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Molecular biology and genetics of prion diseases

STANLEY B. PRUSINER

Departments of Neurology and of Biochemistry and Biophysics, University of California, San Francisco,
California 94143, U.S.A.

SUMMARY

Scrapie was thought for many years to be caused by a virus. Enriching fractions from Syrian hamster
(SHa) brain for scrapie infectivity led to the discovery of the prion protein (PrP). To date, no scrapie-
specific nucleic acid has been found. As well as scrapie, prion diseases include bovine spongiform
encephalopathy (Bse) of cattle, as well as Creutzfeldt-Jakob disease (cjp) and Gerstmann-Straussler—
Scheinker syndrome (Gss) of humans. Transgenic (Tg) mice expressing both SHa and mouse (Mo) PrP
genes were used to probe the molecular basis of the species barrier and the mechanism of scrapie prion
replication. The prion inoculum was found to dictate which prions are synthesized de novo, even though
the cells express both PrP genes. Discovery of mutations in the PrP genes of humans with ss and familial
¢Jp established that prion diseases are both genetic and infectious. Tg mice expressing MoPrP with the
Gss point mutation spontaneously develop neurologic dysfunction, spongiform degeneration and
astrocytic gliosis. Inoculation of brain extracts prepared from these Tg(MoPrP-P101L) mice produced
neurodegeneration in many of the recipient animals after prolonged incubation times. These and other
results suggest that prions are devoid of foreign nucleic acid and are thus different from viruses and
viroids. Studies on the structure of PrP% and PrPC suggest that the difference is conformational. Whether
one or more putative «-helices in PrP® are converted into B-sheets during synthesis of PrP is unknown.
Distinct prion isolates or ‘strains’ exhibit different patterns of PrP5¢ accumulation which are independent
of incubation times. Whether variations in PrP% conformation are responsible for prion diversity remains
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to be established. Prion studies have given new insights into the etiologies of infectious, sporadic and

inherited degenerative diseases.

1. INTRODUCTION

Investigations of scrapie in animals and related
human diseases provide a fascinating saga in biomedi-
cal research that has yielded many unprecedented
findings. For more than 25 years, two uncommon
human diseases and several animal disorders including
scrapie were labelled transmissible encephalopathies,
spongiform encephalopathies or slow virus diseases
(Gajdusek 1977, 1985; Sigurdsson 1954). These fatal
illnesses were often transmissible to experimental
animals after a prolonged incubation period, and
some features of the transmissible pathogen resembled
those of viruses. Yet early attempts to characterize the
infectious pathogen causing scrapie of sheep and goats
produced results which suggested that these transmis-
sible agents differed from both viruses and viroids
(Alper et al. 1966, 1967; Hunter 1972).

An investigation into the etiology of scrapie fol-
lowed the vaccination of sheep for looping ill virus
with formalin-treated extracts of ovine lymphoid
tissue unknowingly contaminated with scrapie prions
(Gordon 1946). Two years later, more than 1500
sheep developed scrapie from this vaccine. Although
the transmissibility of experimental scrapie became
well established, the spread of natural scrapie within
and among flocks of sheep remained puzzling. Parry

Phil. Trans. R. Soc. Lond. B (1994) 343, 447-463

argued that host genes were responsible for the
development of scrapie in sheep. He was convinced
that natural scrapie is a genetic disease which could be
eradicated by proper breeding protocols (Parry 1962,
1982). He considered its transmission by inoculation
of importance, primarily for laboratory studies, and
communicable infection of little consequence in
nature. Other investigators viewed natural scrapie as
an infectious disease, and argued that host genetics
only modulates susceptibility to an endemic infectious
agent (Dickinson et al. 1965).

Some remarkable discoveries in the past three
decades have led to the molecular and genetic charac-
terization of the transmissible pathogen causing
scrapie in animals and a quartet of human illnesses:
kuru, Creutzfeldt-Jakob disease (cjp), Gerstmann-—
Straussler—Scheinker disease (ass) and fatal familial
insomnia (FF1) (table 1). To distinguish this infectious
pathogen from viruses and viroids, the term ‘prion’
was introduced to emphasize its proteinaceous and
infectious nature (Prusiner 1982). An abnormal iso-
form of the prion protein (PrP), PrP%, is the only
known component of the prion (Prusiner 1991). PrP is
encoded by a gene on the short arm of chromosome 20
in humans (Sparkes et al. 1986). PrP5¢ differs physi-
cally from the normal, cellular isoform PrP€ by its
high B-sheet content, its insolubility in detergents, its
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Table 1. Human prion diseases

disease etiology

kuru infection

Creutzfeldt-Jakob disease
iatrogenic infection
sporadic unknown
familial PrP mutation

Gerstmann—Straussler—Scheinker disease PrP mutation

fatal familial insomnia PrP mutation

propensity to aggregate, and its relative resistance to
proteolysis (Oesch et al. 1985; Meyer et al. 1986; Pan
etal. 1993).

Accumulation of PrP% in the brain has been found
in most of the human prion diseases. The presence of
PrP5¢ implicates prions in the pathogenesis of these
diseases. However, in rare patients (Brown et al. 1992;
Medori et al. 1992) and some transgenic (Tg) 174
mice which appear to have low or undetectable
amounts of PrP%, neurodegeneration appears, at least
in part, to be caused by abnormal metabolism of
mutant PrP (Hsiao e al. 1990). In these cases,
horizontal transmission of neurodegeneration from such
patients to experimental animals may not be demon-
strable (Tateishi ef al. 1992) but has been demonstrated
for some mice expressing wild-type or mutant PrP
transgenes (Westaway et al. 19944) (K. K. Hsiao, D.
Groth, S.-L. Yang, H. Serban, D. Rapp, D. Foster, M.
Scott, M. Torchia, S. J. DeArmond & S. B. Prusiner,
unpublished results). Whether it will be useful to
distinguish between those prion diseases in which
transmission can be demonstrated and those in which

Molecular biology and genetics of prion diseases

it cannot with current animal models remains to be
established (Prusiner & Hsiao 1994). As our know-
ledge of the prion diseases increases, and more is
learned about the molecular and genetic character-
istics of prion proteins, these disorders will undoub-
tedly undergo modification with respect to their
classification. Indeed, the discovery of PrP and the
identification of pathogenic PrP gene mutations have
already forced us to view these illnesses from perspec-
tives not previously imagined.

2. DEVELOPMENT OF THE PRION CONCEPT

Once an effective protocol was developed for prepara-
tion of partly purified fractions of scrapie agent from
hamster brain, it became possible to demonstrate that
those procedures which modify or hydrolyse proteins
produce a diminution in scrapie infectivity (Prusiner
1982; Prusiner et al. 1981). At the same time, tests
done in search of a scrapie-specific nucleic acid were
unable to demonstrate any dependence of infectivity
on a polynucleotide (Prusiner 1982), in agreement
with earlier studies reporting the extreme resistance of
infectivity to ultraviolet irradiation at 254 nm (Alper
et al. 1967).

Based on these findings, the term ‘prion’ was
introduced to distinguish the proteinaceous infectious
particles that cause scrapie, ¢jp, c¢ss and kuru from
both viroids and viruses (Prusiner 1982). Hypotheses
for the structure of the infectious prion particle
included: (i) proteins surrounding a nucleic acid
encoding them (a virus); (ii) proteins associated with
a small polynucleotide; and (iii) proteins devoid of
nucleic acid (Prusiner 1982). Mechanisms postulated

Table 2. Evidence that PrP% is a major and essential component of the infectious prion
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Copurification of PrP 27-30 and scrapie infectivity by biochemical methods. Concentration of PrP 27-30 is proportional
to prion titer (Bolton ef al. 1982; Prusiner et al. 1982; McKinley et al. 1983a; Hope et al. 1986; Turk et al. 1988; Safar et al.
19904; Jendroska et al. 1991).

- Kinetics of proteolytic digestion of PrP 27-30 and infectivity are similar (Bolton et al. 1982; Prusiner et al. 1982; McKinley

et al. 1983a).

. Copurification of PrP% and infectivity by immunoaffinity chromatography. «-PrP antisera neutralization of infectivity

(Gabizon et al. 1988b; Gabizon & Prusiner 1990).

. PrP* detected only in clones of cultured cells producing infectivity (Butler et al. 1988; Taraboulos et al. 19904; McKinley

et al. 1991b).

. PrP amyloid plaques are specific for prion diseases of animals and humans (Bendheim et al. 1984; DeArmond ef al. 1985;

Kitamoto et al. 1986; Roberts et al. 1988). Deposition of PrP amyloid is controlled, at least in part, by the PrP sequence
(Prusiner et al. 1990).

- PrP% (or PrPP) is specific for prion diseases of animals and humans (Bockman et al. 1985; Brown et al. 1986; Serban et al.

1990).

- Genetic linkage between MoPrP gene and scrapie incubation times (Carlson e al. 1986, 1988; Hunter ¢ al. 1987; Race et

al. 1990). PrP gene of mice with long incubation times encodes amino acid substitutions at codons 108 and 189, compared
with mice with short or intermediate incubation times (Westaway et al. 1987).

- The level of SHaPrP transgene expression and the primary structure of PrP% in the inoculum govern the ‘species barrier’,

scrapie incubation times, neuropathology, and prion synthesis in mice (Scott et al. 1989; Prusiner et al. 1990).

- Genetic linkage between PrP gene point mutations at codons 102, 178, 198 or 200 and the development of inherited prion

diseases in humans was demonstrated (Hsiao et al. 1989; Dlouhy et al. 1992; Petersen et al. 1992; Gabizon et al. 1993).
Genetic linkage was also established between the mutation insert of six additional octarepeats and familial cjp (Poulter et

al. 1992).

- Mice expressing MoPrP transgenes with the point mutation of GSS spontaneously develop neurologic dysfunction,

spongiform brain degeneration, and astrocytic gliosis (Hsiao et al. 1990).

. Ablation of the PrP gene in mice prevents scrapie and propagation of prions after intracerebral inoculation of prions

(Biieler et al. 1993; Prusiner et al. 19935).
Mice expressing chimeric Mo/SHaPrP transgenes produce “artificial”” prions with novel properties (Scott et al. 1993).

Phil. Trans. R. Soc. Lond. B (1994)
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for the replication of infectious prion particles ranged
from those used by viruses to the synthesis of poly-
peptides in the absence of nucleic acid template to
post-translational modifications of cellular proteins.
Subsequent discoveries have narrowed the hypotheses
for both prion structure and the mechanism of
replication.

Considerable evidence has accumulated over the
past decade supporting the prion hypothesis (Prusiner
1991). Furthermore, the replication of prions and
their mode of pathogenesis also appear to be without
precedent. After a decade of severe criticism and
serious doubt, the prion concept is now enjoying
considerable acceptance.

3. DISCOVERY OF THE PRION PROTEIN

After it was established that scrapie prion infectivity
in partly purified fractions depended upon protein
(Prusiner et al. 1981), the search for a scrapie-specific
protein intensified. Although the insolubility of scrapie
infectivity made purification problematic, this pro-
perty and the relative resistance to degradation by
proteases were used to extend the degree of purifica-
tion. Radio-iodination of partly purified fractions
revealed a protein unique to preparations from scra-
pie-infected brains (Bolton et al. 1982; Prusiner et al.
1982). This protein was later named ‘prion protein’
and abbreviated PrP with an apparent molecular
mass of 27-30 kDa, or PrP 27-30 (McKinley et al.
19834). The existence of this protein was rapidly
confirmed (Diringer et al. 1983).

Subsequent studies showed that PrP 27-30 is de-
rived from a larger protein of molecular mass 33-
35 kDa, designated PrP% (Oesch et al. 1985; Meyer et
al. 1986). It was also found that the brains of normal
and scrapie-infected hamsters express similar levels of
PrP mRNA and a protease-sensitive prion protein
designated PrP® (Oesch et al. 1985). PrPC, or a subset
of PrP molecules, are the substrate for PrP%. Many
lines of evidence suggest that PrP% is an essential
component of the infectious prion particle (table 2);
all attempts to find a second component of the prion
particle have so far been unsuccessful.

Results from many experimental and clinical
studies show that prions are composed largely, if not
entirely, of PrPS¢ molecules. Although some investiga-
tors contend that PrP5¢ is merely a pathologic product
of scrapie infection, and that PrP% coincidentally
purifies with the ‘scrapie virus’ (Brain & Diringer
1985; Aiken et al. 1989, 1990; Sklaviadis et al. 1989,
1990), there are few data to support this view. No
infective fractions containing less than one PrP%
molecule per D5 unit have been found; such a result
would show that PrP% is not required for infectivity.
Some investigators report that PrP% accumulation in
hamsters occurs after the synthesis of many infective
units (Czub et al. 1986, 1988), but these results have
been refuted (Jendroska et al. 1991). The discrepancy
appears to be due to comparisons of infectivity in
crude homogenates with PrP5 concentrations meas-
ured in purified fractions. In another study, the
investigators claimed to have dissociated scrapie infec-
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tivity from PrP 27-30 in brains of Syrian hamsters
treated with amphotercin B and inoculated with the
263K isolate, but not if they were inoculated with the
139H isolate; also, no dissociation was seen with mice
inoculated with Me7 prions (Xi et al. 1992). No
confirmation of these studies has yet been published.

The discovery of PrP 27-30 in fractions enriched for
scrapie infectivity was accompanied by the identifica-
tion of rod-shaped particles (Prusiner et al. 1982,
1983). The rods are ultrastructurally indistinguishable
from many purified amyloids, and display the tinc-
torial properties of amyloids (Prusiner et al. 1983).
These findings were followed by the demonstration
that amyloid plaques in prion diseases contain PrP,
as determined by immunoreactivity and amino acid
sequencing (Bendheim et al. 1984; DeArmond et al.
1985; Kitamoto et al. 1986; Roberts et al. 1988;
Tagliavini ef al. 1991). Some investigators believe that
scrapie-associated fibrils are synonymous with the
prion rods and are composed of PrP, even though
these fibrils can be distinguished ultrastructurally and
tinctorially from amyloid polymers (Merz et al. 1989,
1984).

The formation of prion rods requires limited proteo-
lysis in the presence of detergent (McKinley et al.
1991a). Thus the prion rods in fractions enriched for
scrapie infectivity are largely, if not entirely, artefacts
of the purification protocol. Solubilization of PrP 27-
30 into liposomes with retention of infectivity (Gabi-
zon et al. 1987) demonstrated that large PrP polymers
are not required for infectivity, and allowed the
immunoaffinity copurification of PrP5 and infectivity
(Gabizon et al. 1988b; Gabizon & Prusiner 1990).

4. SEARCH FOR A SCRAPIE-SPECIFIC
NUCLEIC ACID

Based upon the resistance of the scrapie agent to both
ultraviolet and ionizing radiation (Alper et al. 1966,
1967), the possibility was raised that the scrapie agent
might contain a small polynucleotide similar in size
and properties to viroids of plants (Diener 1972).
Subsequently, evidence for a putative DNA-like viroid
was published (Malone ¢t al. 1979), but the findings
could not be confirmed (Prusiner et al. 1980), and the
properties of the scrapie agent were found to be
antithetical to those of viroids (Diener e al. 1982). As
well as ultraviolet irradiation, reagents specifically
modifying or damaging nucleic acids, such as nuc-
leases, psoralens, hydroxylamine and Zn®* ions, were
found not to alter scrapie infectivity in homogenates
(Prusiner 1982), microsomal fractions (Prusiner 1982),
purified prion rod preparations or detergent-lipid—
protein complexes (McKinley et al. 1983b; Bellinger—
Kawahara et al. 1987a,b, 1988; Gabizon et al. 1988a;
Neary et al. 1991).

Attempts to find a scrapie-specific polynucleotide
by using physical techniques such as polyacrylamide
gel electrophoresis were as unsuccessful as molecular
cloning approaches. Substractive hybridization studies
identified several cellular genes, the expression of
which is increased in scrapie, but no unique sequence
could be identified (Weitgrefe et al. 1985; Diedrich
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et al. 1987; Duguid et al. 1988). Extensively purified
fractions were analysed for a scrapie-specific nucleic
acid by using a specifically developed technique
designated return refocusing gel electrophoresis, but
none was found (Meyer et al. 1991). These studies
suggest that if such a molecule exists then its size is
80 nt or less (Kellings et al. 1992; Riesner et al. 1992).
Attempts to use these highly enriched fractions to
identify a scrapie-specific nucleic acid by molecular
cloning were also unsuccessful (Oesch et al. 1988).

Despite these studies, some investigators continue to
champion the idea that scrapie is caused by a ‘virus’
(Chesebro 1992; Kimberlin 1990). A few argue that
the scrapie virus is similar to a retrovirus (Sklaviadis et
al. 1989, 1993), and others argue that the scrapie virus
induces amyloid deposition in the brain (Braig &
Diringer 1985; Diringer 1992). Others argue that
scrapie is caused by a larger pathogen, similar to
spiroplasma bacterium (Bastian 1979, 1993), and still
others contend that elongated protein polymers
covered by DNA are the etiologic agents in scrapie
(Narang et al. 1988; Narang 1992). DNA molecules,
such as the D-loop DNA of mitochondria, have also
been suggested as the cause of scrapie (Aiken et al.
1989).

5. PrP GENE STRUCTURE, ORGANIZATION
AND EXPRESSION

The entire open-reading frame (orF) of all known
mammalian and avian PrP genes is contained within a
single exon (Basler et al. 1986; Westaway et al. 1987;
Hsiao et al. 1989; Gabriel et al. 1992). This feature of
the PrP gene eliminates the possibility that PrP5 arises
from alternative RNA splicing (Basler et al. 1986;
Westaway et al. 1987, 1991). The two exons of the
Syrian hamster (SHa) PrP gene are separated by a
10 kb intron: exon 1 encodes a portion of the 5
untranslated leader sequence, while exon 2 encodes
the orr and 3" untranslated region (Basler et al. 1986).
The mouse (Mo) and sheep PrP gene is composed of
three exons, with exon 3 analogous to exon 2 of the
hamster (Westaway et al. 1991, 1994b4). The pro-
moters of both the SHa and MoPrP genes contain
multiple copies of G-C rich repeats, and are devoid
of TATA boxes. These G-C nonamers represent a
motif which may function as a canonical binding site
for the transcription factor Spl (McKnight & Tjian
1986).

Mapping PrP genes to the short arm of human
chromosome 20 and the homologous region of Mo
chromosome 2 argues for the existence of PrP genes
before the speciation of mammals (Sparkes et al.
1986). Hybridization studies demonstrated < 0.002
PrP gene sequences per sy unit in purified prion
fractions, suggesting that a gene encoding PrP* is not
a component of the infectious prion particle (Oesch et
al. 1985). This is a major feature which distinguishes
prions from viruses, including those retroviruses that
carry cellular oncogenes, and from satellite viruses
that derive their coat proteins from other viruses
previously infecting plant cells.

Phil. Trans. R. Soc. Lond. B (1994)
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Although PrP mRNA is constitutively expressed in
the brains of adult animals (Chesebro et al. 1985;
Oesch et al. 1985), it is highly regulated during
development. In the septum, levels of PrP mRNA and
choline acetyltransferase were found to increase in
parallel during development (Mobley et al. 1988). In
other brain regions, PrP gene expression occurred at
an earlier age. In situ hybridization studies show that
the highest levels of PrP mRNA are found in neurons
(Kretzschmar et al. 1986).

6. EXPERIMENTAL SCRAPIE

For many years, studies of experimental scrapie were
performed exclusively with sheep and goats. The
disease was first transmitted by intraocular inocula-
tion (Cuillé & Chelle 1939), and later by intra-
cerebral, oral, subcutaneous, intramuscular and
intravenous injections of brain extracts from sheep
developing scrapie. Incubation periods of 1-3 years
were common, and often many of the inoculated
animals failed to develop disease (Dickinson & Stamp
1969; Hadlow et al. 1980; Hadlow e al. 1982).
Different breeds of sheep exhibited markedly different
susceptibilities to scrapie prions inoculated subcuta-
neously, suggesting that the genetic background might
influence host permissiveness (Gordon 1966),

A crucial methodologic advance in experimental
studies of scrapie was created by the demonstration
that scrapie could be transmitted to mice (Chandler
1961). Endpoint titrations using mice were done to
determine the titres of prions in particular samples. In
addition, pathogenesis experiments directed at eluci-
dating factors governing incubation times and neuro-
pathological lesions were done (Eklund et al. 1967;
Dickinson et al. 1968; Fraser & Dickinson 1968).

Studies of PrP genes (Prn-p) in mice with short and
long incubation times demonstrated genetic linkage
between a Prn-p restriction fragment length polymor-
phism (RFLP) and a gene modulating incubation times
(Prn-1) (Carlson et al. 1986). Other investigators have
confirmed the genetic linkage, and one group has
shown that the incubation time gene Sinc is also linked
to PrP (Hunter et al. 1987; Race et al. 1990). Sinc was
first described by Dickinson and colleagues over 25
years ago (Dickinson et al. 1968); whether the genes
for PrP, Prn-i and Sinc are all congruent remains to be
established. The PrP sequences of NZW (Prn-p*) and
I/Ln (Prn-p®) mice with short and long scrapie incuba-
tion times, respectively, differ at codons 108 (L—F)
and 189 (T—V) (Westaway et al. 1987). Although
these amino acid substitutions argue for the con-
gruency of Prn-p and Prn-i, experiments with Prn-p*
mice expressing Prn-p® transgenes demonstrated a
paradoxical shortening of incubation times (Westa-
way et al. 1991) instead of a prolongation as predicted
from (Prn-p*x Prn-p?) F; mice which exhibit long
incubation times that are dominant (Dickinson et al.
1968; Carlson et al. 1986). Whether this paradoxical
shortening of scrapie incubation times in Tg (Prn-p®)
mice results from high levels of PrP®B expression
remains to be established (Westaway et al. 1991).
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7. HUMAN PRION DISEASES

The human prion diseases are manifest as infectious,
inherited and sporadic disorders, and are often
referred to as kuru, cjp, css and fr1, depending upon
the clinical and neuropathological findings (table 1).
Infectious forms of prion diseases result from the
horizontal transmission of the infectious prions, as
occurs in iatrogenic ¢jp and kuru. Inherited forms,
notably Gss, familial ¢jp and Fr1 comprise 10-159%, of
all cases of prion disease. A mutation in the orF or
protein-coding region of the PrP gene has been found
in all reported kindreds with inherited human prion
disease. Sporadic forms of prion disease comprise most
cases of cJp and possibly some cases of ass (Masters et
al. 1978). How prions arise in patients with sporadic
forms is unknown, but hypotheses include horizontal
transmission from humans or animals (Gajdusek
1977), somatic mutation of the PrP gene orr, and
spontaneous conversion of PrP® into PrP5 (Prusiner
1989; Hsiao et al. 1991a). Numerous attempts to
establish an infectious link between sporadic ¢jp and a
pre-existing prion disease in animals or humans have
been unrewarding (Malmgren et al. 1979; Harries-
Jones et al. 1988; Cousens et al. 1990).

Genetics were first thought to have a role in cjp
with the recognition that ca. 109, of cases are familial
(Meggendorfer 1930; Stender 1930; Davison &
Rabiner 1940; Jacob et al. 1950; Friede & DeJong
1964; Rosenthal et al. 1976; Masters et al. 1979,
1981a,b; in contrast, most cases of gss are familial
(Gerstmann et al. 1936). Like sheep scrapie, the
relative contributions of genetic and infectious
etiologies in the human prion diseases remained
puzzling.

The discovery of the PrP gene and its linkage to
scrapie incubation times in mice (Carlson et al. 1986)
raised the possibility that mutation might feature
in the hereditary human prion diseases. A proline
(P)—leucine (L) mutation at codon 102 was shown to
be linked genetically to development of ss with a lod
score exceeding 3 (figure 1) (Hsiao et al. 1989). This
mutation may be due to the deamination of a
methylated CpG in a germline PrP gene resulting in
the substitution of a thymine (T) for cytosine (C). The
P102L mutation has been found in ten different
families in nine different countries, including the
original Gss family (Doh-ura et al. 1989; Goldgaber et
al. 1989; Kretzschmar et al. 1991, 1992).

An insert of 144 base pairs (b.p.) at codon 53
containing six octarepeats were described in patients
with ¢jp from four families all residing in southern
England (figure 1) (Collinge et al. 1992; Owen et al.
1989; Poulter et al. 1992). This mutation must have
arisen through a complex series of events as the
human PrP gene contains only five octrarepeats, so a
single recombination event could not have created the
insert. Genealogic investigations have shown that all
four families are related, suggestive of a single founder
born more than two centuries ago. The lod score for
this extended pedigree exceeds 11. Studies from
several laboratories have demonstrated that two, four,
five, six, seven, eight or nine octarepeats in addition to

Phil. Trans. R. Soc. Lond. B (1994)
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M129V
PRNP
A117V] D178N mM232R
P105L visol Q217R
16 32 48 64  P102L F198S] v21o0l
40 56 72 Y145% E200K

Octarepeat Sequence L
P(QM)EGG(G;")WGQ Genetic Linkage

Figure 1. Human prion protein gene (PRNP). The open
reading frame (orF) is denoted by the large grey rectangle.
Human PRNP wild-type polymorphisms are shown above
the rectangle, whereas mutations that segregate with the
inherited prion diseases are depicted below. The wild-type
human PrP gene contains five octarepeats [P(Q/H)-
GGG(G/-)WGQ] from codons 51-91. Deletion of a single
octarepeat at codon 81 or 82 is not associated with prion
disease. There are common polymorphisms at codons 117
(Ala—Ala) and 129 (Met—Val); homozygosity for Met or
Val at codon 129 appears to increase susceptibility to
sporadic ¢Jp. Octarepeat inserts of 16, 32, 40, 48, 56, 64, and
72 amino acids at codons 67, 75 or 83 are designated by
small rectangles below the orr. These inserts segregate with
familial cjp, and significant genetic linkage has been
demonstrated where sufficient specimens from family
members are available. Point mutations are designated by
the wild-type amino acid preceding the codon number and
the mutant residue follows, e.g. P102L. These point
mutations segregate with the inherited prion diseases, and
significant genetic linkage (underlined mutations) has been
demonstrated where sufficient specimens from family
members are available. Reprinted from Prusiner (1993).

the normal five are found in individuals with inherited
cjp (Owen et al. 1989, 1992; Goldfarb et al. 1991a;
Brown 1992), whereas deletion of one octarepeat has
been identified without the neurologic disease
(Lapanche et al. 1990; Vnencak-Jones & Phillips 1992;
Palmer et al. 1993).

For many years the unusually high incidence of ¢jp
among Israeli Jews of Libyan origin was thought to be
due to the consumption of lightly cooked sheep brain
or eyeballs (Kahana et al. 1974). Recent studies have
shown that some Libyan and Tunisian Jews in families
with ¢jp have a PrP gene point mutation at codon 200
resulting in a glutamate (E)—lysine (K) substitution
(Goldfarb et al. 1990; Hsiao et al. 1991a). One patient
was homozygous for the E200K mutation, but her
clinical presentation was similar to that of hetero-
zygotes (Hsiao et al. 1991a), which suggests that
familial prion diseases are true autosomal dominant
disorders. The E200K mutation has also been found in
Slovaks originating from Orava in North Central
Czechoslovakia (Goldfarb et al. 1990), in a cluster of
familial cases in Chile (Goldfarb et al. 19916) and in
a large German family living in the United States
(Bertoni et al. 1992).

Many families with c¢jp have been found to have a
point mutation at codon 178 resulting in an aspartic
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acid (D)—asparagine (N) substitution (Fink et al.
1991; Goldfarb et al. 1991¢). In these patients, as well
as those with the E200K mutation, PrP amyloid
plaques are rare; the neuropathologic changes gener-
ally consist of widespread spongiform degeneration.
Recently a new prion disease which presents with
insomnia has been described in three Italian families
with the D178N mutation (Medori et al. 1992). The
neuropathology in these patients with fatal familial
insomnia is restricted to selected nuclei of the thala-
mus. It is unclear whether all patients with the D178N
mutation or only a subset present with sleep distur-
bances. It has been proposed that the allele with the
D178N mutation encodes a methionine at position 129
in fatal familial insomnia, whereas a valine is encoded
at position 129 in familial ¢jp (Goldfarb ef al. 1992).
The discovery that fatal familial insomnia is an
inherited prion disease clearly widens the clinical
spectrum of these disorders and raises the possibility
that many other degenerative diseases of unknown
etiology may be caused by prions (Johnson 1992;
Medori et al. 1992).

A valine (V)—isoleucine (I) mutation at PrP codon
210 produces cjp with classic symptoms and signs
(Pocchiari et al. 1993; Ripoll et al. 1993). It appears
that this V2101 mutation is also incompletely pene-
trant.

Other point mutations at codons 105, 117, 145, 198,
217 and possibly 232 also segregate with inherited
prion diseases (Doh-ura et al. 1989; Hsiao et al. 19915,
1992; Brown 1992; Tranchant et al. 1992; Kitamoto et
al. 1993a,b). Patients with a dementing or telencepha-
lic form of Gss have a mutation at codon 117. These
patients, as well as some in other families, were once
thought to have familial Alzheimer’s disease, but are
now known to have prion diseases on the basis of PrP
immunostaining of amyloid plaques and PrP gene
mutations (Farlow et al. 1989; Ghetti et al. 1989;
Nochlin et al. 1989; Giaccone et al. 1990). Patients
with the codon 198 mutation have numerous neuro-
fibrillary tangles that stain with antibodies to v and
have amyloid plaques (Farlow et al. 1989; Ghetti e al.
1989; Nochlin et al. 1989; Giaccone et al. 1990) that
are composed largely of a PrP fragment extending
from residues 58 to 150 (Tagliavini et al. 1991). A
genetic linkage study of this family produced a lod
score exceeding 6 (Dlouhy et al. 1992). The neuro-
pathology of two patients of Swedish ancestry with the
codon 217 mutation (Ikeda et al. 1991) was similar to
that of patients with the codon 198 mutation.

Patients with ¢ss who have a substitution of leucine
for proline at PrP codon 105 have been reported
(Kitamoto e al. 199356). One patient with a prolonged
neurologic illness spanning almost two decades with
PrP amyloid plaques was found to have an amber
mutation of the PrP gene resulting in a stop codon at
residue 145 (Kitamoto et al. 19934). Staining of the
plaques with anti-PrP peptide antisera suggested that
they might be composed exclusively of the truncated
PrP molecules. That a PrP peptide ending at residue
145 polymerizes to amyloid filaments is to be expected
as an earlier study noted above showed that the major
PrP peptide in plaques from patients with the F198S
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mutation was a 11 kDa PrP peptide beginning at
codon 58 and ending at ca. 150 (Tagliavini et al.
1991). Furthermore, synthetic PrP peptides adjacent
to and including residues 109-122 readily polymerize
into rod-shaped structures with the tinctorial proper-
ties of amyloid (Gasset et al. 1992; Come ¢t al. 1993;
Forloni et al. 1993; Goldfarb et al. 1993).

8. SYNTHESIS OF PrP¢ AND PrPs¢

Metabolic labelling studies of scrapie-infected cul-
tured cells have shown that PrP* is synthesized slowly
by a post-translational process (Borchelt et al. 1990,
1992; Caughey & Raymond 1991) in contrast to PrP¢
which is synthesized and degraded rapidly (Caughey
et al. 1989). These observations are consistent with
earlier findings showing that PrP% accumulates in the
brains of scrapie-infected animals, while PrP mRNA
levels remain unchanged (Oesch et al. 1985). Further-
more, the structure and organization of the PrP gene
made it likely that PrP% is formed during a post-
translational event (Basler ef al. 1986).

Both PrP isoforms appear to transit through the
Golgi apparatus where their Asn-linked oligosaccha-
rides are modified and sialylated (Bolton et al. 1985;
Manuelidis et al. 1985; Endo et al. 1989; Haraguchi
et al. 1989; Rogers et al. 1990). PrP® is presumably
transported within secretory vesicles to the external
cell surface where it is anchored by a glycosyl
phosphatylinositol (GPI) moiety (Stahl et al. 1987,
1992; Safar et al. 1990a). In contrast, PrP% accumu-
lates primarily within cells where it is deposited in
cytoplasmic vesicles, many of which appear to be
secondary lysosomes (Taraboulos et al. 19905, 19925;
Caughey et al. 1991a; McKinley et al. 19915; Borchelt
et al. 1992).

Whether PrP€ is the substrate for PrP% formation
or a restricted subset of PrP molecules are precursors
for PrP% remains to be established. Several experi-
mental results suggest that PrP molecules destined to
become PrP% exit to the cell surface, as does PrP¢
(Stahl et al. 1987), before their conversion into PrPS
(Caughey & Raymond 1991; Borchelt et al. 1992;
Taraboulos et al. 1992b). Interestingly, the GPI
anchors of both PrP® and PrP%, which presumably
feature in directing the subcellular trafficking of these
molecules, are sialylated (Stahl et al. 1992). The re-
entry of PrP¢ into cells appears to occur through the
caveolae (Anderson et al. 1992).

Although most of the difference in the mass of PrP
27-30 predicted from the amino acid sequence and
that observed after post-translational modification is
due to complex-type oligosaccharides (Haraguchi et
al. 1989), these sugar chains are not required for PrP%
synthesis in scrapie-infected cultured cells based on
experiments with the Asn-linked glycosylation inhibi-
tor tunicamycin and site-directed mutagenesis studies
(Taraboulos et al. 1990a).

9. TRANSGENETICS AND GENE TARGETING

The passage of prions between species is a stochastic
process characterized by prolonged incubation times
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(Pattison 1965). Prions synthesized de novo reflect the
sequence of the host PrP gene and not that of the
PrP% molecules in the inoculum (Bockman et al.
1987). On subsequent passage in a homologous host,
the incubation time shortens to that recorded for all
subsequent passages, and it becomes a non-stochastic
process. The species barrier concept is of practical
importance in assessing the risk for humans of deve-
loping ¢jp after consumption of scrapie-infected lamb
or BSE beef (Prusiner et al. 1993a; Wilesmith et al.
1992).

To test the hypothesis that differences in PrP gene
sequences might be responsible for the species barrier,
Tg mice expressing SHaPrP were constructed (Pru-
siner ef al. 1990; Scott et al. 1989). The PrP genes of
Syrian hamsters and mice encode proteins differing
at 16 positions. Incubation times in four lines of
Tg(SHaPrP) mice inoculated with Mo prions were
prolonged compared with those observed for non-Tg,
control mice. Inoculation of Tg(SHaPrP) mice with
SHa prions demonstrated abrogation of the species
barrier, resulting in abbreviated incubation times
due to a non-stochastic process (Scott et al. 1989;
Prusiner et al. 1990). The length of the incubation
time after inoculation with SHa prions was inversely
proportional to the level of SHaPrP® in the
brains of Tg(SHaPrP) mice (Prusiner et al. 1990).
SHaPrP* levels in the brains of clinically ill mice were
similar in all four Tg(SHaPrP) lines inoculated with
SHa prions. Bioassays of brain extracts from clinically
ill Tg(SHaPrP) mice inoculated with Mo prions
revealed that only Mo prions but no SHa prions were
produced. Conversely, inoculation of Tg(SHaPrP)
mice with SHa prions led to only the synthesis of
SHa prions. Thus, the de novo synthesis of prions is
species specific and reflects the genetic origin of the
inoculated prions. Similarly, the neuropathology
of Tg(SHaPrP) mice is determined by the genetic
origin of prion inoculum. Mo prions injected
into Tg(SHaPrP) mice produced a neuropathology
characteristic of mice with scrapie. A moderate degree
of vacuolation in both the grey and white matter was
found, but amyloid plaques were rarely detected.
Inoculation of Tg(SHaPrP) mice with SHa prions
produced intense vacuolation of the grey matter,
sparing of the white matter and numerous SHaPrP
amyloid plaques characteristic of Syrian hamsters
with scrapie.

During transgenetic studies, we discovered that
uninoculated older mice with high-copy numbers
of wild-type transgenes derives from Syrian ham-
sters, sheep and PrP-B mice spontaneously developed
truncal ataxia, hind-limb paralysis and tremors
(Westaway et al. 19944). These Tg mice exhibited a
profound necrotizing myopathy involving skeletal
muscle, a demyelinating polyneuropathy and focal
vacuolation of the central nervous system (GNs).
Development of disease was dependent on transgene
dosage. For example, Tg(SHaPrP*/*)7 mice homo-
zygous for the SHaPrP transgene array regularly
developed disease between 400d and 600d of age;
hemizygous Tg(SHaPrP*/%)7 mice also developed
disease, but after > 650 d.
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Attempts to demonstrate PrP% in either muscle or
brain were unsuccessful, but transmission of disease
with brain extracts from Tg(SHaPrP+/*)7 mice
inoculated into Syrian hamsters did occur. These
Syrian hamsters had PrP% as detected by immuno-
blotting and spongiform degeneration (D. Groth &
S. B. Prusiner, unpublished data). Serial passage with
brain extracts from these animals to recipients was
observed. De novo synthesis of prions in Tg(SHa-
PrP*/*)7 mice overexpressing wild-type SHaPrP¢
provides support for the hypothesis that sporadic ¢jp
does not result from infection but rather is a conse-
quence of the spontaneous, although rare, conversion
of PrP¢ into PrP%. Alternatively, a somatic mutation
in which mutant SHaPrP® is spontaneously converted
into PrP%, as in the inherited prion diseases, could
also explain sporadic c¢jp. These findings, as well as
those described below for Tg(MoPrP-P101L) mice,
suggest that prions are devoid of foreign nucleic acid,
in accord with many earlier studies that use other
experimental approaches reviewed above.

Transgenic mice expressing chimeric PrP genes
derived from SHa and Mo PrP genes were constructed
(Scott et al. 1992). One SHa/MoPrP gene, designated
MH2M PrP, contains five amino acid substitutions
encoded by SHaPrP, and another construct desig-
nated MHM?2 PrP has two substitutions. Tg(MH2M
PrP) mice were susceptible to both SHa or Mo prions,
whereas three lines expressing MHM2 PrP were
resistant to SHa prions (Scott et al. 1993). The brains
of Tg(MH2M PrP) mice dying of scrapie contained
chimeric PrP% and prions with an artificial host range
favouring propagation in mice which express the
corresponding chimeric PrP, and were also transmis-
sible, at reduced efficiency, to non-Tg mice and
hamsters. These findings provide genetic evidence for
homophilic interactions between PrP%¢ in the inocu-
lum and PrP¢ synthesized by the host.

Ablation of the PrP gene in Tg (Prn-p®°) mice has,
unexpectedly, not affected the development of these
animals (Bueler et al. 1992). In fact, they are healthy
at almost 2 years of age. Prn-p%° mice are resistant
to prions and do not propagate scrapie infectivity
(Biieler et al. 1993; Prusiner et al. 19935). Prn-p”° mice
crossed with Tg(SHaPrP) mice were rendered suscep-
tible to SHa prions but remained resistant to Mo
prions (Bieler et al. 1993; Prusiner et al. 1993b). As the
absence of PrP¢ expression does not provoke disease, it
is likely that scrapie and other prion diseases are a
consequence of PrP% accumulation rather than an
inhibition of PrPC function (Biieler et al. 1992).

Mice heterozygous (Prn-p%*) for ablation of the
PrP gene had prolonged incubation times when
inoculated with Mo prions (Prusiner et al. 19935). The
Prn-p%* mice developed signs of neurologic dysfunc-
tion at 400-460 d after inoculation. These findings
are in accord with studies on Tg(SHaPrP) mice
where increased SHaPrP expression was accompanied
by diminished incubation times (Prusiner e al.
1990).

Because Prn-p%° do not express PrP¢ we reasoned
that they might more readily produce anti-PrP anti-
bodies. Prn-p%® mice immunized with Mo or SHa
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prion rods produced anti-PrP antisera which bound
Mo, SHa and human PrP (Prusiner et al. 1993b).
These findings contrast with earlier studies in which
anti-MoPrP antibodies could not be produced in
mice, presumably because the mice had been rendered
tolerant by the presence of MoPrP® (Barry & Prusiner
1986; Kascsak ef al. 1987; Rogers et al. 1991). That
Prn-p”® mice readily produce anti-PrP antibodies is
consistent with the hypothesis that the lack of an
immune response in prion diseases is due to the fact
that PrP® and PrP5 share many epitopes. Whether
Prn-p”° mice produce anti-PrP antibodies that speci-
fically recognize conformational-dependent epitopes
present on PrPS but absent from PrP® remains to be
determined.

The codon 102 point mutation found in ass
patients was introduced into the MoPrP gene, and
Tg(MoPrP-P101L)H mice were created expressing
high (H) levels of the mutant transgene product. The
Tg(MoPrP-P101L)H mice spontaneously developed
cns degeneration, characterized by clinical signs indis-
tinguishable from experimental murine scrapie and
neuropathology consisting of widespread spongiform
morphology and astrocytic gliosis (Hsiao et al. 1990)
and PrP amyloid plaques. By inference, these results
contend that PrP gene mutations cause Gss, familial
¢Jp and FFL

Although brain extracts prepared from Tg(MoPrP-
P101L)H mice transmitted cNs degeneration to some
inoculated recipients, little or no PrP% was detected
by immunoassays after limited proteolysis. Many
Tg(MoPrP-P101L)L mice expressing low (L) levels of
the mutant transgene product, and some Syrian
hamsters, developed cNs degeneration between 115 d
and 600 d after inoculation, but inoculated CD-1
Swiss mice remained well (K. K. Hsiao, D. Groth,
S.-L. Yang, H. Serban, D. Rapp, D. Foster, M. Scott,
M. Torchia, S. J. DeArmond & S. B. Prusiner,
unpublished results). Undetectable or low levels of
PrP5¢ in the brains of these Tg(MoPrP-P101L)H mice
are consistent with the results of these transmission
experiments which suggest low titres of infectious
prions. Although no PrP% was detected in the brains
of inoculated Tg(MoPrP-P101L)L mice exhibiting
neurologic dysfunction by immunoassays after limited
proteolysis, PrP amyloid plaques, as well as spongi-
form degeneration, were frequently found. We pro-
pose that the neurodegeneration found in inoculated
Tg(MoPrP-P101L)L mice results from a modification
of mutant PrP which is initiated by mutant PrPS
present in the brain extracts prepared from ill
Tg(MoPrP-P101L)H mice. In support of this expla-
nation are the findings in some inherited human
prion diseases where neither protease-resistant PrP
(Brown et al. 1992; Medori et al. 1992) nor
transmission to experimental animals could be demon-
strated (Tateishi et al. 1992). Furthermore, transmis-
sion of disease from Tg(MoPrP-P101L)H mice to
Tg(MoPrP-P101L)L mice but not to Swiss mice is
consistent with earlier findings which demonstrate
that homotypic interactions between PrP® and PrPs
feature in the formation of PrP% as described
above.
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10. PROPAGATION OF PRIONS

Although the search for a scrapie-specific nucleic acid
continues to be unrewarding, some investigators
steadfastly cling to the notion that this putative
polynucleotide drives prion replication. If prions are
found to contain a scrapie-specific nucleic acid, then
such a molecule would be expected to direct scrapie
agent replication using a strategy similar to that used
by viruses. In the absence of any chemical or physical
evidence for a scrapie-specific polynucleotide, it seems
reasonable to consider some alternative mechanisms
that might feature in prion biosynthesis. The multipli-
cation of prion infectivity is an exponential process in
which the post-translational conversion of PrP¢ or a
precursor to PrP% appears to be obligatory (Borchelt
et al. 1990).

As illustrated, PrP% appears to combine with PrP®
to form a PrPY/PrPS complex which is subsequently
transformed into two molecules of PrP%. In the next
cycle, two PrP% molecules combine with two PrPC
molecules giving rise to two complexes that dissociate
to combine with four PrP® molecules creating an
exponential process. Studies with Tg(SHaPrP) mice
suggest that prion synthesis involves ‘replication’, not
merely ‘amplification’ (Prusiner et al. 1990). Assuming
prion biosynthesis simply involves amplification of
post-translationally altered PrP molecules, we might
expect Tg(SHaPrP) mice to produce both SHa and
Mo prions after inoculation with either prion, as
these mice produce both SHa and MoPrP® Yet
Tg(SHaPrP) mice synthesize only those prions present
in the inoculum. These results suggest that the
incoming prion and PrP% interact with the homotypic
PrP€ substrate to replicate more of the same prions.

Additional evidence in support of the proposed
model for prion propagation comes from Tg(Mo/
SHaPrP) mice expressing chimeric Mo/SHaPrP¢
(Scott et al. 1993). The chimeric Mo/SHaPrP gene
was constructed by substituting the SHaPrP sequence
for MoPrP from codon 94 to 188; within this domain,
there are five amino acid substitutions which dis-
tinguish Mo from SHaPrP. When inoculated with
either Mo or SHa prions, these Tg(Mo/SHaPrP) mice
develop scrapie after ca. 140 d. The chimeric Tg mice
produce Mo/SHaPrP% and Mo/SHa prions and
inoculation with SHa prions and probably Mo prions
as well. Evidence for chimeric Mo/SHa prions comes
from the development of scrapie in Tg(Mo/SHaPrP)
mice ca. 70d after inoculation with brain extracts
from Tg(Mo/SHaPrP) mice containing the chimeric
prions.

As studies of PrP*° failed to reveal a candidate post-
translational chemical modification that might dis-
tinguish it from PrP¢ (Stahl et al. 1993), we considered
the possibility that these two PrP isoforms may differ
only in their conformations. To assess this possibility,
the secondary structures of PrP® and PrP% were
determined (Pan e/ al. 1993). Fourier transform
infrared (FTIR) spectroscopy demonstrated that PrP¢
has a high «-helix and low B-sheet content, findings
that were confirmed by circular dichroism measure-
ments (Pan e al. 1993). In contrast, the B-sheet
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content of PrP% was more than 409, and the «-helix
309%, as measured by FTIR. The N-terminally trun-
cated PrP® derived by limited proteolysis and desig-
nated PrP 27-30 showed an even higher B-sheet and a
lower a-helix content than was found for PrPS
(Caughey et al. 19915; Gasset et al. 1993). Although
these findings suggest that the conversion of a-helices
into B-sheets underlies the formation of PrP% we
cannot eliminate the possibility that an undetected
chemical modification of a small fraction of PrP%
initiates this process.

Structure prediction studies of SHaPrP¢ and
SHaPrP (residues 23-231) were done by using a
neural network algorithm (Kneller ez al. 1990; Presnell
et al. 1993). Class-dependent (o/a,®/B,3/8) and naive
predictions were made. The «/a class contains proteins
which are composed largely of «-helices. Similarly,
B/B class contains proteins that are mostly B-sheets.
Interestingly, the four putative a-helical domains of
PrP (Gasset et al. 1992) showed both strong a-helix
preference in the a/a class prediction and strong B-
sheet preference in the B/B class prediction. These
results are consistent with the hypothesis that these
domains undergo conformational changes from a-
helices to B-sheets during the formation of PrPSc.
Further support for this hypothesis comes from struc-
tural investigations of synthetic PrP peptides.

Three of the four peptides corresponding to the four
putative «-helical domains of PrP® formed amyloid
polymers with high B-sheet content when dispersed
into water but formed a-helices in hexafluoroisopropa-
nol (Gasset et al. 1992). Furthermore, denaturation of
PrP 27-30 under conditions which reduced scrapie
infectivity resulted in a concomitant diminution of B-
sheet content (Gasset ef al. 1993). Thus it seems likely
that both the conversion of PrP® to PrP* and the
propagation of infectious prion particles involves a
structural transition in which «-helical domains
acquire B-sheets.

In humans carrying point mutations or inserts in
their PrP genes, mutant PrP® molecules might spon-
taneously convert into PrP%. Although the initial
stochastic event may be inefficient, once it happens
the process becomes autocatalytic. The proposed
mechanism is consistent with individuals having germ-
line mutations who do not develop cns dysfunction for
decades, and with studies on Tg(MoPrP-P101L)H
mice that spontaneously develop cNs degeneration
(Hsiao et al. 1990). Whether all gss and familial ¢jp
cases contain infectious prions or some represent
inborn errors of PrP metabolism in which neither
PrP5 nor prion infectivity accumulates is unknown;
however, transmission of inherited human prion dis-
eases to animals is less frequent than for sporadic cjp
(Tateishi et al. 1992). It seems likely that mutant PrP¢
molecules alone can also produce cNs degeneration.

11. STRAINS AND PRION DIVERSITY

The diversity of scrapie prions was first appreciated in
goats inoculated with ‘hyper’ and ‘drowsy’ isolates
(Pattison & Millson 1961). Subsequently, studies in
mice demonstrated the existence of many scrapie
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‘strains’ (Dickinson & Fraser 1979; Bruce & Dickinson
1987; Kimberlin ¢t al. 1987; Dickinson & Outram
1988), which continues to pose a fascinating conun-
drum. What is the macromolecule that carries the
information required for each strain to manifest a
unique set of biological properties if it is not a nucleic
acid?

There is good evidence for multiple ‘strains’ or
distinct isolates of prions as defined by specific incuba-
tion times, distribution of vacuolar lesions and pat-
terns of PrPS¢ accumulation (Dickinson et al. 1968;
Fraser & Dickinson 1973; Bruce et al. 1989; Hecker et
al. 1992). Incubation times have been used to dis-
tinguish strains inoculated into sheep, goats, mice and
hamsters. Recent studies have shown that the incuba-
tion time is not characteristic for a particular strain
but rather it depends on the host as demonstrated
in studies with Tg(SHaPrP) mice (DeArmond et al.
1993; Prusiner et al. 19936) and mice expressing
chimeric Mo/SHaPrP transgenes (Scott et al. 1993).
For example, three SHa prion ‘strains’ passaged in
Syrian hamsters (Kimberlin ¢t al. 1987, 1989) have
profoundly different incubation times, depending
upon the host in which they were passaged.

Each ‘strain’ was found to have a unique lesion
profile as determined by counting vacuoles in various
regions of the brain (Fraser & Dickinson 1973) which
were subsequently shown to be the result of PrPS
accumulation (Hecker et al. 1992; DeArmond e al.
1993).

With the development of a new procedure for in
sttu detection of PrP% designated histoblotting (Tara-
boulos et al. 19924), it became possible to deter-
mine whether or not ‘strains’ produce different,
reproducible patterns of PrPS accumulation (Hecker
et al. 1992; DeArmond et al. 1993). Microdissection of
individual brain regions has shown that those regions
with intense vacuolation have high levels of PrP 27-30
(Casaccia-Bonnefil et al. 1993). These findings have
given rise to the hypothesis that PrP5 synthesis occurs
in specific populations of cells for a given distinct prion
isolate.

Isolation of scrapie ‘strains’ in mice uses extracts
prepared from scrapied sheep (Dickinson et al. 1968).
Cloning of new ‘strains’ was done by limiting dilution
in mice. Although many strains were isolated, most of
the studies used only a few strains, and passaging was
limited. For example, Me7 prions were passaged in
C57BL mice (Dickinson & Fraser 1969), which were
later shown to have the MoPrP-A allele, but 22a and
87V were passaged in VM mice, which have the
MoPrP-B allele. The A and B alleles of MoPrP differ
at codons 108 and 189 (Westaway ef al. 1987);
propagation of the Me7 strain was much more rapid
in the ‘A’ mouse than the ‘B’ mouse and vice versa for
22a and 87V in the ‘B’ mouse (Dickinson & Meikle
1971; Bruce et al. 1976). In other words, propagation
of a particular strain was restricted by the PrP
sequence in the host. It is noteworthy that a number
of new ‘strains’ have been isolated by passage of
murine isolates into hamsters (Kimberlin et al. 1987,
1989) where the PrP genes differ at 16 positions
(Basler et al. 1986; Locht et al. 1986).
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Although ‘mutation’ of scrapie isolates or ‘strains’
was reported, virtually nothing is known about the
molecules that conspire in this process. Low dilution of
87A was reported to give rise to 7D prions, and
passage at high dilution preserved the 87A properties
(Bruce & Dickinson 1979). Dickinson thought that it
was important to prepare inocula from the smallest
regions of individual brains to minimize contamina-
tion with other strains or mutants.

The construction of Tg(MH2MPrP) mice that are
susceptible to both mouse and hamster prions has
provided a new tool for the study of strains. The
Tg(MH2MPrP) mice produce artificial prions which
infect Syrian hamsters as well as non-Tg and
Tg(MH2MPrP) mice (Scott et al. 1993).

The mechanism by which isolate-specific informa-
tion is carried by prions remains unknown; indeed,
explaining the molecular basis of prion diversity seems
to be a formidable challenge. For many years some
investigators argued that scrapie is caused by a virus-
like particle which contains a scrapie-specific nucleic
acid that encodes the information expressed by each
isolate (Bruce & Dickinson 1987). No such polynuc-
leotide has yet been identified by the wide variety of
techniques used including measurements of the nucleic
acids in purified preparations. An alternative hypo-
thesis has been suggested, where PrP5¢ alone is capable
of transmitting disease but the characteristics of PrP*
might be modified by a cellular RNA (Weissmann
1991). This accessory cellular RNA is postulated to
induce its own synthesis upon transmission from one
host to another, but there is no experimental evidence
to support its existence.

Two additional hypotheses not involving a nucleic
acid have been suggested to explain distinct prion
isolates: a non-nucleic acid second component might
create prion diversity, or post-translational modifica-
tion of PrP% might be responsible for the different
properties of distinct prion isolates (Prusiner 1991).
Whether the PrP5¢ modification is chemical or only
conformational remains to be established, but no
candidate chemical modifications have been identified
(Stahl et al. 1993). Structural studies of GPI anchors
of two SHa isolates have failed to reveal any differ-
ences; interestingly, about 409, of the anchor glycans
have sialic acid residues (Stahl et al. 1992). A portion
of the PrP® GPI anchors also have sialic acid residues;
PrP is the first protein found to have sialic acid
residues attached to GPI anchors.

The finding that the pattern of PrP% accumulation
in the cns is characteristic for a particular strain offers
a mechanism for the propagation of distinct prion
isolates (Hecker ¢t al. 1992). In this model, a different
set of cells would propagate each isolate. Whether
different Asn-linked carbohydrates (CHOs) function
to target PrP5¢ of a distinct isolate to a particular set of
cells expressing specific surface lectins which function
as receptors remains to be established. These surface
lectins would bind the same Asn-linked CHOs that
are covalently attached to PrPC during its synthesis
and remain bound during the conversion of PrP® into
PrP%¢. The great diversity of Asn-linked CHOs makes
them potential candidates for carrying isolate-specific
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information (Prusiner 1989). Even though this
hypothesis is attractive, it must be noted that Prps
synthesis in scrapie-infected cells occurs in the
presence of tunicamycin, which inhibits Asn-linked
glycosylation, and with PrP molecules mutated at the
Asn-linked glycosylation concensus sites (Taraboulos
et al. 19906). Although the structures of Asn-linked
CHOs have been analysed for PrP% of one isolate
(Endo et al. 1989), no data are available for PrP5 of
other isolates of PrPC. The large number of Asn-linked
CHOs found attached to the PrP 27-30 of Sc237
prions purified from Syrian hamster would seem to
make the argument for Asn-linked CHOs being
responsible for strain variation less likely, but experi-
mental data addressing this point are still needed.

Another possibility to explain the region-specific
distribution of PrP% in brain observed in each strain
might involve the formation of a complex between
PrP% and as yet undetected peptide or protein of
cellular origin. Such a complex would bind cell-
specific receptors facilitating the entry of PrP% into
those cells. Against this hypothesis is the finding that
the properties of SHa(Sc237) and Mo(RML) prions
do not change upon passage through the spleen.
Furthermore, no auxillary proteins have been found
to purify with PrP*. In favour of such a hypothesis is
the fact that receptors for proteins are numerous and
could provide the specificity required.

Alternatively, explaining the problem of multiple
distinct prion isolates might be accommodated by
multiple PrP5¢ conformers that act as templates for the
folding of de novo synthesized PrP% molecules during
prion ‘replication’. A conformer corresponding to a
specific strain would need to bind to a particular PrP
receptor which would either facilitate its entry into
cells for the conversion of PrP® into PrP% in those
particular cells. Although all these proposals are
rather unorthodox, they are consistent with obser-
vations generated from Tg(SHaPrP)Mo studies
contending that PrP% in the inoculum binds to
homotypic PrP® to form an intermediate in the
propagation of prions (Prusiner et al. 1990). Whether
foldases, chaperonins or other types of molecules
feature in the conversion of the PrP¢/PrP* complex
into two molecules of PrP* is unknown. The mole-
cular mass of a PrP5¢ homodimer is consistent with the
ionizing radiation target size of 55000 + 9000 Da, as
determined for infectious prion particles independent
of their polymeric form (Bellinger-Kawahara et al.
1988). Of note, two different isolates from mink dying
of transmissible mink encephalopathy exhibit different
sensitivities of PrP% to proteolytic digestion, support-
ing the suggestion that isolate-specific information
might be carried by PrP% (Marsh et al. 1991; Bessen &
Marsh, 19924,b).

12. A PERSPECTIVE

The study of prions has taken several unexpected
directions over the past few years. The discovery that
prion diseases in humans are uniquely both genetic
and infectious has greatly strengthened and extended
the prion concept. To date, 18 different mutations in
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the human PrP gene all resulting in non-conservative
substitutions have been found to be either linked
genetically to, or segregate with, the inherited prion
diseases (figure 1). Yet the transmissible prion particle
is composed largely, if not entirely, of an abnormal
isoform of the prion protein designated PrP% (Pru-
siner 1991). These findings argue that prion diseases
should be considered pseudoinfectious because the
particles transmitting disease appear to be devoid of a
foreign nucleic acid, and thus differ from all known
microorganisms as well as viruses and viroids. Because
much information, especially about scrapie of rodents,
has been derived by using experimental protocols
adapted from virology, we continue to use terms such
as infection, incubation period, transmissibility and
endpoint titration in studies of prion disease.

Transgenic mice expressing foreign or mutant PrP
genes now allow virtually all facets of prion diseases to
be studied, and have created a framework for future
investigations. Furthermore, the structure and organi-
zation of the PrP gene suggested that PrP* is derived
from PrP® or a precursor by a post-translational
process. Studies with scrapie-infected cultured cells
have provided much evidence that the conversion of
PrP¢ to PrP%C is a post-translational process that
probably occurs in the endocytic pathway. The
molecular mechanism of PrP% formation remains to
be elucidated, but chemical and physical studies have
shown that the conformations of PrP® and PrP5 are
profoundly different.

The study of prion biology and diseases seems to be
a new and emerging area of biomedical investigation.
Although prion biology has its roots in virology,
neurology and neuropathology, its relations to the
disciplines of molecular and cell biology, as well as
protein chemistry, have become evident only recently.
Certainly, it is likely that learning how prions mul-
tiply and cause disease will open up new vistas in
boichemistry and genetics.

I thank M. Baldwin, D. Borchelt, G. Carlson, F. Cohen,
C. Cooper, S. DeArmond, R. Fletterick, D. Foster, J.-M.
Gabriel, M. Gasset, R. Gabizon, D. Groth, R. Koehler,
R. Hecker, L. Hood, K. Hsiao, Z. Huang, V. Lingappa,
M. McKinley, B. Oesch, K.-M. Pan, A. Raeber, D. Riesner,
M. Scott, A. Serban, N. Stahl, A. Taraboulos, M. Torchia,
C. Weissmann and D. Westaway for their help in these
studies. Special thanks are due to L. Gallagher who collated
this manuscript. The work was supported by grants from the
National Institutes of Health and the American Health
Assistance Foundation, as well as by gifts from Sherman
Fairchild Foundation, Bernard Osher Foundation and
National Medical Enterprises.

REFERENCES

Aiken, J.W., Williamson, J.L. & Marsh, R.F. 1989 Evi-
dence of mitochondrial involvement in scrapie infection.
J. Virol. 63, 1686-1694.

Aiken, J.M., Williamson, J.L., Borchardt, L.M. & Marsh,
R.F. 1990 Presence of mitochondrial D-loop DNA in
scrapie-infected brain preparations enriched for the prion
protein. J. Virol. 64, 3265-3268.

Alper, T., Haig, D.A. & Clarke, M.C. 1966 The exception-

Phil. Trans. R. Soc. Lond. B (1994)

S. B. Prusiner 457

ally small size of the scrapie agent. Biochem. biophys. Res.
Commun. 22, 278-284.

Alper, T., Cramp, W.A., Haig, D.A. & Clarke, M.C. 1967
Does the agent of scrapie replicate without nucleic acid?
Nature, Lond. 214, 764-766.

Anderson, R.G., Kamen, B.A., Rothberg, K.G. & Lacey,
S.W. 1992 Protocytosis: sequestration and transport of
small molecules by caveolae. Science, Wash. 255, 410-411.

Barry, R.A. & Prusiner, S.B. 1986 Monoclonal antibodies
to the cellular and scrapie prion proteins. J. infect. Dis.
154, 518-521.

Basler, K., Oesch, B., Scott, M. ¢t al. 1986 Scrapie and
cellular PrP isoforms are encoded by the same chromo-
somal gene. Cell 46, 417-428.

Bastian, F.O. 1979 Spiroplasma-like inclusions in Creutz-
feldt-Jakob disease. Arch. Path. lab. Med. 103, 665-669.
Bastian, F.O. 1993 Bovine spongiform encephalopathy:
relationship to human disease and nature of the agent.

ASM News 59, 235-240.

Bellinger-Kawahara, C., Cleaver, J.E., Diener, T.O. &
Prusiner, S.B. 19874 Purified scrapie prions resist inacti-
vation by UV irradiation. .J. Virol. 61, 159-166.

Bellinger-Kawahara, C., Diener, T.O., McKinley, M.P.,
Groth, D.F., Smith, D.R. & Prusiner, S.B. 19874
Purified scrapie prions resist inactivation by procedures
that hydrolyze, modify, or shear nucleic acids. Virology
160, 271-274.

Bellinger-Kawahara, C.G., Kempner, E., Groth, D.F.,
Gabizon, R. & Prusiner, S.B. 1988 Scrapie prion
liposomes and rods exhibit target sizes of 55,000 Da.
Virology 164, 537-541.

Bendheim, P.E., Barry, R.A., DeArmond, S.J., Stites, D.P.
& Prusiner, S.B. 1984 Antibodies to a scrapie prion
protein. Nature, Lond. 310, 418-421.

Bertoni, J.M., Brown, P., Goldfarb, L., Gajdusek, D. &
Omaha, N.E. 1992 Familial Creutzfeldt-Jakob disease
with the PRNP codon 200% mutation and supranuclear
palsy but without myoclonus or periodic EEG complexes.
Neurology 42 (no. 4, suppl. 3), 350. (Abstract.)

Bessen, R.A. & Marsh, R.F. 1992« Biochemical and
physical properties of the prion protein from two strains of
the transmissible mink encephalopathy agent. J. Virol. 66,
2096-2101.

Bessen, R.A. & Marsh, R.F. 19926 Identification of two
biologically distinct strains of transmissible mink encepha-
lopathy in hamsters. J. gen. Virol. 73, 329-334.

Bockman, J.M., Kingsbury, D.T., McKinley, M.P., Bend-
heim, P.E. & Prusiner, S.B. 1985 Creutzfeldt—Jakob
disease prion proteins in human brains. N. Engl. J. Med.
312, 73-78.

Bockman, J.M., Prusiner, S.B., Tateishi, J. & Kingsbury,
D.T. 1987 Immunoblotting of Creutzfeldt—Jakob disease
prion proteins: host species-specific epitopes. Ann. Neurol.
21, 589-595.

Bolton, D.C., McKinley, M.P. & Prusiner, S.B. 1982
Identification of a protein that purifies with the scrapie
prion. Science, Wash. 218, 1309-1311.

Bolton, D.C., Meyer, R.K. & Prusiner, S.B. 1985 Scrapie
PrP 27-30 is a sialoglycoprotein. J. Virol. 53, 596-606.
Borchelt, D.R., Scott, M., Taraboulos, A., Stahl, N. &
Prusiner, S.B. 1990 Scrapie and cellular prion proteins
differ in their kinetics of synthesis and topology in

cultured cells. J. Cell Biol. 110, 743-752.

Borchelt, D.R., Taraboulos, A. & Prusiner, S.B. 1992
Evidence for synthesis of scrapie prion proteins in the
endocytic pathway. J. biol. Chem. 267, 6188-6199.

Braig, H. & Diringer, H. 1985 Scrapie: concept of a virus-
induced amyloidosis of the brain. EMBO J. 4, 2309-2312.

Brown, P. 1992 The clinico-pathological features of


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

458 S. B. Prusiner

transmissible human spongiform encephalopathy, with a
discussion of recognized risk factors and preventive
strategies. International Meeting on Transmissible
Spongiform Encephalopathies, Impact on Animal and
Human Health, Heidelberg, Germany, June 23-24, 1992.
(Abstract.)

Brown, P.; Coker-Vann, M., Pomeroy, K. et al. 1986
Diagnosis of Creutzfeldt-Jakob disease by Western blot
identification of marker protein in human brain tissue.
N. Engl. J. Med. 314, 547-551.

Brown, P., Goldfarb, L.G., Kovanen, J. et al. 1992
Phenotypic characteristics of familial Creutzfeldt-Jakob
disease associated with the codon 178" PRNP mutation.
Ann. Neurol. 31, 282-285.

Bruce, M.E. & Dickinson, A.G. 1979 Biological stability of
different classes of scrapie agent. In Slow transmissible
diseases of the nervous system, vol. 2 (ed. S. B. Prusiner &
W. J. Hadlow), pp. 71-86. New York: Academic Press.

Bruce, M.E. & Dickinson, A.G. 1987 Biological evidence
that the scrapie agent has an independent genome. J. gen.
Virol. 68, 79-89.

Bruce, M.E., Dickinson, A.G. & Fraser, H. 1976 Cerebral
amyloidosis in scrapie in the mouse: effect of agent strain
and mouse genotype. Neuropathol. appl. Neurobiol. 2, 471—
478.

Bruce, M.E., McBride, P.A. & Farquhar, C.F. 1989
Precise targeting of the pathology of the sialoglycoprotein,
PrP, and vacuolar degeneration in mouse scrapie. Neuro-
sci. Lett. 102, 1-6.

Biieler, H., Fischer, M., Lang, Y. et a/. 1992 The neuronal
cell surface protein PrP is not essential for normal
development and behavior of the mouse. Nature, Lond.
356, 577-582.

Bieler, H., Aguzzi, A., Sailer, A. et al. 1993 Mice devoid of
PrP are resistant to scrapie. Cell 73, 1339-1347.

Butler, D.A., Scott, M.R.D., Bockman, J.M. et al. 1988
Scrapie-infected murine neuroblastoma cells produce pro-
tease-resistant prion proteins. J. Virol. 62, 1558-1564.

Carlson, G.A., Kingsbury, D.T., Goodman, P.A. ¢ al. 1986
Linkage of prion protein and scrapie incubation time
genes. Cell 46, 503-511.

Carlson, G.A., Goodman, P.A., Lovett, M. et al. 1988
Genetics and polymorphism of the mouse prion gene
complex: the control of scrapie incubation time. Mol. cell.
Biol. 8, 5528-5540.

Casaccia-Bonnefil, P., Kascsak, R.J., Fersko, R., Callahan,
S. & Carp, R.I. 1993 Brain regional distribution of prion
protein PrP27-30 in mice stereotaxically microinjected
with different strains of scrapie. J. wnfect. Dis. 167, 7-12.

Caughey, B. & Raymond, G.J. 1991 The scrapie-asso-
ciated form of PrP is made from a cell surface precursor
that is both protease- and phospholipase-sensitive. J. biol.
Chem. 266, 18217-18223.

Caughey, B., Race, R.E., Ernst, D., Buchmeier, M.J. &
Chesebro, B. 1989 Prion protein biosynthesis in scrapie-
infected and uninfected neuroblastoma cells. J. Virol. 63,
175-181.

Caughey, B., Raymond, G.J., Ernst, D. & Race, R.E.
1991a N-terminal truncation of the scrapie-associated
form of PrP by lysosomal protease(s): implications regard-
ing the site of conversion of PrP to the protease-resistant
state. J. Virol. 65, 6597-6603.

Caughey, B.W., Dong, A., Bhat, K.S., Ernst, D., Hayes,
S.F. & Caughey, W.S. 19916 Secondary structure analy-
sis of the scrapie-associated protein PrP27-30 in water by
infrared spectroscopy. Biochemistry 30, 7672—-7680.

Chandler, R.L. 1961 Encephalopathy in mice produced by

inoculation with scrapie brain material. Lancet (i), 1378-
1379.

Phil. Trans. R. Soc. Lond. B (1994)

Molecular biology and genetics of prion diseases

Chesebro, B.
356, 560.

Chesebro, B., Race, R., Wehrly, K. ¢t al. 1985 Identifica-
tion of scrapie prion protein-specific mRNA in scrapie-
infected and uninfected brain. Nature, Lond. 315, 331-333.

Collinge, J., Brown, J., Hardy, J. et al. 1992 Inherited prion
disease with 144 base pair gene insertion. 2. Clinical and
pathological features. Brain 115, 687-710.

Come, J.H., Fraser, P.E. & Lansbury, P.T. Jr 1993 A
kinetic model for amyloid formation in the prion diseases:
importance of seeding. Proc. natn. Acad. Sci. U.S.A. 90,
5959-5963.

Cousens, S.N., Harries-Jones, R., Knight, R., Will, R.G.,
Smith, P.G. & Matthews, W.B. 1990 Geographical
distribution of cases of Creutzfeldt-Jakob disease in
England and Wales 1970-84. J. Neurol. Neurosurg. Psy-
chiat. 53, 459-465.

Cuillé, J. & Chelle, P.L. 1939 Experimental transmission of
trembling to the goat. C. rhebd. Séanc. Acad. Sci., Paris 208,
1058-1060.

Czub, M., Braig, H.R. & Diringer, H. 1986 Pathogenesis
of scrapie: study of the temporal development of clinical
symptoms of infectivity titres and scrapie-associated fibrils
in brains of hamsters infected intraperitoneally. J. gen.
Virol. 67, 2005-2009.

Czub, M., Braig, H.R. & Diringer, H. 1988 Replication of
the scrapie agent in hamsters infected intracerebrally
confirms the pathogenesis of an amyloid-inducing virosis.
J. gen. Virol. 69, 1753-1756.

Davison, C. & Rabiner, A.M. 1940 Spastic pseudosclerosis
(disseminated  encephalomyelopathy;  corticopal-lido-
spinal degeneration). Familial and nonfamilial incidence
(a clinico-pathologic study). Arch. Neurol. Psychiat. 44,
578-598.

DeArmond, S.J., McKinley, M.P., Barry, R.A., Braunfeld,
M.B., McCulloch, J.R. & Prusiner, S.B. 1985 Identifica-
tion of prion amyloid filaments in scrapie-infected brain.
Cell 41, 221-235.

DeArmond, S.J., Yang, S.-L., Lee, A. et al. 1993 Three
scrapie prion isolates exhibit different accumulation pat-
terns of the prion protein scrapie isoform. Proc. natn. Acad.
Seci. U.S.4. 90, 6449-6453.

Dickinson, A.G. & Fraser, H. 1969 Genetical control of the
concentration of ME7 scrapie agent in mouse spleen.
J. comp. Path. 79, 363-366.

Dickinson, A.G. & Fraser, H. 1979 An assessment of the
genetics of scrapie in sheep and mice. In Slow transmissible
diseases of the nervous system, vol. 1 (ed. S. B. Prusiner &
W. J. Hadlow), pp. 367-386. New York: Academic Press.

Dickinson, A.G. & Meikle, V.M.H. 1971 Host-genotype
and agent effects in scrapie incubation: change in allelic
interaction with different strains of agent. Molec. gen.
Genet. 112, 73-79.

Dickinson, A.G. & Outram, G.W. 1988 Genetic aspects
of unconventional virus infections: the basis of the
virino hypothesis. In Novel infectious agents and the central
nervous system. Ciba Foundation Symposium 135 (ed.
G. Bock & J. Marsh), pp. 63-83. Chichester: John Wiley
and Sons.

Dickinson, A.G. & Stamp, J.T. 1969 Experimental scrapie
in Cheviot and Suffolk sheep. J. comp. Path. 79, 23-26.
Dickinson, A.G., Young, G.B., Stamp, J.T. & Renwick,
C.C. 1965 An analysis of natural scrapie in Suffolk

sheep. Heredity 20, 485-503.

Dickinson, A.G., Meikle, V.M.H. & Fraser, H. 1968
Identification of a gene which controls the incubation
period of some strains of scrapie agent in mice. J. comp.
Path. 78, 293-299.

Diedrich, J., Weitgrefe, S., Zupancic, M. et al. 1987 The

1992 PrP and the scrapie agent. Nature, Lond.


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Molecular biology and genetics of prion diseases

molecular pathogenesis of astrogliosis in scrapie and
Alzheimer’s disease. Microb. Pathog. 2, 435-442.

Diener, T.O. 1972 Is the scrapie agent a viroid? Nature,
Lond. 235, 218-219.

Diener, T.O., McKinley, M.P. & Prusiner, S.B. 1982
Viroids and prions. Proc. natn. Acad. Sci. U.S.A. 79, 5220~
5224.

Diringer, H. 1992 Hidden amyloidoses. Expl. clin. Immuno-
genet. 9, 212-229.

Diringer, H., Gelderblom, H., Hilmert, H., Ozel, M.,
Edelbluth, C. & Kimberlin, R.H. 1983 Scrapie infecti-
vity, fibrils and low molecular weight protein. Nature,
Lond. 306, 476-478.

Dlouhy, S.R., Hsiao, K., Farlow, M.R. et al. 1992 Linkage
of the Indiana kindred of Gerstmann—Straussler—
Scheinker disease to the prion protein gene. Nature Genet.
1, 64-67.

Doh-ura, K., Tateishi, J., Sasaki, H., Kitamoto, T. &
Sakaki, Y. 1989 Pro—Leu change at position 102 of
prion protein is the most common but not the sole
mutation related to Gerstmann—Striussler syndrome. Bio-
chem. biophys. Res. Commun. 163, 974-979.

Duguid, J.R., Rohwer, R.G. & Seed, B. 1988 Isolation of
cDNAs of scrapie-modulated RNAs by subtractive hybri-
dization of a cDNA library. Proc. natn. Acad. Sci. U.S.A. 85,
5738-5742.

Eklund, C.M., Kennedy, R.C. & Hadlow, W.J. 1967
Pathogenesis of scrapie virus infection in the mouse.
J. infect. Dis. 117, 15-22.

Endo, T., Groth, D., Prusiner, S.B. & Kobata, A. 1989
Diversity of oligosaccharide structures linked to aspara-
gines of the scrapie prion protein. Biochemistry 28, 8380—
8388.

Farlow, M.R., Yee, R.D., Dlouhy, S.R., Conneally, P.M.,
Azzarelli, B. & Ghetti, B. 1989 Gerstmann—Straussler—
Scheinker disease. I. Extending the clinical spectrum.
Neurology 39, 1446-1452.

Fink, J.K., Warren, J.T. Jr, Drury, I., Murman, D. &
Peacock, B.A. 1991 Allele-specific sequencing confirms
novel prion gene polymorphism in Creutzfeldt-Jakob
disease. Neurology 41, 1647-1650.

Forloni, G., Angeretti, N., Chiesa, R. et al. 1993 Neurotoxi-
city of a prion protein fragment. Nature, Lond. 362, 543~
546.

Fraser, H. & Dickinson, A.G. 1968 The sequential deve-
lopment of the brain lesions of scrapie in three straing of
mice. J. comp. Path. 78, 301-311.

Fraser, H. & Dickinson, A.G. 1973 Scrapie in mice. Agent-
strain differences in the distribution and intensity of grey
matter vacuolation. J. comp. Path. 83, 29-40.

Friede, R.L. & DeJong, R.N. 1964 Neuronal enzymatic
failure in Creutzfeldt-Jakob disease. A familial study.
Arch. Neurol. 10, 181-1°5.

Gabizon, R. & Prusiner, S.B.
Biochem. J. 266, 1-14.

Gabizon, R., McKinley, M.P. & Prusiner, S.B. 1987
Purified prion proteins and scrapie infectivity copartition
into liposomes. Proc. natn. Acad. Sct. U.S.A. 84, 4017-4021.

Gabizon, R., McKinley, M.P.; Groth, D.F., Kenaga, L. &
Prusiner, S.B. 1988a Properties of scrapie prion lipo-
somes. J. biol. Chem. 263, 4950-4955.

Gabizon, R., McKinley, M.P., Groth, D.F. & Prusiner, S.B.
19886 Immunoaffinity purification and neutralization of
scrapie prion infectivity. Proc. natn. Acad. Sci. U.S.A. 85,
6617-6621.

Gabizon, R., Rosenmann, H., Meiner, Z. et al. 1993
Mutation and polymorphism of the prion protein gene in
Libyan Jews with Creutzfeldt-Jakob disease. Am. J. hum.
Genet. 33, 828-835.

1990 Prion liposomes.

Phil. Trans. R. Soc. Lond. B (1994)

S. B. Prusiner 459

Gabriel, J.-M., Oesch, B., Kretzschmar, H., Scott, M. &
Prusiner, S.B. 1992 Molecular cloning of a candidate
chicken prion protein. Proc. natn. Acad. Sci. U.S.A. 89,
9097-9101.

Gajdusek, D.C. 1977 Unconventional viruses and the
origin and disappearance of kuru. Science, Wash. 197, 943~
960.

Gajdusek, D.C. 1985 Subacute spongiform virus encepha-
lopathies caused by unconventional viruses. In Subviral
pathogens of plants and animals: viroids and prions (ed. K.
Maramorosch & J. J. McKelvey, Jr), pp. 483-544.
Orlando: Academic Press.

Gasset, M., Baldwin, M.A., Lloyd, D. et al. 1992 Predicted
a-helical regions of the prion protein when synthesized as
peptides form amyloid. Proc. nain. Acad. Sci. U.S.A. 89,
10940-10944.

Gasset, M., Baldwin, M. A, Fletterick, R.J. & Prusiner, S.B.
1993  Perturbation of the secondary structure of the
scrapie prion protein under conditions associated with
changes in infectivity. Proc. nain. Acad. Sci. U.S.A. 90, 1-5.

Gerstmann, J., Striussler, E. & Scheinker, I. 1936 Uber
eine eigenartige hereditir-familidre erkrankung des zen-
tralnervensystems zugleich ein beitrag zur frage des
vorzeitigen lokalen alterns. Z. Neurol. 154, 736-762.

Ghetti, B., Tagliavini, F., Masters, C.L. et al. 1989
Gerstmann-Straussler-Scheinker disease. II. Neurofibil-
lary tangles and plaques with PrP-amyloid coexist in an
affected family. Neurology 39, 1453-1461.

Giaccone, G., Tagliavini, F., Verga, L. et al. 1990 Neuro-
fibrillary tangles of the Indiana kindred of Gerstmann-—
Striussler-Scheinker disease share antigenic determinants
with those of Alzheimer disease. Brain Res. 530, 325-329.

Goldfarb, L.G., Mitrova, E., Brown, P., Toh, BH. &
Gajdusek, D.C. 1990 Mutation in codon 200 of scrapie
amyloid protein gene in two clusters of Creutzfeldt—Jakob
disease in Slovakia. Lancet 336, 514-515.

Goldfarb, L.G., Brown, P., McCombie, W.R. ¢t al. 1991a
Transmissible familial Creutzfeldt-Jakob disease asso-
ciated with five, seven, and eight extra octapeptide coding
repeats in the PRNP gene. Proc. natn. Acad. Sci. U.S.A. 88,
10926-10930.

Goldfarb, L.G., Brown, P., Mitrova, E. et al. 19915
Creutzfeldt-Jacob disease associated with the PRNP
codon 200" mutation: an analysis of 45 families. Eur. J.
Epidemiol. 7, 477-486.

Goldfarb, L.G., Haltia, M., Brown, P. ef al. 1991¢ New
mutation in scrapie amyloid precursor gene (at codon
178) in Finnish Creutzfeldt-Jakob kindred. Lancet 337,
425.

Goldfarb, L.G., Petersen, R.B., Tabaton, M. et al. 1992
Fatal familial insomnia and familial Creutzfeldt—Jakob
disease: disease phenotype determined by a DNA poly-
morphism. Science, Wash. 258, 806-808.

Goldfarb, L.G., Brown, P., Haltia, M., Ghiso, J., Frangione,
B. & Gajdusek, D.C. 1993 Synthetic peptides corres-
ponding to different mutated regions of the amyloid gene
in familial Creutzfeldt-Jakob disease show enhanced in
vitro formation of morphologically different amyloid
fibrils. Proc. nain. Acad. Sci. U.S.A. 90, 4451-4454.

Goldgaber, D., Goldfarb, L.G., Brown, P. et al. 1989
Mutations in familial Creutzfeldt—Jakob disease and
Gerstmann-Straussler-Scheinker’s syndrome. Expl. Neurol.
106, 204-206.

Gordon, W.S. 1946 Advances in veterinary research. Vet.
Res. 58, 516-520.

Gordon, W.S. 1966 Variation in susceptibility of sheep to
scrapie and genetic implications. In Report of Scrapie
Seminar, ARS 91-53, pp. 53-67. Washington, D.C.: U.S.
Department of Agriculture.


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

460 S. B. Prusiner

Hadlow, W.J., Kennedy, R.C., Race, R.E. & Eklund, C.M.
1980 Virologic and neurohistologic findings in dairy
goats affected with natural scrapie. Vet. Pathol. 17, 187-
199.

Hadlow, W.J., Kennedy, R.C. & Race, R.E. 1982 Natural
infection of Suffolk sheep with scrapie virus. J. infect. Dis.
146, 657-664.

Haraguchi, T., Fisher, S., Olofsson, S. ¢t al. 1989 Aspara-
gine-linked glycosylation of the scrapie and cellular prion
proteins. Arch. biochem. Biophys. 274, 1-13,

Harries-Jones, R., Knight, R.; Will, R.G., Cousens, S.,
Smith, P.G. & Matthews, W.B. 1988 Creutzfeldt-Jakob
disease in England and Wales, 1980-1984: a case-control
study of potential risk factors. J. Neurol. Neurosurg.
Psychiat. 51, 1113-1119.

Hecker, R., Taraboulos, A., Scott, M. et al. 1992 Replica-
tion of distinct prion isolates is region specific in brains of
transgenic mice and hamsters. Genes Dev. 6, 1213-1228.

Hope, J., Morton, L.J.D., Farquhar, C.F., Multhaup, G.,
Beyreuther, K. & Kimberlin, R.H. 1986 The major
polypeptide of scrapie-associated fibrils (SAF) has the
same size, charge distribution and N-terminal protein
sequence as predicted for the normal brain protein (PrP).
EMBO J. 5, 2591-2597.

Hsiao, K., Baker, H.F., Crow, T.J. et al. 1989 Linkage of a
prion protein missense variant to Gerstmann-—Striussler
syndrome. Nature, Lond. 338, 342-345.

Hsiao, K.K., Scott, M., Foster, D., Groth, D.F., DeArmond,
S.J. & Prusiner, S.B. 1990 Spontaneous neurodegene-
ration in transgenic mice with mutant prion protein of
Gerstmann-Straussler syndrome. Science, Wash. 250,
1587-1590.

Hsiao, K., Meiner, Z., Kahana, E. ef al. 1991a Mutation of
the prion protein in Libyan Jews with Creutzfeldt-Jakob
disease. N. Engl. J. Med. 324, 1091-1097.

Hsiao, K.K., Cass, C., Schellenberg, G.D. et al. 19916 A
prion protein variant in a family with the telencephalic
form of Gerstmann-Straussler—Scheinker syndrome.
Neurology 41, 681-684.

Hsiao, K., Dloughy, S., Ghetti, B. et al. 1992 Mutant prion
proteins in Gerstmann—Straussler-Scheinker disease with
neurofibrillary tangles. Nature Genet. 1, 68-71.

Hunter, G.D. 1972 Scrapie: a prototype slow infection. J.
infect. Dis. 125, 427-440.

Hunter, N., Hope, J., McConnell, I. & Dickinson, A.G.
1987 Linkage of the scrapie-associated fibril protein
(PrP) gene and Sinc using congenic mice and restriction
fragment length polymorphism analysis. J. gen. Virol. 68,
2711-2716.

Ikeda, S., Yanagisawa, N., Allsop, D. & Glenner, G.G.
1991 A variant of Gerstmann—Straussler-Scheinker
disease with B-protein epitopes and dystrophic neurites in
the peripheral regions of PrP-immunoreactive amyloid
plaques. In Amyloid and amyloidosis 1990 (ed. J. B. Natvig,
O. Forre, G. Husby et al.), pp. 737-740. Dordrecht:
Kluwer Academic Publishers.

Jacob, H., Pyrkosch, W. & Strube, H. 1950 Die erbliche
Form der Creutzfeldt-Jakobschen Krankheit. Arch. Psy-
chiat. Nervenkr. 184, 653-674.

Jendroska, K., Heinzel, F.P., Torchia, M. et al. 1991
Proteinase-resistant prion protein accumulation in Syrian
hamster brain correlates with regional pathology and
scrapie infectivity. Neurology 41, 1482-1490.

Johnson, R.T. 1992 Prion disease. N. Engl. J. Med. 326,
486-487.

Kahana, E., Milton, A., Braham, J. & Sofer, D. 1974
Creutzfeldt-Jakob disease: focus among Libyan Jews in
Israel. Science, Wash. 183, 90-91.

Kascsak, R.J., Rubenstein, R., Merz, P.A. ¢t al. 1987

Phil. Trans. R. Soc. Lond. B (1994)

Molecular biology and genetics of prion diseases

Mouse polyclonal and monoclonal antibody to scrapie-
associated fibril proteins. J. Virol. 61, 3688-3693.

Kellings, K., Meyer, N., Mirenda, C., Prusiner, S.B. &
Riesner, D. 1992 Further analysis of nucleic acids in
purified scrapie prion preparations by improved return
refocussing gel electrophoresis (RRGE). J. gen. Virol. 73,
1025-1029. .

Kimberlin, R.H. 1990 Scrapie and possible relationships
with viroids. Semin. Virol. 1, 153-162.

Kimberlin, R.H., Cole, S. & Walker, C.A. 1987 Tem-
porary and permanent modifications to a single strain of
mouse scrapie on transmission to rats and hamsters.
J. gen. Virol. 68, 1875-1881.

Kimberlin, R.H., Walker, C.A. & Fraser, H. 1989 The
genomic identity of different strains of mouse scrapie is
expressed in hamsters and preserved on reisolation in
mice. J. gen. Virol. 70, 2017-2025.

Kitamoto, T., Tateishi, J., Tashima, I. et al. 1986 Amyloid
plaques in Creutzfeldt-Jakob disease stain with prion
protein antibodies. Ann. Neurol. 20, 204-208.

Kitamoto, T., Tizuka, R. & Tateishi, J. 1993¢ An amber
mutation of prion protein in Gerstmann-Striussler syn-
drome with mutant PrP plaques. Biochem. biophys. Res.
Commun. 192, 525-531.

Kitamoto, T., Ohta, M., Doh-ura, K., Hitoshi, S., Terao,
Y. & Tateishi, J. 19936 Novel missense variants of prion
protein in Creutzfeldt-Jakob disease or Gerstmann—
Straussler syndrome. Biochem. biophys. Res. Commun. 191,
709-714.

Kneller, D.G., Cohen, F.E. & Langridge, R. 1990 Im-
provement in protein secondary structure prediction by
an enhanced neural network. J. molec. Biol. 214, 171-182.

Kretzschmar, H.A., Prusiner, S.B., Stowring, L.E. & DeAr-
mond, S.J. 1986 Scrapie prion proteins are synthesized
in neurons. Am. J. Path. 122, 1-5.

Kretzschmar, H.A., Honold, G., Seitelberger, F. et al. 1991
Prion protein mutation in family first reported by Gerst-
mann, Straussler, and Scheinker. Lancet 337, 1160.

Kretzschmar, H.A., Kufer, P., Reithmuller, G., DeArmond,
SJ., Prusiner, S.B. & Schiffer, D. 1992 Prion protein
mutation at codon 102 in an Italian family with Gerst-
mann-Straussler-Scheinker syndrome. Neurology 42, 809—
810.

Laplanche, J.-L., Chatelain, J., Launay, J.-M., Gazengel,
C. & Vidaud, M. 1990 Deletion in prion protein gene in
a Moroccan family. Nucl. Acids Res. 18, 6745.

Locht, C., Chesebro, B., Race, R. & Keith, J.M. 1986
Molecular cloning and complete sequence of prion pro-
tein ¢cDNA from mouse brain infected with the scrapie
agent. Proc. natn. Acad. Sci. U.S.A. 83, 6372-6376.

Malmgren, R., Kurland, L., Mokri, B. & Kurtzke, J. 1979
The epidemiology of Creutzfeldt-Jakob disease. In Slow
transmissible diseases of the nervous system, vol. 1 (ed. S. B.
Prusiner & W. J. Hadlow), pp. 93-112. New York:
Academic Press.

Malone, T.G., Marsh, R.F., Hanson, R.P. & Semancik, J.S.
1979 Evidence for the low molecular weight nature of the
scrapie agent. Nature, Lond. 278, 575-576.

Manuelidis, L., Valley, S. & Manuelidis, E.E. 1985
Specific proteins associated with Creutzfeldt-Jakob dis-
easc and scrapie share antigenic and carbohydrate deter-
minants. Proc. natn. Acad. Sci. U.S.A. 82, 4263-4267.

Marsh, R.F., Bessen, R.A., Lechmann, S. & Hartsough, G.R.
1991 Epidemiological and experimental studies on a new
incident of transmissible mink encephalopathy. J. gen.
Virol. 72, 589-594.

Masters, C.L., Harris, J.O., Gajdusek, D.C., Gibbs, C.J. Jr,
Bernouilli, C. & Asher, D.M. 1978 Creutzfeldt-Jakob
disease: patterns of worldwide occurrence and the signifi-


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Molecular biology and genetics of prion diseases

cance of familial and sporadic clustering. Ann. Neurol. 5,
177-188.

Masters, C.L., Gajdusek, D.C., Gibbs, C.]J. Jr, Bernouilli, C.
& Asher, D.M. 1979 Familial Creutzfeldt-Jakob disease
and other familial dementias: an inquiry into possible
models of virus-induced familial diseases. In Slow transmis-
sible diseases of the nervous system, vol. 1 (ed. S. B. Prusiner &
W. J. Hadlow), pp. 143-194. New York: Academic Press.

Masters, C.L., Gajdusek, D.C. & Gibbs, C.J. Jr 198la
Creutzfeldt-Jakob disease virus isolations from the Gerst-
mann-Straussler syndrome. Brain 104, 559-588.

Masters, C.L., Gajdusek, D.C. & Gibbs, C.J. Jr 19816 The
familial occurrence of Creutzfeldt-Jakob disease and
Alzheimer’s disease. Brain 104, 535-558.

McKinley, M.P., Bolton, D.C. & Prusiner, S.B. 19932 A
protease-resistant protein is a structural component of the
scrapie prion. Cell 35, 57-62.

McKinley, M.P., Masiarz, F.R., Isaacs, S.T., Hearst, J.E. &
Prusiner, S.B. 19836 Resistance of the scrapie agent to
inactivation by psoralens. Photochem. Photobiol. 37, 539-
545.

McKinley, M.P., Meyer, R., Kenaga, L. et al. 1991a
Scrapie prion rod formation i vitro requires both deter-
gent extraction and limited proteolysis. J. Virol. 65, 1440—
1449.

McKinley, M.P., Taraboulos, A., Kenaga, L. et al. 19915
Ultrastructural localization of scrapie prion proteins in
cytoplasmic vesicles of infected cultured cells. Lab. Invest.
65, 622-630.

McKnight, S. & Tjian, R. 1986 Transcriptional selectivity
of viral genes in mammalian cells. Cell 46, 795-805.

Medori, R., Montagna, P., Tritschler, H.J. et al. 1992 Fatal
familial insomnia: a second kindred with mutation of
prion protein gene at codon 178. Neurology 42, 669-670.

Meggendorfer, F. 1930 Klinische und genealogische Beo-
bachtungen bei einem Fall von spastischer Pseudosklerose
Jakobs. Z. Neuro. Psychiat. 128, 337-341.

Merz, P.A., Somerville, R.A., Wisniewski, H.M. & Igbal,
K. 1981 Abnormal fibrils from scrapie-infected brain.
Acta neuropath. 54, 63-74.

Merz, P.A., Rohwer, R.G., Kascsak, R. e al. 1984
Infection-specific particle from the unconventional slow
virus diseases. Science, Wash. 225, 437-440.

Meyer, R.K., McKinley, M.P., Bowman, K.A., Braunfeld,
M.B,, Barry, R.A. & Prusiner, S.B. 1986 Separation and
properties of cellular and scrapie prion proteins. Proc. natn.
Acad. Sci. U.S.A. 83, 2310-2314.

Meyer, N., Rosenbaum, V., Schmidt, B. ¢t al. 1991 Search
for a putative scrapie genome in purified prion fractions
reveals a paucity of nucleic acids. J. gen. Virol. 72, 37-49.

Mobley, W.C., Neve, R.L., Prusiner, S.B. & McKinley,
M.P. 1988 Nerve growth factor increases mRNA levels
for the prion protein and the beta-amyloid protein
precursor in developing hamster brain. Proc. natn. Acad.
Sci. U.S.A. 85, 9811-9815.

Narang, H.K. 1992 Scrapie-associated tubulofilamentous
particles in human Creutzfeldt-Jakob disease. Res. Virol.
143, 387-395.

Narang, H.K., Asher, D.M. & Gajdusek, D.C. 1988
Evidence that DNA is present in abnormal tubulofilamen-
tous structures found in scrapie. Proc. natn. Acad. Sci.
U.S.A. 85, 3575-3579.

Neary, K., Caughey, B., Ernst, D., Race, R.E. & Chesebro,
B. 1991 Protease sensitivity and nuclease resistance of the
scrapie agent propagated in vitro in neuroblastoma-cells.
J. Virol. 65, 1031-1034.

Nochlin, D., Sumi, S.M., Bird, T.D. et al. 1989 Familial
dementia with PrP-positive amyloid plaques: a variant of
Gerstmann—Striussler syndrome. Neurology 39, 910-918.

Phil. Trans. R. Soc. Lond. B (1994)

S. B. Prusiner 461

Oesch, B., Westaway, D., Walchli, M. et al. 1985 A cellular
gene encodes scrapie PrP 27-30 protein. Cell 40, 735-746.

Oesch, B., Groth, D.F., Prusiner, S.B. & Weissmann, C.
1988 Search for a scrapie-specific nucleic acid: a progress
report. In Novel infectious agents and the central nervous system.
Ciba Foundation Symposium 135 (ed. G. Bock & J. Marsh),
pp. 209-223. Chichester: John Wiley and Sons.

Owen, F., Poulter, M., Lofthouse, R. ¢t al. 1989 Insertion
in prion protein gene in familial Creutzfeldt-Jakob dis-
ease. Lancet (i), 51-52.

Owen, F., Poulter, M., Collinge, J. et al. 1992 A dementing
illness associated with a novel insertion in the prion
protein gene. Molec. Brain Res. 13, 155-157.

Palmer, M.S., Mahal, S.P., Campbell, T.A. et al. 1993
Deletions in the prion protein gene are not associated with
CJD. Hum. molec. Genet. 2, 541-544.

Pan, K.-M., Baldwin, M., Nguyen, J. ¢t al. 1993 Conver-
sion of a-helices into B-sheets features in the formation of
the scrapie prion proteins. Proc. natn. Acad. Sci. U.S.A. 90,
10962-10966.

Parry, H.B. 1962 Scrapie: a transmissible and hereditary
disease of sheep. Hereditary 17, 75-105.

Parry, H.B. 1983 Scrapie disease in sheep (ed. D. R.
Oppenheimer). New York: Academic Press. (192 pages.)

Pattison, I.LH. 1965 Experiments with scrapie with special
reference to the nature of the agent and the pathology of
the disease. In Slow, latent and temperate virus infections.
NINDB Monograph 2 (ed. D. C. Gajdusek, C. J. Gibbs, Jr
& M. P. Alpers), pp. 249-257. Washington, D.C.: U.S.
Government Printing.

Pattison, I.H. & Millson, G.C. 1961 Scrapie produced
experimentally in goats with special reference to the
clinical syndrome. J. comp. Path. 71, 101-108.

Petersen, R.B., Tabaton, M., Berg, L. et al. 1992 Analysis
of the prion protein gene in thalamic dementia. Neurology
42, 1859-1863.

Pocchiari, M., Salvatore, M., Cutruzzola, F. et al. 1993 A
new point mutation of the prion protein gene in familial
and sporadic cases of Creutzfeldt—Jakob disease. Ann.
Neurol. (In the press.)

Poulter, M., Baker, H.F., Frith, C.D. et a/. 1992 Inherited
prion disease with 144 base pair gene insertion. 1.
Genealogical and molecular studies. Brain 115, 675-685.

Presnell, S.R., Cohen, B.I. & Cohen, F.E. 1993 Mac-
Match: a tool for pattern-based protein secondary struc-
ture prediction. Cabios 9, 373-374.

Prusiner, S.B. 1982 Novel proteinaceous infectious particles
cause scrapie. Science, Wash. 216, 136-144.

Prusiner, S.B. 1989 Scrapie prions. A. Rev. Microbiol. 43,
345-374.

Prusiner, S.B. 1991 Molecular biology of prion diseases.
Science, Wash. 252, 1515-1522.

Prusiner, S.B. 1993 Genetic and infectious prion diseases.
Arch. Neurol. 50, 1129-1153.

Prusiner, S.B., Groth, D.F., Bildstein, C., Masiarz, F.R.,
McKinley, M.P. & Cochran, S.P. 1980 Electrophoretic
properties of the scrapie agent in agarose gels. Proc. natn.
Acad. Sci. U.S.A. 77, 2984-2988.

Prusiner, S.B., McKinley, M.P., Groth, D.F. et al. 1981
Scrapie agent contains a hydrophobic protein. Proc. natn.
Acad. Sci. U.S.A. 78, 6675-6679.

Prusiner, S.B., Bolton, D.C., Groth, D.F., Bowman, K.A,,
Cochran, S.P. & McKinley, M.P. 1982 Further purifica-
tion and characterization of scrapie prions. Biochemistry
21, 6942-6950.

Prusiner, S.B., McKinley, M.P.; Bowman, K.A. ¢t al. 1983
Scrapie prions aggregate to form amyloid-like birefringent
rods. Cell 35, 349-358.

Prusiner, S.B., Scott, M., Foster, D. ¢t al. 1990 Transgene-


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

462 S. B. Prusiner

tic studies implicate interactions between homologous PrP
isoforms in scrapie prion replication. Cell 63, 673-686.

Prusiner, S.B., Fuzi, M., Scott, M. et al. 19932 Immunolo-
gic and molecular biological studies of prion proteins in
bovine spongiform encephalopathy. J. infect. Dis. 167,
602-613.

Prusiner, S.B., Groth, D., Serban, A. e/ al. 199356 Ablation
of the protein gene in mice prevents scrapie and facilitates
production of alpha-PrP antibodies. Proc. natn. Acad. Sci.
U.S.4. 90, 10608-10612.

Prusiner, S.B. & Hsiao, K. 1994 Ann. Neurol. (In the press.)

Race, R.E., Graham, K., Ernst, D., Caughey, B. &
Chesebro, B. 1990 Analysis of linkage between scrapie
incubation period and the prion protein gene in mice.
J. gen. Virol. 71, 493-497.

Riesner, D., Kellings, K., Meyer, N., Mirenda, C. &
Prusiner, S.B. 1992 Nucleic acids and scrapie prions. In
Prion diseases of humans and amimals (ed. S. B. Prusiner,
J. Collinge, J. Powell & B. Anderton), pp. 341-358.
London: Ellis Horwood.

Ripoll, L., Laplanche, J.-L., Salzmann, M. et al. 1993 A
new point mutation in the prion protein gene at codon
210 in Creutzfeldt-Jakob disease. Neurology 43, 1934—
1938.

Roberts, G.W., Lofthouse, R., Allsop, D. et al. 1988 CNS
Amyloid proteins in neurodegenerative diseases. Neurology
38, 1534-1540.

Rogers, M., Taraboulos, A., Scott, M., Groth, D. &
Prusiner, S.B. 1990 Intracellular accumulation of the
cellular prion protein after mutagenesis of its Asn-linked
glycosylation sites. Glycobiology 1, 101-109.

Rogers, M., Serban, D., Gyuris, T., Scott, M., Torchia, T.
& Prusiner, S.B. 1991 Epitope mapping of the Syrian
hamster prion protein utilizing chimeric and mutant
genes in a vaccinia virus expression system. J. Immun. 147,
3568-3574.

Rosenthal, N.P.; Keesey, J., Crandall, B. & Brown, W J.
1976 Familial neurological disease associated with spon-
giform encephalopathy. Arch. Neurol. 33, 252-259.

Safar, J., Ceroni, M., Piccardo, P. et al. 1990a Subcellular
distribution and physicochemical properties of scrapie
associated precursor protein and relationship with scrapie
agent. Neurology 40, 503-508.

Safar, J., Wang, W., Padgett, M.P. ¢t al. 19906 Molecular
mass, biochemical composition, and physicochemical
behavior of the infectious form of the scrapie precursor
protein monomer. Proc. natn. Acad. Sci. U.S.A. 87, 6373—
6377.

Scott, M., Foster, D., Mirenda, C. et al. 1989 Transgenic
mice expressing hamster prion protein produce species-
specific scrapie infectivity and amyloid plaques. Cell 59,
847-857.

Scott, M.R., Koéhler, R., Foster, D. & Prusiner, S.B. 1992
Chimeric prion protein expression in cultured cells and
transgenic mice. Protein Sci. 1, 986-997.

Scott, M., Groth, D., Foster, D. ¢t al. 1993 Propagation of
prions with artificial properties in transgenic mice express-
ing chimeric PrP genes. Cell 73, 979-988.

Serban, D., Taraboulos, A., DeArmond, S.J. & Prusiner,
S.B. 1990 Rapid detection of Creutzfeldt-Jakob disease
and scrapie prion proteins. Neurology 40, 110-117.

Sigurdsson, B. 1954 Rida, a chronic encephalitis of sheep
with general remarks on infections which develop slowly
and some of their special characteristics. Br. vet. J. 110,
341-354.

Sklaviadis, T.K., Manuelidis, L.. & Manuelidis, E.E. 1989
Physical properties of the Creutzfeldt-Jakob disease
agent. J. Virol. 63, 1212-1222.

Sklaviadis, T., Akowitz, A., Manuelidis, E.E. & Manuelidis,

Phil. Trans. R. Soc. Lond. B (1994)

Molecular biology and genetics of prion diseases

L. 1990 Nuclease treatment results in high specific
purification of Creutzfeldt-Jakob disease infectivity with a
density characteristic of nucleic acid-protein complexes.
Arch. Virol. 112, 215-229.

Sklaviadis, T., Akowitz, A., Manuelidis, E.E. & Manuelidis,
L. 1993 Nucleic acid binding proteins in highly purified
Creutzfeldt-Jakob disease preparations. Proc. nain. Acad.
Sci. U.S.4. 90, 5713-5717.

Sparkes, R.S., Simon, M., Cohn, V.H. et al. 1986 Assign-
ment of the human and mouse prion protein genes to
homologous chromosomes. Proc. natn. Acad. Sci. U.S.A. 83,
7358-7362.

Stahl, N., Borchelt, D.R., Hsiao, K. & Prusiner, S.B. 1987
Scrapie prion protein contains a phosphatidylinositol
glycolipid. Cell 51, 229-240.

Stahl, N., Baldwin, M.A., Hecker, R., Pan, K.-M., Burl-
ingame, A.L. & Prusiner, S.B. 1992 Glycosylinositol
phospholipid anchors of the scrapiec and cellular prion
proteins contain sialic acid. Biochemistry 31, 5043-5053.

Stahl, N., Baldwin, M.A., Teplow, DB. e al. 1993
Structural analysis of the scrapie prion protein using mass
spectrometry and amino acid sequencing. Biochemistry 32,
1991-2002.

Stender, A. 1930 Weitere Beitrage zum Kapitel “Spas-
tische Pseudosklerose Jakobs”. Z. Neurol. Psychiat. 128,
528-543.

Tagliavini, F., Prelli, F., Ghisto, J. et al. 1991 Amyloid
protein  of Gerstmann—-Straussler—Scheinker  disease
(Indiana kindred) is an 11-kd fragment of prion protein
with an N-terminal glycine at codon 58. EMBO J. 10,
513-519.

Taraboulos, A., Rogers, M., Borchelt, D.R. et al. 1990a
Acquisition of protease resistance by prion proteins in
scrapie-infected cells does not require asparagine-linked
glycosylation. Proc. natn. Acad. Sci. U.S.A. 87, 8262-8266.

Taraboulos, A., Serban, D. & Prusiner, S.B. 19905 Scrapie
prion proteins accumulate in the cytoplasm of persis-
tently-infected cultured cells. J. Cell Biol. 110, 2117-
2132.

Taraboulos, A., Jendroska, K., Serban, D., Yang, S.-L.,
DeArmond, S.J. & Prusiner, S.B. 19922 Regional map-
ping of prion proteins in brains. Proc. natn. Acad. Sci.
U.S.4. 89, 7620-7624.

Taraboulos, A., Raeber, A.J., Borchelt, D.R., Serban, D. &
Prusiner, S.B. 19926 Synthesis and trafficking of prion
proteins in cultured cells. Molec. Biol. Cell 3, 851-863.

Tateishi, J., Doh-ura, K., Kitamoto, T. et al. 1992 Prion
protein gene analysis and transmission studies of Creutz-
feldt-Jakob disease. In Prion diseases of humans and animals
(ed. S. B. Prusiner, J. Collinge, J. Powell & B. Anderton),
pp- 129-134. London: Ellis Horwood.

Tranchant, C., Doh-ura, K., Warter, J.M. et al. 1992
Gerstmann-Straussler—Scheinker disease in an Alsatian
family: clinical and genetic studies. J. Neurol. Neurosurg.
Psychiat. 55, 185-187.

Turk, E., Teplow, D.B., Hood, L.E. & Prusiner, S.B. 1988
Purification and properties of the cellular and scrapie
hamster prion proteins. Eur. J. Biochem. 176, 21-30.

Vnencak-Jones, C.L. & Phillips, J.A. 1992 Identification of
heterogeneous PrP gene deletions in controls by detection
of allele-specific heteroduplexes (DASH). Am. J. hum.
Genet. 50, 871-872.

Weissmann, C. 1991 A “unified theory” of prion propaga-
tion. Nature, Lond. 352, 679-683.

Weitgrefe, S., Zupancic, M., Haase, A. ef al. 1985 Cloning
of a gene whose expression is increased in scrapie and in
senile plaques. Science, Wash. 230, 1177-1181.

Westaway, D., Goodman, P.A., Mirenda, C.A., McKinley,
M.P., Carlson, G.A. & Prusiner, S.B. 1987 Distinct


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Molecular biology and genetics of prion diseases

prion proteins in short and long scrapie incubation period
mice. Cell 51, 651-662.

Westaway, D., Mirenda, C.A., Foster, D. et al. 1991
Paradoxical shortening of scrapie incubation times by
expression of prion protein transgenes derived from long
incubation period mice. Neuron. 7, 59-68.

Westaway, D., DeArmond, S.J., Cayetano-Canlas, J. et al.
1994a Degeneration of skeletal muscle, peripheral nerves
and the central nervous system in mice overexpressing
wild-type prion proteins. Cell 76, 117-129.

Westaway, D., Zuliani, V., Mirenda Cooper, C. e al.

Phil. Trans. R. Soc. Lond. B (1994)

S. B. Prusiner 463

19946 Homozygosity for prion protein alleles encoding
glutamine 171 may render sheep susceptible to natural
scrapie. Genes Dev. (In the press.)

Wilesmith, J.W., Hoinville, L.J., Ryan, J.B.M. & Sayers,
A.R. 1992 Bovine spongiform encephalopathy: aspects of
the clinical picture and analyses of possible changes 1986
1990. Vet. Rec. 130, 197-201.

Xi, Y.G., Ingrosso, L., Ladogana, A., Masullo, C. &
Pocchiari, M. 1992 Amphotericin B treatment disso-
ciates in vivo replication of the scrapie agent from PrP
accumulation. Nature, Lond. 356, 598-601.


http://rstb.royalsocietypublishing.org/

M232R

16 32 48 64  P102L F198S| V210l
40 56 72 Y145% E200K
Octarepeat Sequence e
P(Q/H)GGG(G/-)WGQ Genetic Llnkage

gure l. Human prion protein gene (PRNP). The open
E>ading frame (ORF) i1s denoted by the large grey rectangle.
uman PRNP wild-type polymorphisms are shown above
e rectangle, whereas mutations that segregate with the
herited prion diseases are depicted below. The wild-type
man PrP gene contains five octarepeats [P(Q/H)-
‘GG(G/-)WGQ)] from codons 51-91. Deletion of a single
tarepeat at codon 81 or 82 i1s not associated with prion
sease. There are common polymorphisms at codons 117
Ja—Ala) and 129 (Met—Val); homozygosity for Met or
al at codon 129 appears to increase susceptibility to
oradic cJp. Octarepeat inserts of 16, 32, 40, 48, 56, 64, and
' amino acids at codons 67, 75 or 83 are designated by
1all rectangles below the orr. These inserts segregate with
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5>milial ¢jp, and significant genetic linkage has been
Omonstrated where sufficient specimens from family
= Jembers are available. Point mutations are designated by
= u

e wild-type amino acid preceding the codon number and
e mutant residue follows, e.g. Pl02L. These point
Sutations segregate with the inherited prion diseases, and
mificant genetic linkage (underlined mutations) has been
'monstrated where sufficient specimens from family
embers are available. Reprinted from Prusiner (1993).
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