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Abstract. We review the historical background and principles of the prion

theory in its current shape. We showed that most of data may be still

interpreted dually according to the protein only hypothesis and according to

the theory in which additional component is necessary to comprise the

infectivity. The enormous impact of structural biological studies is also

stressed.
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INTRODUCTION

The transmissible spongiform encephalopathies

(TSEs) or prion diseases are a group of neurodegenera-

tive disorders which include kuru (Fig. 1) (Gajdusek et

al. 1996), Creutzfeldt-Jakob disease (CJD) (Gibbs et al.

1968), Gerstmann-Sträussler-Scheinker (GSS) disease

(Masters et al. 1981), and fatal familial insomnia

(Medori et al. 1992 a, b) in man, natural scrapie in sheep

(Fig. 2), goats (Cuille and Chelle 1938, Dickinson 1976)

and mufflons (Wood et al. 1991), transmissible mink

encephalopathy in ranch-reared mink (Burger and

Hartsought 1964), chronic wasting disease of mule deer

and elk in the USA (Williams and Young 1980, 1982,

Liberski et al. 2002, Williams and Miller 2002, Haigh et

al. 2002), bovine spongiform encephalopathy or "mad

cow disease" (Wells et al. 1987) and its analogues in

several exotic species of antelopes (Jeffrey and Wells

1988, Fletwood and Furley 1990, Kirkwood et al. 1992,

Cunningham et al. 1993), wild felids in Zoological gar-

dens (Willoughby et al. 1992) and feline spongiform

encephalopathy in domestic cats (Wyatt et al. 1990).

These disorders are caused by a still not completely

understood pathogen variously referred to as a "prion"

(predominantly), "virus" (now used infrequently and

usually with adjectives: slow, unconventional or atypi-

cal), "agent", or "virino". Despite wide acceptance for

the prion theory and its vindication by a Nobel prize

these names still reflect different views on the molecular

structure of the pathogen and, by the same token, our ig-

norance of its nature. The vast majority who prefer to

view this pathogen as composed "predominantly or ex-

clusively" of one pathologically folded protein, PrP, use

the term "prion" (Prusiner et al. 1983, Prusiner 1984,

1987, 1991, 1998); hence the term "prion diseases".

The "virino" hypothesis suggests that the pathogen

is a molecular chimera composed of a still-to-be-dis-

covered nucleic acid and a shell-protein which is

host-encoded (maybe even PrP) (Kimberlin 1982,

1984, 1990, Kimberlin and Hope 1987). The virus hy-

pothesis simply suggests that the pathogen is a

yet-to-be-identified unconventional virus (Diringer et

al. 1991, Diringer 1993). The "unified theory" of

Weissmann (Weissmann 1989, 1991), not totally unlike

the virino theory, suggests that the agent is a molecular

chimera in which PrP
sc

confers infectivity and an un-

identified oligonucleotide specifies strain characteris-

tics.

HISTORICAL BACKGROUND

Scrapie, a disease of sheep and goats has been known

under several names for some 200 years ("rubbers",

"rickets", "goggles", "shakings" "shrewcroft" in Eng-

land, "scratchie", "cuddie trot" in Scotland, "der Trab",

"der Traberkrankheit" lub "die Zitterkrankheit" in Ger-

many, "la maladie convulsive", "la maladie follie", "le

tremblante" "la prurigo lombaire" in France and

"trzêsawka" in Poland). One of the earliest scientific re-
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Fig. 1. A kuru victim who had died a few hours earlier in good

nutritional state; here chronic debility is indicated by deep

decubitus ulcer below her right hip. She is mourned by her

mother. Men and initiated boys rarely participated in the

mourning rite around the corpse, and yet more rarely in dis-

section and preparation of the kuru victim’s flesh for ritual

cannibalistic consumption. Courtesy of Dr D. Carleton

Gajdusek, Paris, France.

Fig. 2. A typical view of scrapie-affected sheep. Courtesy of

Dr Richard H. Kimberlin, SARDAS, Edinburgh, Scotland.



ports on scrapie had been published in the "Agricultural

Improvement Society at Bath" (later changed to "Bath

and West Society") (anonymous, 1788) and, as a para-

graph in the "General View of the Agriculture of

Wiltshire" published by Thomas Davies in 1811

(M’Gowan 1914). In 1848, Roche-Lubin claimed that

scrapie is caused by sexual overactivity of rams or, alter-

natively, by the thunderstorms. M’Gowan (1914) him-

self suggested sarcosporidium as the causative agent.

The first who believed that scrapie ("tremblante") is a

virus disease was Besnoit in 1899 while the transmissi-

ble nature of TSEs had been proved in late thirties by

seminal experiments of Cuile and Chelle (1933, 1936,

1938a,b,c, 1939). The contention that scrapie is an in-

fectious disease caused by a filterable agent was ac-

cepted with a long-lasting scepticism. In 1938, W.S.

Gordon, a deputy director of the famous Moredun Insti-

tute in Edinburgh, Scotland, repeated experiments of

Cuille and Chelle using 697 animals of which some 200

developed scrapie (Gordon 1966, Pattison 1993). The

infectious nature of the scrapie agent was confirmed

inadvarently in 1935, when some 7% of 18,000 sheep

vaccinated against Louping ill developed scrapie

(Gordon et al. 1939, Gordon 1946). Parenthetically, this

vaccine was produced from formalin-fixed sheep brains

and the findings proved that scrapie infectivity could

survive 0.35% of formalin for more than 3 months. The

World War II interrupted scrapie research which had

been continued practically only by D.R. Wilson (1950).

Wilson’s research remained largely unpublished as he

was reluctant to present data on such an unorthodox

pathogen, but the scrapie community had been well aware

on unusual properties of the scrapie agent, in particular, its

high resistance to formalin and high temperature.

Scrapie was transmitted from sheep to mice by Mor-

ris and Gajdusek (1963) and from goats by Chandler

(1961, 1963 a,b,c). This enabled a wide-scale laboratory

research and the production of many whimsical hypoth-

eses with an average frequency approaching one a year

or two. Thus, the infectious agent had been claimed to be

a self-replicating membrane (Hunter and Millson 1966,

Gibbons and Hunter 1967, Hunter et al. 1968, 1976,

Alper 1993) or a subvirus (not well envisaged) linked to

a membrane with a "linkage substance" (Adams 1970,

Adams and Bell 1976), a viroid (Diener 1972, 1987,

Marsh et al. 1974, 1978 a,b, Marsh 1977, Malone et al.

1978, 1979, Diener et al. 1982), a spiroplasma (Bastian

1987) or a retrovirus-like element (Akowitz et al. 1990,

1993, 1994, Taruscio and Manuelidis 1991, Sklaviadis

et al. 1992, Manuelidis 1994). Suffice is to say that none

of these hypotheses could be subsequently substantiated

despite an exhaustive use of all methods of both classi-

cal and molecular virology.

The first TSE in humans was kuru (Fig. 1, 3) discov-

ered by Zigas and Gajdusek (1957). The elucidation of

Kuru opened a new field in human medicine and initi-

ated 40 years of research which contributed enormously

to our understanding of neurodegenerative disorders of

the central nervous system including Alzheimer’s dis-

ease (Lansbury and Caughey 1995, Gajdusek 1996,

Liberski and Gajdusek 1997).

Kuru in the Fore language means to shiver or to shake

from fever and cold. The Fore used the noun of the

Kuru-verb to describe the always fatal disease which

principally affected their children (Fig. 1, 3) and adult

women. It has been and still is restricted to natives of the

Fig. 3. A preadolescent child, totally incapacitated by kuru in

1957. The child had such severe dysarthria that he could no

longer communicated by word, but he was still inteligent and

alert. He had spastic strabismus. He could not stand, sit with-

out support, or even roll over; he had been ill for less than six

months, and died within a few months of the time of photogra-

phy. Courtesy of Dr D. Carleton Gajdusek, Paris, France.
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Fore linguistic group at Papua New Guinea’s Eastern

Highlands and those neighbouring linguistic groups

which intermarry with Fore.

Ritualistic endocannibalism (eating of the relatives as

a part of a mourning ritual but not as an alimentary habit)

was practised not only in the Kuru area but in many sur-

rounding Eastern Highland groups which never devel-

oped Kuru. In the late 1930’s and 1940’s, many gold

miners, Protestant missionaries, and government offi-

cials made contacts with the northern periphery of the

Kuru region, and they and later anthropologists became

thoroughly familiar with the ritual endocannibalism of

Eastern Highland peoples. When the fatal epidemic in

the Kuru region was announced, most of the local Cau-

casians made the obvious assumption it must be spread

by the cannibalism practices.

An alternative explanation, favoured by the native

population, was that Kuru resulted from sorcery

(Lindenbaum 1979). To cause Kuru in a victim, a

would-be-sorcerer must obtain a part of the victim’s

body (nail clippings, hair) or excreta, particularly feces

or urine soaked vegetation, saliva, blood, or partially

consumed food such as sweet potato peelings, or cloth-

ing. These are packed with leaves and made into a "Kuru

bundle" and placed into a swamp. Subsequently, the sor-

cerer shakes the package daily until the sympathetic

Kuru tremor is induced in his victim. As a result, kins-

men of a Kuru victim attempted to identify and subse-

quently kill a suspected sorcerer if they could not bribe

or intimidate him to release a victim from a power of

Kuru spell. As sorcerers were mostly adult men while

Kuru victims were mostly women and children of both

sexes, killing of male sorcerers, identified by rites of

divination, contributed somewhat to maintaining of sex

ratio in the population devastated by the Kuru deaths of

their women.

An infectious (transmissible) aetiology, always sus-

pect, was nevertheless not supported by clinical, labora-

tory, or post-mortem findings (absence of fever,

cerebrospinal fluid pleocytosis or elevated protein level,

and on autopsy no perivascular cuffings in the brains).

However, neither the diverse genetic study nor the

search for an environmental toxins resulted in a tenable

hypothesis. Attempts to transmit Kuru to small labora-

tory animals or to isolate a causative micro-organism

using tissue cultures or embryonated hen eggs were sim-

ilarly unsuccessful.

In 1959, Gajdusek, then back in the New Guinea

bush, received a letter from the veterinarian William

Hadlow (1959), which pointed out the analogies

between Kuru and scrapie, a slow neurodegenerative

disease of sheep known in United Kingdom since the

XVIIIth century and, as already mentioned, experimen-

tally transmitted by the French in 1936. Hadlow en-

closed a typescript of a letter to the editor of Lancet

(Hadlow 1959). Gajdusek replied that the infectious ae-

tiology of Kuru was being reconsidered; in view of

chronic cerebral infections like Iin syphilis,

toxoplasmosis, and trypanosomiasis, inoculated labora-

tory rodents and monkeys were being held for longer ob-

servation periods than had been carried out in 1957, and

that he was also attempting to obtain better inoculum in

the form of autopsied brain tissue (a letter from D.C.

Gajdusek dated July 28th, 1959, Gajdusek 1993). Kuru

was finally transmitted to chimpanzees in 1965

(Gajdusek et al. 1966), followed by transmission of

Creutzfeldt-Jakob disease (Gibbs et al. 1968) and GSS

(Masters et al. 1981). The list was apparently closed by a

transmission of fatal familial insomnia (Collinge et al.

1995, Tateishi et al. 1995).

Then, in 1987, Gerald A.H.Wells and his colleagues

from Central Veterinary Laboratory described a single

cow with a novel form of TSE (1987), (parenthetically,

the first case of what turned out to be BSE had been re-

ported in a nyala by Jeffrey et al. (1988). The BSE epi-

demic reached a climax in 1992 with more than 35,000

cases and then their number steadily declined to 1,443

cows in 2000, 1,137 in 2001 and, finally, 438 in 2002

(see, Bradley, this volume). However, in 1996 Will et al.

reported on a new variant of CJD (vCJD), most probably

resulting from BSE transmission to humans. This epide-

miological conjecture was subsequently substantiated

by laboratory studies (Collinge et al. 1996, Bruce et al.

1997, Hill et al. 1997, Scott 1999). The number of vCJD

cases is increasing and discussion about the extent of the

outbreak has become disturbing. On the other hand, the

BSE epidemic and appearance of vCJD in humans has

accelerated TSE research and changed it from a rather

small obscure field into a major scientific endeavour.

PrP, ITS GENE, THE "PRION
HYPOTHESIS" AND THE STRAINS
OF THE PATHOGEN

PrP (prion protein) is a highly conserved sialoglyco-

protein encoded by a cellular gene mapped to chromo-

some 20 in man and 2 in mouse (Chesebro et al. 1985,

Oesch et al. 1985, Basler et al. 1986, Sparkes et al.

200 P.P. Liberski and M. Jaskólski



1987). The gene is ubiquitous; it has been cloned in nu-

merous mammalian species included marsupials and

there are analogues of this gene in birds (Harris et al.

1991, Gabriel et al. 1992), reptiles (Simonic et al. 2000)

and amphibians (Strumbo et al. 2001) (Fig. 4). Those in

Drosophila and nematodes appeared to be cloning

artefacts (Westaway and Prusiner 1986, Prusiner 1986).

PrP27-30 was first discovered as a protein co-purifying

with infectivity in extracts derived from brains infected

with the 263K strain of scrapie agent (Bolton et al. 1982,

McKinley et al. 1983) which led to the conclusion that

PrP is a part of the infectivity.

The "prion" hypothesis, which is deeply rooted in this

association between PrP and infectivity was formulated

by S.B. Prusiner in 1982 (Prusiner 1987). The hypothe-

sis postulated that the scrapie agent was a proteinaceous

infectious particle (actually it should read "proin" but

Prusiner thought that "prion" sounds better than

"proin"), because infectivity was dependent on protein

but resistant to methods known to inactivate nucleic ac-

ids. The idea was not novel which is not that unusual tak-

ing into account that practically every class of

biologically active molecules had been implicated as

being the infectious scrapie agent. A similar proposal

was presented by Griffith (1968), Levine (1972) and

Gibbons and Hunter (1967) who developed the earlier
Fig. 4. Prion sequences relative to known phylogeny.

Mad-cow.org.

Fig. 5. PrP processing. Courtesy of Dr J. Bratosiewicz, Katowice, Poland.
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suggestion of Alper and her co-workers (1967) that

scrapie agent was devoid of disease-specific nucleic

acid. While the theoretical approach of Alper et al., was

seriously criticised by Rohwer (1991), several investi-

gators had found previously that scrapie infectivity was

sensitive to proteolytic digestion (Millson et al. 1976,

Cho 1980).

Like all amyloid proteins, PrP 27-30 is a proteolytic

cleavage product of a precursor protein, PrP 33-35
sc

.

However, PrP 33-35
sc

is not the primary product of the

cellular gene (Fig. 5). It has an amino acid sequence and

postranslational modifications (like glycosylation and

the attachment of GPI, glycophospholipid inositol an-

chor) identical to those of PrP 33-35
c

but strikingly dif-

ferent physico-chemical features (Stahl et al. 1987,

1992a,b); in particular, PrP
c
is completely degraded by a

limited proteolysis but PrP
Sc

is only partially degraded,

yielding a core protein (PrP 27-30) which may be visual-

ised by electron microscopy as scrapie-associated fibrils

(SAF; Merz et al. 1981, Merz et al. 1984 - see Fig. 6),

known as prion rods (Prusiner et al. 1983). The distinc-

tion between SAF and prion rods was based on some

theoretical considerations and subtle ultrastructural dif-

ferences between them. To become PrP
sc

, PrP
c

must be

first transported to the cell surface and then through the

endosomal-lysosomal pathway (McKinley et al. 1991,

Borchelt et al. 1992).

There are several interesting features of PrP. As al-

ready mentioned, PrP is a glycoprotein with two

Asn-glycosylation sites; thus, PrP may exist as

deglycosylated, monoglycosylated and di-glycosylated

isoforms of different electophoretic mobilities or

glycophorms (Fig.7; Collinge et al. 1996) and the rela-

tive abundance of them (glycosylation pattern) corre-

lates well with a phenotypic expression of TSE. In

particular, the fourth type of glycosylation pattern are

present in both BSE and vCJD (Fig. 7; Collinge et al.

1996, Hill et al. 1997). The glycosylation pattern breeds

true - i.e. it is retained under passage through the trans-

genic mice with a human PRNP transgene (Collinge et

al. 1996).

A different approach has been used by Parchi et al.

(1996, 1999) who explored earlier findings that follow-

ing proteinase K (PK) treatment, two types of PrP are

seen on Western blot - type 2 PrP (19 kDa) and type 1

PrP ( 21 kDa). These two types of PrP also breed true -

the best example is FFI characterised by the presence of

type 2 PrP in the brain, which may be retrieved from

brains of transgenic animals following the passage of

FFI (Telling et al. 1996). The presence of type 1 or 2 of

PrP coupled with the presence of Met or Val at the poly-

morphic 129 site of the PRNP gene enabled subclassifi-

cation of human TSEs into six types (MM1, MV1,

MM2, MV2, VV1, VV2) of different but reproducible

phenotypic expressions (Parchi et al. 1996, 1999). The

problem how to translate the Collinge’s and the Parchi’s

classifications is further complicated by the fact that

chelation of the metal ions change both the type 1 and

Fig. 6. Fibrillar amyloid structures isolated from CJD-af-

fected mouse brain. Negative staining electron microscopy,

magnification, x 27,000.

Fig. 7. Glycosylation patterns according to the PrP types and

the status of the codon 129 polymorphism. M, methionine; V,

valine; sCJD, sporadic form of CJD; iCJD, iatrogenic form of

CJD; vCJD, variant CJD. Note the dominance of

diglycosylated isoforms of PrP in vCJD; the identical pattern

(type IV) is observed in BSE. Courtesy of Dr J. Bratosiewicz,

Katowice, Poland.
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type 2 glycosylation pattern of Collinge et al. (1996)

into so the called type 2
-
(Wadsworth et al. 1999). It is

thus very probably that the Collinge's and the Parchi's

classifications are different because of differences in

technologies. The relevance of the glycosylation pattern

to the strain problem will be discussed in a separate

paragraph.

STRAINS OF THE AGENT

From the early work of Dickinson and his collabora-

tors (Dickinson and Mackay 1964, Dickinson et al.

1968, 1969, 1988, Fraser and Dickinson 1973,

Dickinson and Outram 1972, 1977, 1983, 1984, 1988) it

was known that scrapie incubation period is tightly

linked to the gene designated Sinc (in mice; from scrapie

incubation) and SIP (in sheep; from shorter incubation

period) and it was even proposed by Parry (1962) that

scrapie is the bona fide genetic disorder while its

transmissibility is only an epiphenomenon. The discov-

ery of Sinc was instrumental in supporting the notion

that scrapie agent has an independent genome (Bruce

and Dickinson 1987). The existence of biologically dif-

ferent strains of scrapie agent is still the strongest argu-

ment against the proteinaceous only nature of the

scrapie agent. However, the recent advances of struc-

tural biology of PrP challenged also this conjecture.

Different strains of the scrapie agent can be identified

in terms of their stable biological characteristics

(Dickinson et al. 1988, Bruce et al. 1991, 2002). The

same strain can be isolated from different hosts and the

same host can be infected with different strains. Further-

more, the characteristics of a given strain may some-

times undergo changes to yield a new strain with new

characteristics that are stable in subsequent passages.

Such changes are consistent with the effects of muta-

tions in the genome of the agent which is presumably an

as yet undiscovered disease-specific nucleic acid.

Approximately 20 strains of scrapie agent have been

isolated from sheep and goats affected with clinical

scrapie (Dickinson and Fraser 1972, Dickinson 1976,

Carp et al. 1987). Some isolates from sheep yield a

mixture of strains. The best known example is the

"scrapie sheep brain pool" (SSBP/1) from which 22A,

22C and 22L strains were isolated (Dickinson 1976,

Carp and Callahan 1991). Some sources of sheep scra-

pie are not transmissible to mice, for example the CH

1641 isolate (Foster and Dickinson 1988); but those

that are, can be divided into two groups on the basis of

their properties in the two homozygous Sinc (Prn-p) ge-

notypes of mice. The ME7 group of agents exhibit a

short incubation period when passaged through Sinc
s7

(Prn-p
A
) mice (s for short; for example C57Bl mice) and

a long incubation period when passaged through Sinc
p7

(Prn-p
B
) mice (p for prolonged; for example VM mice).

The 22A group exhibit exactly the opposite characteris-

tics: short incubation period in Sinc
p7

mice and long in-

cubation period in Sinc
s7

mice (Dickinson et al. 1972,

1975, 1977, 1984). It has been conclusively demon-

strated that the Sinc gene is congruent with the Prn-p

gene; in other words PrP is the product of Sinc (Carp et

al. 1987, Hunter et al. 1987, 1989, 1991, 1992, 1993,

Kimberlin and Hope 1987, Bueler et al. 1992, Hunter

1993, Moore et al. 1998). All scrapie isolates differ from

the BSE strain when formally tested, however, spectrum

of scrapie strains may have changed over the last 20

years (Bruce et al. 2002).

Passage through a species different from that used for

the primary isolation (i.e., across the species barrier) is a

useful method to separate mixtures of strains and to iso-

late (select) new mutant strains (Kimberlin and Walker

1977, 1984, Collinge 2001). One of the best known ex-

amples of the isolation of a mutant strain with com-

pletely different characteristics from the original isolate

is the isolation of the 263K (the same as 237sc) strain of

scrapie agent (Kimberlin and Walker 1977, 1978,

1984).

Two additional sets of experiments may be classi-

cally interpreted as indicating that scrapie agent must

have an independent genome, for which the orthodox

candidate has been obviously, a nucleic acid.

First, strains of scrapie agent undergo changes of cer-

tain characteristics such as incubation period, lesion

profile, and presence and amount of PrP amyloid depos-

its, which are compatible with mutations of "conven-

tional" pathogens (Bruce and Dickinson 1987). Three

classes of strain stability have been established (Bruce

and Dickinson 1987). Class I stability strains (ME7,

22C) possess stable characteristics irrespective of the

Sinc (s7 or p7) (Prn-p A or B) genotype of mice in which

they are passaged. Class II strains (22A, 22F) possess

stable characteristics if passaged through mice of the

Sinc genotype in which they were isolated but change

these characteristics gradually over several passages

through mice of a different Sinc mouse genotype. Class

III strains (31A, 51C, 87A, 125A, 138A, 153A) exhibit

sudden discontinuous changes of characteristics irre-

spective of the genotype of mice in which they are
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passaged. All six class III strains are characterised by

similar incubation periods, the production of large num-

bers of amyloid plaques (Bruce et al. 1986), and a high

frequency of asymmetrical cerebral vacuolation. It is

thus conceivable that all six class III isolates represent

the same strain of scrapie agent (Bruce and Dickinson

1987).

"Class III breakdown" was defined as a "sudden

shortening of an incubation period, in the course of sin-

gle mouse passage, accompanied by a marked change in

neuropathology" (Bruce and Dickinson 1987). This

usually occurred at some point between the primary and

the 7th passage and yielded an isolate designated 7D.

The 7D strain was characterised by a shorter incubation

period, a more "generalised" lesion profile, and an ap-

proximately 10-fold lower frequency of production of

amyloid plaques. All these characteristics are reminis-

cent of ME7 and it is highly probably that 7D is actually

the same as the ME7 strain of scrapie agent. In sum-

mary, these data show the selection of mutant strains of

scrapie agent in the same host species (the same variant

of Prn-p gene), indicating that that the genome of scra-

pie agent is host-independent.

It must be emphasised that the above-mentioned

emergence of the new (ME7) strain of scrapie agent is

independent of the host although its selection is influ-

enced by the host genotype. Thus, it is misleading to de-

scribe two given strains as having "long" and "short"

incubation periods because these characteristics are rel-

ative and they will depend on the Sinc (Prn-p) genotype

of the mice (Westaway et al. 1987, Weissmann 1989,

1991). Often the relative incubation periods of two

given strains can be reversed on changing the mouse

strain (Carp and Callahan 1991).

Probably the best known example of a strain of TSE

which can be isolated from different host is the strain

which caused vCJD and which exhibits the same opera-

tional characteristics as the causative strain of BSE

(Bruce et al. 1996, Hill et al. 1996, Scott et al. 1999). The

BSE/vCJD strain is characterised by the fourth type of

glycosylation pattern (Collinge et al. 1996) but the same

type is also present in the brains of sheep infected with

the CH1641 strain of scrapie (Hope et al. 1999). How-

ever, while vCJD/BSE strain is readily transmissible to

mice (these mice exhibit a strange behaviour moving

backwards), the CH1641 strain is not (Foster and

Dickinson 1988). The existence CH1641 strain of scra-

pie exemplifies a notion that glycosylation pattern may

not represent the complete strains characteristics.

Further, different strains of scrapie agent can exhibit

competition when inoculated at different times, either

intracerebrally (i.c.) (Dickinson et al. 1972) or peripher-

ally (Dickinson et al. 1975). For example, when VM

mice (Sinc
p7

) were inoculated i.c. with the 22C (slow)

strain a week before a second inoculation of the 22A

(fast) strain, the mice were killed by the faster 22A

strain, as shown by the short incubation period and the

characteristic "lesion profile". In contrast, when the

time lapse before the second inoculation was prolonged

to 9 weeks, the incubation period of 22A increased by 30

days because of the competition with the earlier inocula-

tion with the slow strain. In another experiment, R III

mice (Sinc
s7

), inoculated intraperitoneally with 22A

(which now became the slow strain) followed by a sec-

ond inoculation with the 22C (fast) strain 100 to 300

days later, did not develop disease caused by the 22C

strain. The blocking effect of 22A was so complete that

the 22C strain did not produce disease in mice which

died after the expected incubation period of 22A. Fur-

thermore, Kimberlin and Walker (1984) studied the

blocking quantitatively and showed that the blocking

agent must be capable of replication (i.e. be infectious).

The results were interpreted as showing two different

strains competing for a limited number of multimeric

"replication sites" - subunits of which are encoded by

Sinc (PrP itself !) (Dickinson et al. 1972, 1975, 1977,

1984).

The very presence of strains may be readily explained

by the existence of strain-specific oligonucleotite or a

ubiquitous virus; however, these objects have never

been found despite several attempts to detect dis-

ease-specific nucleic acids (Meyer et al. 1991, Kellings

et al. 1992, Akowitz et al. 1994). Thus, the alternative

explanation, in agreement with protein-only hypothesis,

came to a turning point.

In 1985 a new epidemic of transmissible mink

encephalopathy (TME) broke out in Stetsonville, USA

(Marsh et al. 1991) and two strains of TME had been iso-

lated: a "hyper" (HY) strain isolated from minks with

hyperactive syndrome and a "drowsy" (DY) one iso-

lated from those of hypoactive, drowsy mink. Both the

neuropathological picture and banding pattern of PrP
Sc

of DY and HY strain differ (Bessen and Marsh 1992a,b,

1994). At that point, the in vitro conversion experiments

must be introduced. When excessive amount of PrP
Sc

purified from TSE-affected brain is mixed with S
35

-la-

belled PrP
c
, the S

35
-labelled-PrP

Sc
is formed in a

cell-free system in vitro, implying a nucleation process
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where PrP
Sc

acts as a seed (Kocisko et al. 1994). This ex-

perimental system was used to show that the conversion

is strain-specific, i.e. HY PrP
Sc

converted mink S
35

-PrP
c

into HY S
35

-PrP
Sc

and DY PrP
Sc

converted the same nor-

mal mink isoform of PrP into S
35

-DY PrP
Sc

(Bessen et

al. 1995). This experiment suggested that strain-speci-

ficity is encrypted within the conformation of PrP itself

which, in turn, determines the site of proteinase cleav-

age and strain-specific size of PrP on the Western blot.

That the banding pattern (resulted from the actual con-

formation of PrP) is strain-specific and breeds-true has

been subsequently shown in a case of transmission of

FFI and CJD to transgenic mice Tg(MHu2M)/Prn-p
0/0

(Telling et al. 1996). Following deglycosylation, the

molecular weight of PrP
FFI

is 19 kDa while that of

PrP
CJD

, 21 kDa (Monari et al. 1994, Parchi et al. 1996)

and the size of PrP
Sc

was retained following passage into

Tg(MHu2M)/Prn-p
0/0

(Telling et al. 1996). These obser-

vations were extended by Collinge et al. (1996) who

showed that the glycosylation pattern of PrP also

breeds-true and indeed the preservation of the fourth

type linked to vCJD/BSE under passage in Tg mice ex-

pressing human PrP on the null background was ac-

cepted as a compelling evidence that BSE and vCJD is

caused by one and the same strain (Hill et al. 1997, Scott

et al. 1999).

The above mentioned experiments may be still inter-

preted dually. According to the protein-only hypothesis,

differences in sizes of PrP fragments as seen on Western

blot reflect diversity of PrP conformation. As PrP
Sc

is

formed from PrP
c

in a process of seeding-nucleation

(where PrP
Sc

acts as a seed), the existence of strain-spe-

cific PrP's which breed true suggests that strain-speci-

ficity is encrypted within the conformation of PrP
Sc

.

However, there are two difficulties with fully accep-

tance of such a hypothesis. First, it has never been

shown that there are more than a few of PrP
Sc

conform-

ers as it is necessary to encrypt approximately 20 strains

of scrapie. To this end, there are only two PrP
Sc

types (21

kDa type 1 and 19 kDa type 2) and these are responsible

for the smorgasbord of human TSEs. In other words,

this means that all human TSEs in all astonishing diver-

sity of CJD, GSS and FFI phenotypes are caused by just

two strains. Even with more sophisticated scheme of

Collinge (Collinge et al. 1996, Collinge 2001), there are

just a very few conformational "strains". Secondly, both

sizes of PrP may be isolated from different parts of the

brain and lymphatic tissues (Parchi et al. 1999). This

should mean, that the same host is infected dually with

both strains of the agent. While multiple strains have

been isolated from sheep brains, it has never been shown

that these, in turn, are linked to different PrP conformers

and, in particular, to more than 2 conformers. However,

this is a testable hypothesis and the presence of several

different conformers in lets say, the brain of sheep, may

be tested. The last difficulty is the greatest: while gener-

ation of new PrP
Sc

in the conversion in vitro experiments

should generate new infectivity (an aggregate of PrP
Sc

is

bona fidae prion or the infectious agent). On the con-

trary, it has been shown that no new infectivity is gener-

ated (Hill et al. 1999). Thus, either the newly formed

PrP
Sc

is not "true" PrP
Sc

(in other words, the insolubility

and PK-resistance of newly formed PrP
Sc

are not suffi-

cient to form true a "prion") or something else is neces-

sary to complete the agent.

TRASGENETIC STUDIES AND THE
PROBLEM OF SPECIES BARRIER

The most impressive data suggesting close linkage

between PrP
sc

and the agent or, at very least, proving the

necessity for PrP gene for infection/replication of the

agent, stem from the experiments using transgenic and

knock-out mice technologies. These experiments were

developed because of the strong correlation between fa-

milial and sporadic forms of the TSE with specific

polymorphisms and mutations in the Prn-p gene (the

gene which encodes for PrP
c
; the same as PRNP gene in

humans).

The 263K (Sc237) strain of scrapie agent is patho-

genic for hamsters but not for mice (Kimberlin and

Walker 1977, 1978) and such an effect is called a "spe-

cies barrier". When transgenic (Tg(HaPrP) mice were

constructed with a cosmid clone containing the hamster

PrP gene (Scott et al. 1989), these mice, in contrast to

the non-transgenic controls, became susceptible to scra-

pie after inoculation with the 263K strain. Furthermore,

the incubation period in different lines of transgenic ani-

mals was inversely proportional to the number of

transgene copies and amount of PrP
c

(Prusiner et al.

1990, Scott et al. 1989). While these studies did "not ad-

dress the possibility of a putative second component

within the prion, such as small nucleic acids" (Scott et

al. 1989), they explicitly suggest that the interaction be-

tween PrP
sc

contained in the inoculum and heterologous

PrP
c

(for example, hamster PrP
sc

and mouse PrP
c
) is a

major factor responsible for "species barrier" effect but

that the strain of agent is equally important because the
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species barrier is not the same for any pair of donor and

recipient strains. It was hypothesised that such pro-

tein-protein interaction may result in PrPsc amplifica-

tion (which thus merely mimics replication), not unlike

that discovered for the mutant p53 oncoprotein interac-

tion with its wild-type analogue. However, when an-

other set of transgenic mice (Tg(Mo Prn-p
b
) was

constructed which harbour Prn-p
b

variant of PrP gene

(Prn-p
b

is linked to a long and Prn-p
a

to a short incuba-

tion period following inoculation with the Chandler iso-

late of scrapie agent) a "paradoxical" shortening of

incubation period was observed following challenge

with this strain (Westaway et al. 1991). The problem of

this experiment lies in the fact that source of scrapie

("Chandler") used may contain at least two strains of

agent and these were interacting with different copy

number of normal and Tg PrP genes. Even if "Chan-

dler" was one strain it could still shorten incubation pe-

riod depending on the differences of incubation periods

in Prn-p
a

and Prn-p
b

mice, as mentioned below. In

Tg(Mo Prn-p
b
) mice, the length of the incubation period

was also inversely proportional to the number of copies

of the Prn-p
b

transgene.

The hypothesis of protein-protein (PrP
c
-PrP

sc
) inter-

action underlying the pathogenesis of TSE (Prusiner

1998) gained much support from the studies of chimeric

PrP proteins (PrPs) and respective transgenic mice

(Scott et al. 1992, 1993). When scrapie infected-

-murine neuroblastoma cell lines were transfected with

several chimeric PrP genes, which consisted of various

combinations of four different segments derived from

either hamster or mouse PrP gene (these genes differ at

16 amino acid positions), only those chimeric proteins

(MHM2 PrP and M4) which were recognised as

"murine" were converted into truncated proteinase

K-resistant PrP27-30 and thus recognised by hamster-

and human-specific 3F4 antibodies. In contrast, HaPrP

(H4) and H3MPrP were not recognised as "murine" PrP

and not converted into PrP27-30. Transgenic mice were

also constructed with these chimeric transgenes along

with MH2M transgene (Scott et al. 1992, 1993). The lat-

ter may represent a gene which is "intermediate" be-

tween mouse and hamster PrP genes. Analogously to in

vitro studies, Tg(MH2M) mice were susceptible to

263K strain of scrapie agent (and thus behave like

Tg(HaPrP) mice or hamsters) while Tg(MHM2) mice

are resistant to this strain (because MHM2 is recognised

as a murine protein) and thus behaves like non-transgen-

ic mice for which the 263K strain of scrapie is

non-pathogenic. It is noteworthy, that MH2M and MHM2

differ at only two codons. Of note, Tg(MHM2)294 mice

which contained the highest number of copies of chimeric

PrP transgene became susceptible to infection with 263K

agent. The latter results are basically analogous to the

paradoxical shortening of incubation time in Tg(Mo

Prn-p
b
) mice where the number of copies of the Prn-p

b

transgene overcame the "inherent" to that allele prolon-

gation of incubation time (Westaway et al. 1991). The

presence of MH2M transgene influence the incubation

period. When the 263K strain was passaged through

Tg(MH2M) mice and then inoculated into Syrian ham-

sters, the incubation period increased. By the same to-

ken, the same strain was able to infect mice which are

otherwise resistant to the 263K strain. All these data

suggest that PrP
c
-PrP

sc
interaction is a major factor

which determine at least some of the properties of the

given strain. Indeed, the direct evidence for such an in-

teraction was found only recently (Kocisko et al. 1994).

In the cited experiment, a convertion of PrP
c

into trun-

cated proteinase K-resistant PrP fragments as a result of

addition of PrP
sc

was seen in vitro. This observation is

consistent with the view already suggested by Gajdusek

(1988, 1990, 1991) that PrP
sc

is produced by the mecha-

nism of "seeded" polymerization but the problem of de

novo generation of infectivity could not be addressed in

this experiment because large excess of PrP
sc

precluded

detection of infectivity hypothetically generated by

such a conversion (Beyreuther and Masters 1994).

Results with transgenic mice expressing huPrP are

somehow conflicting. In contrast to Tg(HaPrP) which

became susceptible to a hamster isolate of scrapie,

Tg(HuPrP) become only partially susceptible (Telling

et al. 1995). The construction of Tg(HuPrP) on the null

background increased this susceptibility while the chi-

meras Tg(MHu2MPrP) being analogous to chimeric

Tg(MH2PrP) mice became highly susceptible to CJD.

Collectively, the interpretation of these data, favoured

by prion hypothesis suggest that never cloned and thus

purely hypothetical "protein X" interacts with mouse

PrP more readily than with human PrP and thus blocks

the interaction between huPrP
Sc

containing in the

inoculum and huPrP
c
encoded by a transgene. While the

surface to interact with protein X on the globular C-ter-

minus of PrP has already been mapped (Kaneko et al.

1997), the protein itself remains, as many things in the

TSE research, pure mystery.

At this point, the "replication site hypothesis" formu-

lated by Dickinson and Outram (Dickinson et al. 1975,
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1977, 1984) may be worthy to be recalled. These inves-

tigators hypothesised that scrapie agent is replicated on

a limited number of putative replication sites (agent re-

ceptors) which are heteromeric products of Sinc (con-

gruent with the PrP gene). The removal of replication

sites, for instance by splenectomy (Fraser and

Dickinson 1973, 1978) or in genetically asplenic mice

(Dickinson and Meikle 1969) (the agent is replicated in

the spleen before it approaches the brain from the pe-

riphery; Kimberlin and Walker 1989) prolongs the incu-

bation period. While the transgenic addition of

replication sites could not be accomplished in late sev-

enties, it could be predicted that such an addition (via ac-

quisition of extra copies of the PrP transgene) would

tend to shorten the incubation period, and such an effect

was indeed observed in experiments using transgenic

mice (Westaway et al. 1991, Scott et al. 1989, Prusiner

et al. 1990). The hypothetical shortening of incubation

time would only occur, however, with a single strain if

the extent of over-expression overcame the transgene

addition of the "slow" allele for the strain of agent in-

jected.

In the next step, knock-out mice in which the PrP gene

was disrupted (PrP
o/o

or PrP
-/-

) were constructed (Bueler

et al.1992, Prusiner et al. 1993). Surprisingly, these mice

first did not show any harmful effect (Brenner et al. 1992)

but it was subsequently reported that hippocampal brain

slices from PrP
o/o

mice have impaired GABA recep-

tor-mediated fast inhibition and long-term potentiation

(Collinge et al. 1994). Thus, PrP is probably involved in

the synaptic function. However, the major finding is that

PrP
o/o

did not develop scrapie after inoculation with

acarpie agent (Bueler et al. 1993, Prusiner et al. 1993).

Furthermore, even heterozygous mice (Prp
+/o

) showed

prolonged incubation period after scrapie inoculation.

The results of these experiments with PrP knock-out mice

are in principle analogous to those with asplenic mice

(Dickinson and Meikle 1969) but the number of "replica-

tion sites" in the Pr
o/o

knock-out mice is apparently re-

duced to zero. Thus, while such experiments did not solve

the problem of the structure of the scrapie agent, it has

been cocclusively proven that PrP gene is indispensable

in scrapie pathogenesis (and eo ipso in the development

of clinical disease) and not only a passive pathological

product. Possible reasons include PrP
c
being a necessary

receptor for agent replication and/or being a constituent

(virino) or sole component (prion) of the infectious agent.

The only finding which is still difficult to interpret

within the framework of the "virino" and "virus" hy-

potheses is the development of spontaneous degenera-

tive disease in transgenic mice expressing a PrP gene

mutation at codon 101 (Tg(GSS MoPrP), which is anal-

ogous to the codon 102 mutation associated with GSS in

man (vide infra; Hsiao et al. 1990, 1991). Interestingly,

Tg(GSS MoPrP) mice were originally reported to be de-

void of PrP
sc

on Western blot (Hsiao et al. 1990). This

last suggestion has been replaced by a report that

Tg(GSS MoPrP) mice produced PrP-immunoreactive

plaques but little or no PrP
Sc

(Hsiao et al. 1994, Prusiner

1998). Furthermore, the report of the transmission of

scrapie-like disease from the brains of Tg(GSS MoPrP)

mice (Hsiao et al. 1994) was followed by a report of the

analogous transmission from the brains of transgenic

mice constructed with non-mutated (normal or wild)

hamster and sheep PrP gene (Prusiner et al. 1993). In

these wtTg(Ha PrP) mice, the spontaneous

neuorodegenerative disorder in the form of necrotizing

myelopathy and demyelinating polyneuropathy devel-

oped after a prolonged time (Westaway et al. 1994).

These mice do not produce PrP
Sc

but they apparently

transmit the disease to Syrian hamsters, analogously to

Tg(GSS PrP) mice (Hsiao et al. 1994). The latter finding

may suggest that the number of the PrP transgenes and

not merely presence of mutation at the codon 101, is re-

sponsible for the development of neurodegeneration.

Indeed, when analogous mice were constructed by

means of reciprocal recombination (thus, without extra

copies of the transgene) (Manson et al. 1999, 2000), nei-

ther "spontaneous neurodegenera- tion" nor "transmis-

sion of the disease" have been observed. However, these

Tg mice were very susceptible to infection with the GSS

inoculum, a disease otherwise difficult to transmit. It

has been noticed recently that 20 kDa fragment derived

from the transmembrane PrP (Ctm PrP) accumulates on

the surface of cells expressing PrP102
Leu

(Mishra et al.

2002). The authors suggest that the latter phenomenon

instead of PrP102
Leu

per se may mediate altered suscep-

tibility of Tg101
Leu

mice to GSS.

Thus, these transgenic mice may represent true "prion

protein disorders" in which alterations (amplification)

of the PrP gene cause "spontaneous neurodegenera-

tion". However, the absence of transmission from Tg

mice without overexpression of the transgene clearly

suggest that overexpression itself and not the "genetic

construction" of prion is responsible for the "spontane-

ous neueodegeneration". In conclusion, the Hsiao et al.

(1990) experiment, regarded as the most convincing

support of the prion theory seems much less convincing
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in the light of the reciprocal recombination experiments

(Manson et al. 1999, 2000). It is also true, however, that

the nature of transmission from brains of Tg(GSS

MoPrP) remains an enigma.

PrP GENE, ITS MUTATIONS AND
PHENOTYPIC EXPRESSION OF THE
TSE

Specific changes in the PrP gene sequence are tightly

linked with numerous phenotypic expressions of the

TSE. As already mentioned, scrapie incubation period

both in mice and in sheep is controlled by Prn-p (classi-

cal names for this gene is Sinc and SIP, respectively, in

mice and sheep). The early evidence for this linkage

(Dickinson et al. 1968, 1969, 1988, Dickinson and

Outram 1983) was followed by the discovery of

polymorphisms within the Prn-p gene which are linked

to allelic differences affecting the length of the incuba-

tion period (Carlson et al. 1986, 1988, 1994, Westaway

et al. 1987). Thus, Leu at codon 108 in Prn-p
a

(short in-

cubation period, identical with Sinc
s7

) is substituted

with Phe in Prn-p
b

mice (long incubation period, identi-

cal with Sinc
p7

) and Thr at codon 189 becomes Val, re-

spectively (Westaway et al. 1987). Equivalent linkages

were soon discovered in sheep (Hunter et al. 1987, 1989,

1991, 1992 a, b, 1993, Hunter 1993). For instance,

Cheviot sheep with Val at codon 136 are susceptible for

inoculation with SSBP/1 while those with Ala at this

codon are not (Hunter 1993). However, the linkage be-

tween haplotypes of PrP (SIP) gene in sheep and suscep-

tibility to other strains is extremely complex but scrapie

in sheep is not merely genetic disease as sheep in Aus-

tralia, where there is no scrapie, exhibit the same "sus-

ceptible" haplotypes as those elsewhere (Hunter et al.

1997).

In man, the obvious candidate for such a linkage anal-

ysis was Gerstmann-Sträussler-Scheinker (GSS) syn-

drome and other familial forms of CJD and it was soon

discovered that the occurrence of GSS is linked to a mu-

tation (substitution of Pro with Leu) at the codon 102 of

the PRNP gene (Collinge et al. 1989, Hsiao et al.

1989a,b, 1990, Doh-Ura et al. 1990, Brown et al. 1991,

Kertzschmar et al. 1991, 1992, Goldhammer et al.

1993). Several other mutations followed. Two GSS

families (from Indiana, USA and from Sweden), char-

acterised by the occurrence of microtubule-associated

protein (MAP)-�-positive neurofibrillary tangles not

unlike of those of Alzheimer’s disease (Tagliavini et

al. 1991, Giaccone et al. 1992), are linked to mutations

at codons 198 (Phe to Ser) and 217 (Gln to Arg), respec-

tively (Dlouhy et al. 1992, Hsiao et al. 1992). Familial

CJD cases from all three known world clusters in

Slovakia ("Oravske kuru") (Goldgaber et al. 1989,

Goldfarb et al. 1990a,b, 1991, Mitrova et al. 1991), Is-

rael (the mutation of the "wandering Jews of the Dias-

pora") (Hsiao et al. 1991, Goldfarb et al. 1990a) and

Chile (Brown et al. 1992) are linked to the codon 200

Glu to Lys mutation. However, 200
Lys

is not only associ-

ated with CJD of "wandering Jew of the Diaspora"

(Gajdusek 1990, Goldfarb et al. 1990, Brown et al. 1991

a, b, Bertoni et al. 1992) as it was recently discovered in

a Japanese family (Inoue et al. 1994). Other CJD fami-

lies are linked to the codon 178 Asp to Asn (Goldfarb et

al. 1991, 1992, Brown et al. 1991, Fink et al. 1991, Nieto

et al. 1991, Bertoni et al. 1992, Laplanche et al. 1992).

The same mutation was discovered in fatal familial in-

somnia (Goldfarb et al. 1992, Monari et al. 1994), which

has been known in classic descriptions as thalamic

dementias.

A few mutations have been better characterised: mu-

tation of codon 117 (Ala�Val) was discovered in the

"telencephalic" variant of GSS (Doh-Ura. et al. 1989,

Hsiao et al. 1991, Mastrianni et al. 1996); STOP ("Am-

ber") mutation of the codon 145 was described in a spo-

radic case of spasitc paraparesis and GSS neuro-

pathology in the brain (Kitamoto et al. (1993); muta-

tion in the codon 183 (Thr�Val) is linked to pheno-

type od long-lasting dementia and parkinsonism

(Nitrini et al. 1997); two other mutations, 200

(Asp�Asn) and 212 (Gln�Pro) are linked to a GSS

phenotype (Ghetti et al. 1998, Piccardo et al. 1998).

The 105
Leu

codon mutation is linked to a phenotype of

familial spastic paraparesis with abundant plaques in

motor cortex but sparse plaques in the cerebellum

(Kitamoto et al. 1993). A 210
Ile

mutation was reported

from Italy (Pocchiari et al. 1993) and France (Ripoll et

al. 1993). Although this mutation is linked to "classic"

familial CJD, it was also noted in five apparently spo-

radic CJD cases from these two countries. The latter

notion should be taken, however, with a caution as the

consangunity may be obvious only a few centuries be-

fore the present apparent absence of it (Mitrova et al.

1991). Last but not least, the double mutations at codon

180 (Val to Ile) and 232 (Met to Arg) were reported in a

sporadic CJD case characterized by late age of onset

(84 years) and absence of typical EEG pattern

(Hitoschi et al. 1993). At one of those codons
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(Met232Thr), we reported a mutation in a GSS case

from Poland (Liberski et al. 1998, 2000).

Several inserts in the PrP region (codons 51 through

91) which normally contain five octapeptide repeats

(R1, R2, R2, R3, R4 of the following unit sequence: 51

Pro-(His/Gln)-Gly-Gly-Gly-(-/Gly)-Trp-Gly-Gln) which

bind copper ions (Burns et al. 2002) were linked to the

occurrence of familial CJD or GSS (Goldfarb et al.

1992, 1993, Owen et al. 1991a,b, 1992, Brown et al.

1991) or of dementia "without characteristic

neuropathology" (Collinge et al. 1990). The first muta-

tion in the octapeptide region was described in several

related families (Owen et al. 1991, 1992, Collinge et al.

1990, Poulter et al. 1992). The sequence of mutations

was as follows: R1, R2, R2, R2, R3, R2, R3g, R2, R2,

R3, R4. In another family with six inserts their sequence

was different (R1, R2, R2, R3, R2, R3g, R2, R3g, R2,

R3, R4, where the sequence of R3g is as follows:

Pro-His-Gly-Gly-Gly-Trp-Gly-Gln) (Nicholl et al.

1995). In a Japanese family with six additional inserts

(Oda et al. 1995), the sequence is still different (R1, R2,

R2, R3g, R2, R2, R3g, R2, R2, R3, R4). Still another

Bascqe family was described by Capelliari et al. (1997)

with the sequence: R1, R2, R2 , R2, R2, R2, R2, R2, R2,

R3, R4. Goldfarb et al. (1992) reported on a French fam-

ily with eight additional inserts (R2, R2, R2, R2, R2, R2,

R2, R2a between repeats R3 and R4( the sequence of in-

sert R2a is as follows: Pro - His - Gly - Gly - Gly - Trp -

Gly - Gln). An analogous family was described by Van

Gool et al. (1995) and Jansen et al. (1997) (R1, R2, R2,

R3’, R3, R2, R2, R2, R2, R2, R2, R3, R4) while Brown

et al. (1992) reported on a family with seven additional

inserts (R1, R2, R2, R2’, R3, R2, R3, R2, R3, R2, R2’’,

R3, R4 with insert R’ and R’’ of amonoacid sequence:

Pro-His-Gly-Gly-Gly-Trp-Gly-Gln but different nucleo-

tide sequence). Krasemann et al. (1995) described a

family with nine additional inserts (R1, R2, R2, R3, R2,

R3, R3g, R2, R2a, R2, R3, R2, R3, R4) while Goldfarb

et al. (1993) with two additional R2a inserts. The last

was a CJD case of Campbell et al. (1996) with 4 addi-

tional inserts (R1, R2, R2, R2, R2, R2, R2, R3, R4) and a

family described by Cochran et al. (1996) with five ad-

ditional inserts (R1, R2, R2, R3, R2, R2, R2, R2, R3,

R4). All known mutations are shown in Table I.

Polymorphisms at codon 129 need a special comment.

Codon 129 encodes Met in 62.5% and Val in 37.5% of

normal, mostly heterozygous, Caucasian population

(Owen et al. 1989 a, b, Bratosiewicz et al. 2001). How-

ever, in both sporadic and iatrogenic CJD, there is

marked overrepresentation of Met Met and Val Val

homozygotes over Met Val heterozygotes (Brown et al.

1990, 1991, Collinge et al. 1991, 1993. Deslys et al.

1994, Miyazono et al. 1992, Palmer et al. 1991). The

codon 129 polymorphism exerts modifying effect on a

phenotypic expression of a given PRNP mutation, for

instance - 129
Val

occurs coupled with 198
Ser

or 217
Arg

in

GSS (Hsiao et al. 1992, Dlouhy et al. 1992) and with

178
Asn

in familial CJD (Goldfarb et al. 1992). The pres-

ence of 129
Val

178
Asn

is linked to a CJD phenotype while

129
Met

178
Asn

is phenotypically associated with fatal fa-

milial insomnia (Goldfarb et al. 1992). Indeed, PrP pro-

teins purified from familial CJD with 178
Asn

and fatal

familial insomnia are different and these differences are

probably conformational (Monari et al. 1994). Further-

more, the Fore people in Papua New Guinea exhibit

more than 50% of Val Val homozygosity (less than 10%

in Caucasians) which may help to explain the devastat-

ing spreading of the kuru epidemic within this suscepti-

ble population (Cervenakova et al. 1989).

Recently Prusiner and Hsiao (1994) suggested a

classification of familial spongiform encephalopathies

according to the type of mutation they are linked to. For

example, "prion disease(P102L)" would denote GSS

with the 102
Leu

mutation. However, some investigators

suggest that different alterations in the PRNP gene

rather specify phenotypic expression of the same dis-

ease (Brown et al. 1991) than different diseases not un-

like situation in familial amyloidotic polyneuropathy

in which different phenotypes are linked to various al-

terations of the transthyretin gene (Gajdusek 1988,

1990). Thus, to stress well known phenotypic expres-

sions, classical historical names like Creutzfeldt-Jakob

disease or Gerstmann-Sträussler- Scheinker syndrome

should be retained.

The existence of familial TSEs (CJD, GSS and FFI)

caused by a mutations in the PRNP gene may also be

dually interpreted. According to the prion theory, the

mere presence of any given mutation change the en-

ergy barrier for a conversion PrP
c

to PrP
Sc

and thus

causes a disease. According to virus theory, the muta-

tion merely changes a susceptibility for an ubiquitous

virus (Caughey, Chesebro 1997). There is a prece-

dence for such a mechanism: a mutated gene responsi-

ble for sickle cell disease or thalassaemias increases

susceptibily for B19 parvovirus. It is of note that one of

the insert mutations in transgenic mice leads to the de-

velopment of neurodegeneration but not to the appear-

ance of an infections agent (Chiesa et al. 2001).
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Table I

Known PRNP mutations (Mad-cow.org, modified). The references from the table are not all cited in the reference list

Color key: causative* stop causative* neutral* silent * based on consensus opinion

. 22 2 6 12 total: 42 known point mutations, 24 causative

Initial DNA Final DNA Initial AA Final AA Codon Reference

cagCCTcat CCC Pro Pro P68P Windl (1999) Hum. Gen. 105: 244

aagCCGagt CTG Pro Leu P102L Hsiao et al. (1989) Nature 338: 342

aagCCAaaa CTA Pro Leu P105L Kitamoto (1993) BBRC 191: 709

aagCCAaaa ACA Pro Thr P105T Mad-cow.org

gcaGCAagc GTA Ala Val A117V Doh-Ura (1989) BBRC 163: 974

GcaGCAagc GCG Ala Ala A117A Hsiao (1989) Nature 338: 342

GggGGCctt GGG Gly Gly G124G [Prusiner (1997) Science 278: 245]

tacATGctg GTG Met Val M129V Doh-Ura (1989) BBRC 163: 974

cccATC------ata ATG Ile Met I138M Laplanche (2000) pers. comm.

ttcG-------Gccag AGC Gly Ser G142S Laplanche (2000) pers. comm.

gacTATgag TAG Tyr Stop Y145s Ghetti (1996) PNAS 93: 744

aacCAAgtg TAA Gln Stop Q160s Finckh U (2000) Am. J. Hum. Genet. 66: 110

caaGTGtac GTA? Val Val V161V [Prusiner (1997) Science 278: 245]

agcAACcag AGC Asn Ser N171S Samaia (1997) Nature 390: 241

cagAACaac AAT Asn Asn N173N Laplanche (2000) pers. comm.

gtgCACgac CAT His His H177H Ripoll (1993) Neurology 43: 1934

cacGACtgc
1y

AAC Asp Asn D178N Goldfarb et al. (1991) Lancet 337: 425

TgcGTCaat ATC Val Ile V180I Kitamoto (1993) BBRTC 191: 709

AtcACAatc GCA Thr Ala T183A
19

Nitrini (1997) Ann. Neurol. 42: 138

cagCACacg CGC His Arg H187R Cervenakova (1999) Am. J. Med. Genet. 88(6): 653

CacACGgtc AGG Thr Arg T188R Windl (1999) Hum. Gen. 105. 244

CacACGgtc AAG Thr Lys T188K Finckh U (2000) Am J Hum Genet 66: 110

CacACGgtc GAG Thr Ala T188A Collins S (2000) Arch. Neurol 57: 1058

CacACGgtc ACA Thr Thr T188T Laplanche (2000) pers. comm. To mad-cow.org

gggGAGaac AAG Glu Lys E196K Peoc’h (2000) Human Mutation #323

aacTTCacc TCC Phe Ser F198S Hsiao (1992) Nature Genet.1: 68

AccGAGacc AAG Glu Lys E200K Goldgaber (1989) Exp. Neurol.106: 204

AccGACgtt AAC Asp Asn D202N
8

Piccardo (1998) J. N. Exp. Neur. 57: 979

accGACgtt GAT Asp Asp D202D Laplanche (2000) pers. comm. To mad-cow.org

GacGTTaag ATT Val Ile V203I Peoc’h (2000) Human Mutation #323

GagCGCgtg CAG Arg His R208H Mastrianni (1996) Neurol.47: 1305

gagCGCgtg CGT Arg Arg R208R Laplanche (2000) pers. comm. To mad-cow.org

gtgGTTgag ATT Val Ile V210I Pocchiari (1993) Ann. Neurol. 34: 802

gttGAGcag CAG Glu Gln E211Q Peoc’h (2000) Human Mutation #323

gagCAGatg CGG Gln Pro Q212P Piccardo (1998) J. N. Exp. Neur. 57: 979

gagCAGatg CAA Gln Gln Q212Q Windl (1999) Hum. Gen. 105.244

accCAGtac CGG Gln Arg Q217R Hsiao (1992) Nature Genet. 1: 68

TacGAGagg AAG Glu Lys E219K Barbanti (1996) Neurobiology 47: 734

cagAGAgga AGG Arg Arg R228R Windl 1999 Hum. Gen. 105.244

GgaTCGagc TCA Ser Ser S230S Windl (1999) Hum. Gen. 105.244

AgcATGgtc AGG Met Arg M232R Kitamoto (1993) BBRC 191: 709

tctCCAcct TCA Pro Ser P238S
4

Windl (1999) Hum. Gen. 105.244
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PrP AS AMYLOID: THE CONCEPT
OF THE TRANSMISSIBLE
CEREBRAL AMYLOIDOSES

The amyloid plaque has long been recognised as a

hallmark of the neuropathology of some of TSE, notable

kuru (Klatzo and Gajdusek 1959). Because kuru-af-

fected brains were loaded with such amyloid deposits

(Fig. 8), kuru was "facetiously" called the "galloping se-

nescence of the juvenile" (Gajdusek 1990, Liberski and

Gajdusek 1997). More than three decades later, it was

established that the amyloid plaque of TSE contained

PrP
sc

and thus PrP
sc

, by definition, is the amyloid, irre-

spective whether it is or it is not a part of the agent. As a

result Gajdusek even suggested calling PrP 27-30 the

"scrapie amyloid" (Gajdusek 1988, 1990, Safar et al.

1993 a, b, c, 1994) and already twenty-five years ago

proposed that conversion of PrP
c

to PrP
sc

may become

"autocatalytic when the baby crystal continues the pat-

tern-determining nucleation process" (Gajdusek 1990).

Moreover, fibrillar structures isolated from TSE-af-

fected brains (SAF or prion rods) are morphologically

very similar to but distinguishable from other amyloid

fibrils when visualised by negative-staining electron

microscopy (Merz et al.1981, 1984, Prusiner et al.

1983). Direct evidence for a high �-structure content of

PrP
sc

came only in the last few years due to technical

problems with the insolubility of PrP fibrils and the dif-

ficulty in obtaining enough pure protein to perform

crystalographic studies. Using Fourier-transform IR

spectroscopy, witch permits correlation of the infrared

spectrum with the secondary structure of proteins and

does not require the protein to be in solution, Caughey et

al. (1991) were the first to demonstrate that conformation

of PrP 27-30 (PrP-res in nomenclature used by these in-

vestigators) contains high proportion of �-sheet while the

�-helical content was much lower that commonly found

in other proteins. Subsequently, Gasset et al. (1992,

Fig. 8. Different forms of PrP
Sc

deposits in the affected brains. a, "synaptic" type of PrP; b, perivacuolar deposits; c, multicentric

plaques in GSS as detected by hydrated autoclaving and antibies against PrP (3F4, DAKO); d, multicentric plaque from a GSS

case as seen by transmission electron microscopy, lead citrate and uranyl acetate, x 12,000.

b

d

a

c
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1993) could confirm a high proportion (54%) of �-struc-

ture in the PrP
Sc

conformation. Following denaturation

with SDS (a treatment which reduces infectivity,

(Brown et al. 1990) the content of �-structure has de-

creased. Analogously, basic pH reduced both scrapie

infectivity and �-sheet content.

Based on a protein sequence deduced from the known

PRNP sequence, predictions for the conformation of

PrP
c

have suggested four �-helices ((H1-H4) and tree

�-strands (Huang et al. 1994, 1995) while the conforma-

tion of PrP
Sc

is belived to have increased � content.

However, the conformation of synthetic peptides de-

rived from regions of predicted secondary structures of

PrP had dual nature. Gasset et al. (1992) demonstrated

that H1 in vitro is in a �-type conformation; H2 may

form either an �-helix, �-strand or a �-turn; while H3 i

H4, have a �-strand structure. Furthermore, Heller et al.

(1996) showed that H1 may have a conformation of ei-

ther �-helix or �-strand. Collectively, these studies sug-

gested that PrP is able to form either �-helices or

�-sheets and conversion from �-helix to �-sheet may

underly the formation of prions. Indeed, using hamster

recombinant protein, (r)PrP (90-231), Mehlhorn et al.

(1996) demonstrated that the same peptide may form

stable �-helices or �-sheets with several intermediates.

ABOUT THE CONFORMATION OF
PrPSc

The structure of the soluble form of the prion protein,

PrP
C
, is known from NMR spectroscopic studies in so-

lution. Riek et al. (1996, 1997) and Billeter et al. (1997)

found out that the structure of moPrP(121-231) consists

of three �-helices and two antiparallel �-strands at the

globular C-terminus, while the N-terminus is largely

unstructured. The conformation of a longer recombi-

nant fragment, PrP(23-231), was largely the same (Riek

et al. 1997), as was the conformation of hamster (James

et al. 1997, Liu et al. 1999), bovine (Garcia et al. 2000,

Lopez-Garcia et al. 2000), and human (Zahn et al. 2000,

Calzolai et al. 2000) PrP
C

(Fig. 9). A comparison of hu-

man, mouse and bovine PrP demonstrated that human

and bovine PrPs exhibit virtually identical conforma-

tions (Garcia et al. 2000; Fig. 10). Taking into account

that the species barrier is encrypted in the sequence that

determines the conformation of PrP, the inevitable con-

clusion is that human is the species „of choice” for trans-

mission from BSE in cattle.

Owing to its insolubility, experimental data on the

three-dimensional structure of the PrP
Sc

isoform are

much more difficult to obtain. Recently, an attractive

possibility has been offered by the discovery that amy-

loid-forming proteins are capable of oligomerization

through a mechanism known as 3D domain swapping

(Bennett et al. 1994), whereby two or more subunits ex-

change identical structural elements, leading to the rec-

reation of the monomeric fold but from chain fragments

contributed by different subunits. Oligomerization via

the mechanism of 3D domain swapping requires partial

unfolding of the monomeric structure, followed by

re-folding in an aberrant way. The possibility that 3D

domain swapping might be a mechanism of amyloid

Fig. 9. Human PrP
c

structure as re-

vealed by NMR spectroscopy. Note the

presence of 3 �-helices and 2 �-strands.

Courtesy of Prof. Kurt Wuthrich, Insti-

tute of Molecular Biology and Bio-

physics, ETH Honggerberg, Zurich,

Switzerland.

212 P.P. Liberski and M. Jaskólski



formation had been considered earlier (Klafki et al.

1993; Bennett et al. 1995; Cohen and Prusiner 1998),

but the first case of 3D domain swapping in an

amyloidogenic protein has been described for human

cystatin C by Janowski et al. in 2001. This inhibitor of

cysteine proteases is often found in pathological depos-

its in the brain arteries at advanced age (Grubb 2000),

and in a mutated form is responsible for massive

amyloidosis in HCCAA (hereditary cystatin C amyloid

angiopathy) leading to death at young adulthood

(Olafsson and Grubb 2002). The crystal structure of

oligomeric cystatin C suggests an aggregation mode

(Jaskolski, 2001) that would be consistent with the

so-called �-sheet helix (Sunde and Blake, 1998), which

in turn is compatible with the cross-� structure (Glenner,

1980a,b), believed to dominate the molecular architec-

ture of amyloid fibrils. An analogous antiparallel �-sheet

was proposed earlier to explain PrP
Sc

aggregation (Huang

et al. 1995). In the cross-� structure, the individual

�-strands are perpendicular, and the �-sheet face - paral-

lel to the fiber axis. Following the discovery of 3D do-

main swapping in human cystatin C, Knaus et al. (2001)

have reproted that also the human prion protein is capable

of dimerization via 3D domain swapping. Those dimers,

which have the helix 3 swapped, are unusual in that their

formation proceeds via disruption of an intramolecular

disulfide bridge, which is then re-formed between helices

2-3 in an intermolecular fashion. However, based on hy-

drogen-exchange NMR studies, Nicholson et al. (2002)

argue that the cross-linked helix 2-3 motif is the most sta-

ble element and thus unlikely to be disrupted during the

process of domain swapping. The connection between

3D domain swapping and amyloid aggregation is sup-

ported by an increasing number of observations, but the

evidence is still indirect, except for the reports by Liu et

al. (2002) who have shown that RNase A can form

open-ended aggregates by exchanging two different do-

mains, and by Ogihara et al. (2001) who used protein en-

gineering to force a three-helix bundle molecule to form

fibrous aggregates.

An important new experimental data on the structure

of the PrP
Sc

isoform have been recently provided by the

observation of isomorphous two-dimensional crystals

in the preparations of PrP 27-30 and its internal-deletion

analogue PrP
Sc

106 (“miniprion”), the shortest form of

PrP that still supports infectivity (Wille et al. 2002). An

analysis of these 2D lattices using electron crystallogra-

phy has revealed structural information to 7 Å resolu-

tion. Coupling these data with other experimental

constraints has led to a molecular model of PrP
Sc

featur-

ing a parallel �-helix. A parallel �-helix is formed by a

progression of �-strands winding in a (right- or

Fig. 10. (a) Superposition of the

mean NMR structures of the

polypeptide segment 124-227 in

bovine PrP(23-230) (violet) and

bovinePrP(121-230) (green). (b-d)

Superposition of the segment

125-227 in bovine PrP(121-230)

(green) with the corresponding resi-

dues in human PrP(121-230) (b, or-

ange), mouse PrP(121-231) (c,

yellow), and sheep PrP(90-231) (d,

pink), respectively (Garcia et al.

2000). Courtesy of Prof. Kurt

Wuthrich, Institute of Molecular

Biology and Biophysics, ETH

Honggerberg, Zurich, Switzerland.

Dual view of prion hypothesis 213



left-handed) helical fashion, and is different from the

�-sheet helix. The authors conclude that the conversion

of PrP
C

to PrP
Sc

could be understood as a stabilization of

a proto-�-helical element by neighboring PrP
Sc

mole-

cules, followed by an extension of the growing �-helix.
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A COMMENTARY ADDED IN PROOF

Is the final proof of the prion hypothesis

obtained?

A paper in the last issue of Proc. Natl. Acad. Sci. USA

(Maddelein et al. 2002; Liebman 2002) came closer to

be accepted as an ultimate proof of prion hypothesis

(Weissmann 2002). Did it? These authors used the

[Het-s] "prion" element (see Table I) of the filamentous

fungus Podospora anserina to attempt to proove that

during formation of fungal "prion protein" a new

"infectivity" is generated de novo. As mentioned in a

previous review, PrP
Sc

may be generated in vitro

(Kocisko et al. 1994) but the new infectivity is not (Hill

et al. 1999).

Podospora fungus does not grow as individual cells

but as a scyncytium (the mycelium), in which cells are

connected by cytoplasmic tonques; in other words, any-

thing which arrives in the single cell spreads rapidly

through the entire mycelium. Furthermore, the elegant

system of microprojectile bombardment (biolistic) was

developed to insert the given protein into the cell via

tungsten "micromissiles". In this system, recombinant

[HET-s]-prion protein was inserted into the mycelium

of this fungus and the infectivity was generated de novo

from r[HET-s]-protein (Fig. 1). Recombinant [HET-s]

converted [HET-s
*
] into [HET-s] and the [Het-s] prion

state was generated w ith 87-99% efficiency. Further-

more, the conversion activity of [HET-s] was associated

with its aggregated fibrillar form and this activity is

proteinase-resistant.

Is that all? Not really. The clue to the interpretation of

these experimental data is encoded within the meaning

of the term "infectious". Maddelein et al. used this term

to denote the ability to convert normal [HET-s*] into its
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Fig. 1. Schematic view of HET-s
*
conversion by HET-s into HET-s (prion form). According to Maddelein et al. (2002); modi-

fied.



prion form [HET-s] and this effect was indeed demon-

strated. It is equivalent to the conversion of PrP
c

into

PrP
Sc

in a cell-free in vitro system (Kocisko et al. 1994).

However, the real infectivity (as it is understood in mi-

crobiology) could not be demonstrated in the fungal sys-

tem as there is neither a disease of Podospora anserina

caused by the prion form [Het-s] to look at nor an inde-

pendent measurement o such infectivity analogous to

end-point titration or even the transmission to transgen-

ic mice. In conclusion, while Maddelein et al. elegantly

demonstrated that conversion indeed takes place in

Podospora, demonstration of the generation of

infectivity de novo is yet to be achieved.
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Table I

Nomenclature for the prion element of Podosporaanserina (Maddelein et al. 2002)

Alleles

Het-s encodes a protein that can exist in both prion and nonprion state

Het-S encodes a protein that cannot exist in the prion state

Proteins

HET-s prion isoform encoded by Het-s

HET-s
*

nonprion isoform encoded by Het-s

HET-S nonprion isoform encoded by Het-S

Phenotypes
&

[Het-s] prion state; converts [Het-s
*
] to [Het-s] by cytoplasmic mixing; incompatible with [Het-S]

[Het-s
*
] nonprion state; converted to prion state [Het-s] by cytoplasmic mixing with [Het-s];

compatible with both [Het-s] and [Het-S]

[Het-S] incompatible with [Het-s]

&
[Het-s] and [Het-s

*
] phenotypes are defined by the compatibility of cell fusion with the [Het-S] state.


