acids of the N-terminus. We have

also demonstrated that copper enhances binding of purified and

demetalated PrP-AP.

Our desire to determine the identity of this potential receptor for PrP

led to the development of a suitable expression cloning strategy. We

found that Xenopus oocytes express little to no binding of PrP-AP
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and were thus suitable 'hosts' for our expression screen. We had

previously shown that the 08 myoblast cell line expressed high

levels of binding activity. This cell line was therefore used to

construct a cDNA expression library. We identified a positive pool

which contained two candidate clones of interest, coding for

protocadherin 2 and cadherin-ll. Upon re-injection of isolated

clones, only protocadherin 2 (PC2) conferred PrP-AP binding to

oocytes.

These data address several aspects of prion protein biology. Although

tight regulation of prpe expression at the transcriptional level has

been previously observed, little is known of the transcriptiona!

elements involved. Our studies in the granulocyte lineage provide a

simple in vitro system for the further analysis of the regulation of

the PrP gene. In addition, understanding the reason for the observed

down regulation in granulocytes may help elucidate the function of

PrP.

Our observation that bone marrow stem cells and certain leukocytes

express Prpc is also of consequence for prion disease. Since

expression of Prpc is a prerequisite for PrPSt replication, selected

bone marrow cells and leukocytes may support this replication

process. This is of concern regarding the risk of transmissibility of

prion disease in such Medical procedures as bone marrow transplant

and blood transfusions. Additionally, the differential expression of

the CDIS (SSEA-l) carbohydrate moiety suggests that all Prpc May

not he glycosylated in the same fashion. Prpsc has been found to have
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a high proportion of its N-linked glycan chains terminated with CDIS

(Endo et al., 1989). The lack of CDIS on lymphocytes precludes its

presence on Pepe expressed by these cells. Differences in

glycosylation have recently been implicated in the pathologieal

patterns associated with different prion 'strains' (DeAemond et al.,

1997). Thus cell-specific glycoforms may determine cellular

susceptibility to infection by the variants of the prion agent.

Although the function of PrP is unknown, its regulated presence on

the cell surface strongly suggests a role in cell adhesion, signalling, or

uptake of extracellular ligands, ail of which imply interactions with

other molecules. Our data substantiate the existence of a potential

high-affinity receptor for PrP. We have also determined that the N­

terminus of PrP is essential for receptor binding. Given that the very

N-terminus of the protein is most probably the binding site, the

proper presentation of this small polypeptide domain would be

crucial in regulating interaction with the receptor. Our findings that

addition of copper to a purified fraction of PrP-AP restores binding

activity suggests that this metal ion may play a role in conferring a

favourable binding conformation to this domain. It has been shown

that binding of copper to the octapeptide repeats of PrP induces a

shift from the random coil predicted for this region, although Miura

et al. report the formation of an Œ-helical structure in contrast to the

p-sheet demonstrated by Stocke} and colleagues (Miura et aL, 1996;

Stocke} et aL. 1998).
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If copper regulates the interaction of prpe with its receptor, it is

therefore possible that these two Molecules act in concert to regulate,

either directly or indirectly, intracellular and extracellular levels of

this metal ion. The receptor/Prpc/copper complex could be

internalized, contributing directly to the intracellular pool of copper.

Harris and colleagues have demonstrated that endocytosis of chicken

Prpc depends on the presence of an intact N-terminus (Shyng et aL,

1995). They have suggested the existence of a receptor that interacts

with this domain and targets PrP to clathrin pits for internalization

(Harris et aL, 1996). Alternatively, the formation of this tripartite

complex could serve as a copper sensing mechanism, relaying the

information by transduction of an intracellular signal through the

receptor, Prpe, or both. Our laboratory has shown that antibodies to

Prpe can modulate lymphocyte activation, implying an association

with a signal transduction pathway (Cashman et aL, 1990).

Our proposai that protocadherin 2 and other protocad family

members may be a high-affinity receptor for Prpe is also consistent

with the latter option. The cytoplasmic domain of the protocadherins,

different from that of the cadherins, has recently been shawn to

interact with several uncharacterized cytoplasmic proteins (Sago et

aL, 1995), suggesting the association with novel signal transduction

machinery. Additional evidence in the favour of protocadherins as

receptors for PrP cornes from their widespread expression. The other

recently proposed PrP receptor candidates show a tissue distribution

that does not entirely reflect PrP distribution (Martins et aL, 1997;

Rieger et al., 1997). Although a role in cell adhesion has been
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proposed for the protocadherins, this activity is very weak relative

to the classical cadherins. Along with the signal transduction

potential, this suggests that this large, incompletely characterized

family of proteins may have a novel function that we propose to be

interaction with PrP.

As a final synthesis of the literature and work contained herein, 1

propose a plausible, although highly speculative, model of the

mechanisms at play in prion disease.

This model posits that:

1) Prpc interacts with a cognate receptor, which May he PC2 or a

family member, and that this interaction serves to regulate normal

copper metabolism.

2) Interaction of Prpc with the disease isoform Prpsc, disrupts copper

metabolism, which contributes directly to the pathology observed in

the spongiform encephalopathies.

The proposaI that Prpc plays a raie in regulation of copper

metabolism is reinforced by the observation that brains of PrP null

mice have a reduced copper content (Brown et aL, 1997a). Cell

cultures from these animais exhibit lower levels of copper/zinc

dependent superoxide dismutase (Cu/Zn SOD.. I) enzyme activity as

weil as altered electrophysiological responses in the presence of

copper (Brown et al., 1997b; Brown et aL, 1997a). Additional

circumstantial evidence comes from neuronal expression of Prpc,

which is highly concentrated in the synaptic cleft. High amounts of

copper are released at the synapse during depolarization and are
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taken back into the cell by a high affinity copper binding process,

perhaps provided by Prpc and ilS receptor.

If Prpc and its receptor regulate copper metabolism, how could this

function be involved in prion diseases, and what is the role of PrPSC?

During the disease process, Prpsc 'recruits' Prpe to generate an

increasingly larger pool of Prpsc, accumulating up to several ug per

gram of brain tissue in rodents at end stage disease. Conversion of

prpe to Prpsc May effectively remove functional Prpc from the cell

surface. This loss would disrupt the cell' s ability to efficiently

regulate levels of free and intracellular copper and thus copper

dependent functions, such as Cu/Zn SOD-l and amine oxidases.

Defective copper regulation May be in and of itself toxic to the

central nervous system. Treatment of rodents with cuprizone, a

copper cbelator, bas revealed a pathology very similar to that of

spongiform encepbalopathies with extracellular vacuolation in

cerebellar white matter and astrocytic hypertrophy (Kimberlin et aL,

1974; Pattison and Jebbett, 1971).

However, Prpsc: may accelerate the process of neuronal damage by

acting through microglial cells. Prpsc has been shawn to activate

microglia via a non-specifie, non-Prpe dependent mechanism (Giese

et aL, 1998). These cells then respond by producing reactive oxygen

species (ROS). If, concurrently, Prpsc causes a net loss of Prpe from

neurons, one can envision a feed forward loop where accumulation of

Prpsc iDcreases ROS production by microglia, and prpe depleted

neurons become increasingly more sensitive to damage by ROS.
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Accumulation of free radical damage causes cells to undergo

apoptosis, which has been observed to occur in neurons from both

scrapie infected animais and fatal familial insomnia affected humans

(Dorandeu et aL, 1998; Giese et al., 1995). The disease process

continues to progress inexorably until the extent of neuronal damage

exceeds the capacity to support life functions.

This model also applies to observations in genetically manipulated

mice. In PrP null mice, Prps<: cannot replicate (Bueler et al., 1993) and

the original inoculum May be insufficient to activate microglia to any

significant extent, with no progression of disease. Mice expressing N­

terminally truncated forms of Prpc are susceptible to disease (Fischer

et al., 1996). These animaIs may be functional PrP knockouts with

respect to the ability to bind copper. Their neurons would therefore

be more sensitive to free radical damage, as has been shown in the

PrP null mice (Brown et aL, 1997b). Prpsc, which has been reported to

interact with a central portion of Prpc (Kaneko et aL, 1997; Telling et

aL, 1995), would still bind and convert these truncated isoforms to

Prpsc. The ensuing accumulation of the abnormal isoform wouId

result in activation of microglia and production of ROS, which would

be highly damaging to the more sensitive neurons of these animais.

Thus Prpe may serve to regulate cellular copper metabolism, and that

10ss of this function in disease, in addition to potential gain of

function by Prpsc, is a major cause of disease pathology.
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