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The saga of prions truly represents the triumph
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Preface

Studies of prions seem to be rapidly expanding. The widespread recogni-
tion that prions exist and that they are different from all other infectious
pathogens has aroused considerable interest among scientists. The possi-
bility that bovine prions have spread from cattle with bovine spongiform
encephalopathy (BSE) to humans in Great Britain and other parts of
Europe continues to worry physicians, public health officials, and politi-
cians. Despite the fact that molecular investigations of prions only began
in 1982 with the first report of the prion protein PrP 27-30, knowledge of
prions has increased steadily. With the isolation of PrP 27-30, the appli-
cation of modern molecular biological approaches, immunologic tech-
niques, and structural biological studies became possible.

This book was assembled with the hope of stimulating young investi-
gators to enter the field of prion biology. We hope that it will also provide
an authoritative source for more senior investigators who wish to pursue
investigations on prions or who find themselves having to lecture to stu-
dents on the subject. Because of the size constraints for this book imposed
by the publisher, there are many investigators who have made important
contributions to prion biology but could not be asked to write chapters: To
these individuals, the editor apologizes. Instead, a representative group of
authors, who have contributed substantially to the study of prions over the
past decade, were selected to participate in this undertaking.

The five chapters at the beginning of this book were written to provide
a proper introduction for those not already schooled in prion biology.
These chapters give an overview of prion biology, record the development
of the prion concept, describe bioassays for prions, explain the basic prin-
ciples of prion replication, and outline some methods for the study of pri-
ons. The remaining chapters of this book cover an array of diverse topics

Xi



xii Preface

ranging from the cell biology of prions to transgenic and gene-targeted
mice to inherited and infectious prion diseases of humans to bovine
spongiform encephalopathy. In addition, scrapie of sheep, the experimen-
tal neuropathology of genetically engineered mice, biocontainment and
biosafety issues in prion disease, as well as studies of mammalian prion
strains and fungal prions, are discussed. Because the literature on prions
has grown to be immense, interested readers are urged to consult papers
published in refereed journals that are readily retrievable through Medline
searches.

The saga of prions over the last 50 years records an extraordinary
chapter in the history of biology and medicine. The difficulties that have
marked acceptance of the prion concept are not unique. Skepticism has
been the rule in science rather than the exception when new ideas are first
introduced. Only the steady accumulation of data has served to change
the thinking of most, but not all, skeptical scholars. That a few vocal skep-
tics remain seems to be a frequent and perhaps constant feature of para-
digm shifts in science. Certainly, studies of prions are no exception, but
fortunately, the science of prion biology has clearly triumphed over prej-
udice.

Stanley B. Prusiner
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1

An Introduction to Prion Biology
and Diseases

Stanley B. Prusiner

Departments of Neurology and of Biochemistry and Biophysics
University of California
San Francisco, California 94143

The history of prions is a fascinating saga in the annals of biomedical sci-
ence. For nearly five decades with no clue as to the cause, physicians
watched patients with a central nervous system (CNS) degeneration
called Creutzfeldt-Jakob disease (CJD) die, often within a few months of
its onset (Creutzfeldt 1920; Jakob 1921; Kirschbaum 1968). CJD
destroys the brain while the body remains unaware of this process. No
febrile response, no leucocytosis or pleocytosis, and no humoral immune
response is mounted in reaction to this devastating disease. Despite its
recognition as a distinct clinical entity, CJD remained a rare disease; first,
it was the province of neuropsychiatrists and, later, neurologists and neu-
ropathologists. Although multiple cases of CJD were recognized in fam-
ilies quite early (Kirschbaum 1924; Meggendorfer 1930; Stender 1930;
Davison and Rabiner 1940; Jacob et al. 1950; Friede and DeJong 1964;
Rosenthal et al. 1976; Masters et al. 1979, 1981a,b), this observation did
little to advance understanding of the disorder.

The unraveling of the etiology of CJD is a wonderful story that has
many threads, each representing a distinct piece of the puzzle. An impor-
tant observation was made by Igor Klatzo in 1959, when he recognized
that the neuropathology of kuru resembled that of CJD (Klatzo et al.
1959); the same year, William Hadlow suggested that kuru, a disease of
New Guinea highlanders, was similar to scrapie, a hypothesis also based
on light microscopic similarities (Hadlow 1959). However, Hadlow’s
insight was much more profound because he suggested that kuru is a
transmissible disease like scrapie and that demonstration of the infectivity
of kuru could be accomplished using chimpanzees because they are so
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2 S.B. Prusiner

closely related to humans. He also noted that many months or years might
be required before clinically recognizable disease would be seen in these
inoculated nonhuman primates. Moreover, he argued that brain tissue from
patients dying of kuru should be homogenized and injected intra-cerebral-
ly into the chimpanzees, as was often done in studies of sheep scrapie.

At the time Hadlow’s hypothesis was set forth, scrapie was considered
to be caused by a “slow virus.” The term “slow virus” had been coined by
Bjorn Sigurdsson in 1954 based on his studies in Iceland on scrapie and
visna of sheep (Sigurdsson 1954). Although Hadlow suggested that kuru,
like scrapie, was caused by a slow virus, he did not perform the experi-
ments required to demonstrate this phenomenon (Hadlow 1959, 1995). In
fact, seven years were to pass before the transmissibility of kuru was
established by passaging the disease to chimpanzees (Gajdusek et al.
1966), and in 1968, the transmission of CJD to chimpanzees after intra-
cerebral inoculation was reported (Gibbs et al. 1968).

An early clue to unusual properties of the scrapie agent emerged from
studies of 18,000 sheep that were inadvertently inoculated with the scrapie
agent or “slow virus.” These animals had been vaccinated against louping
ill virus with a formalin-treated suspension of ovine brain and spleen that,
as was subsequently shown, had been contaminated with the scrapie agent
(Gordon 1946). Three different batches of vaccines were administered, and
two years later, 1500 sheep developed scrapie. These findings demonstrat-
ed that the scrapie agent is resistant to inactivation by formalin, unlike
most viruses, which are readily inactivated by such treatment.

The unusual biological properties of the scrapie agent were no less
puzzling than the disease process itself, for the infectious agent caused a
devastating degeneration of the CNS in the absence of an inflammatory
response (Zlotnik 1962; Beck et al. 1964). Although the immune system
remained intact, its surveillance system was unaware of a raging infec-
tion. The infectious agent that causes scrapie, now generally referred to as
a “prion,” achieved status as a scientific curiosity when its extreme resis-
tance to ionizing and ultraviolet irradiation was discovered (Alper et al.
1966, 1967; Latarjet et al. 1970). Later, similar resistance to inactivation
by UV and ionizing radiation was reported for the CJD agent (Gibbs et al.
1978). Tikvah Alper’s radiation resistance data on the scrapie agent
evoked a torrent of hypotheses concerning its composition. Suggestions
as to the nature of the scrapie agent ranged from small DNA viruses to
membrane fragments to polysaccharides to proteins, the last of which
eventually proved to be correct (Pattison 1965; Gibbons and Hunter 1967;
Griffith 1967; Pattison and Jones 1967; Hunter et al. 1968; Field et al.
1969; Hunter 1972; see Chapter 2).
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Because the scrapie agent had been passaged from sheep into mice
(Chandler 1961), scrapie was the most amenable of these diseases to
study experimentally. Although the agents causing scrapie, CJD, and kuru
were for many years thought to be different slow viruses, we now know
that prions cause all these disorders and that this distinction was artificial.

Studies of prions have wide implications ranging from basic principles
of protein conformation to the development of effective therapies for
prion diseases (Prusiner 1998). In this chapter, the structural biology of
prion proteins, as well as the genetics and molecular neurology of prion
diseases, is introduced. How information is enciphered within the infec-
tious prion particle is described.

PRION BIOLOGY AND DISEASES

Our current understanding of the prion particles that cause scrapie, CJD,
and related diseases in mammals is described in this book (Table 1).
Prions are unprecedented infectious pathogens that cause a group of
invariably fatal, neurodegenerative diseases by an entirely novel mecha-
nism (Prusiner 1998). Prion diseases may present as genetic, infectious,
or sporadic disorders, all of which involve modification of the prion pro-
tein (PrP). CJD generally presents as a progressive dementia whereas
scrapie of sheep and bovine spongiform encephalopathy (BSE) are gen-
erally manifest as ataxic illnesses (Wells et al. 1987).

Prions have also been reported in yeast and other fungi. These fasci-
nating studies have greatly expanded our thinking about the role of prions
in biology (Chapter 6).

Prions

Prions are defined as proteinaceous infectious particles that are devoid of
nucleic acid and seem to be composed exclusively of a modified isoform
of the prion protein designated PrPS° (Table 2). The normal, cellular PrP
denoted PrPC is converted into PrP> through a process whereby some of
its a-helical structure is converted into [-sheet (Pan et al. 1993). This
structural transition is accompanied by profound changes in the physico-
chemical properties of the PrP. Whereas PrP® is soluble in nondenaturing
detergents, PrP%° is not (Meyer et al. 1986; Chapter 5). PrP€ is readily
digested by proteases whereas PrP% is partially resistant (Oesch et al.
1985). The species of a particular prion is determined by the sequence of
the chromosomal PrP gene of the mammal in which it last replicated.
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Table 1 The prion diseases

Disease Host Mechanism of pathogenesis
A. Kuru Fore people infection through ritualistic canni-

balism

ITatrogenic CJD humans infection from prion-contaminated
HGH, dura mater grafts, etc.

Variant CJD humans infection from bovine prions?

Familial CID humans germ-line mutations in PRNP

GSS humans germ-line mutations in PRNP

FFI humans germ-line mutation in PRNP
(D178N, M129)

Sporadic CJD humans somatic mutation or spontaneous
conversion of PrP¢ into PrP5?

FSI humans somatic mutation or spontaneous
conversion of PrP¢ into PrP5?

B.  Scrapie sheep infection in genetically susceptible

sheep

BSE cattle infection with prion-contaminated
MBM

TME mink infection with prions from sheep or
cattle

CWD mule deer, elk  unknown

FSE cats infection with prion-contaminated

bovine tissues or MBM
Exotic ungulate =~ greater kudu, infection with prion-contaminated
encephalopathy nyala, oryx MBM

Abbreviations: (BSE) bovine spongiform encephalopathy; (CJD) Creutzfeldt-Jakob disease;
(sCJD) sporadic CJD; (fCJD) familial CJD; (iCJD) iatrogenic CJD; (vCJD) (new) variant CJD;
(CWD) chronic wasting disease; (FFI) fatal familial insomnia; (FSE) feline spongiform encephalopa-
thy; (FSI) fatal sporadic insomnia; (GSS) Gerstmann-Straussler-Scheinker disease; (HGH) human
growth hormone; (MBM) meat and bone meal; (TME) transmissible mink encephalopathy.

Human PrP is encoded by a gene on the short arm of chromosome 20, and
all other mammals examined also have a single-copy gene encoding PrP
(Sparkes et al. 1986; Schitzl et al. 1995). In contrast to pathogens with a
nucleic acid genome, prions encipher strain-specific properties in the ter-
tiary structure of PrP%. Transgenetic studies argue that PrP%° acts as a
template upon which PrP€ is refolded into a nascent PrP%° molecule and
that this process is facilitated by another protein or complex of proteins.
Although both the primary structure and posttranslational chemical
modifications determine the tertiary structure of PrP®, the conformation
of PrP® is modified by PrP as it is refolded into a nascent molecule of
PrP*° (Telling et al. 1996b). The hallmark common to all of the prion dis-
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eases, whether sporadic, dominantly inherited, or acquired by infection, is
that they involve the aberrant metabolism of PrP (Prusiner 1991).

Prions Are Distinct from Viruses

Like viruses, prions are infectious because they stimulate a process by
which more of the pathogen is produced. As prions or viruses accumulate
in an infected host, they eventually cause disease. Both prions and virus-
es exist in different varieties or subtypes that are called strains, but many
features of prion structure and replication distinguish them from viruses
and all other known infectious pathogens.

Prions differ from viruses and viroids because they lack a nucleic acid
genome that directs the synthesis of their progeny. Prions are composed
of an abnormal isoform of a cellular protein, whereas most viral proteins
are encoded by a viral genome, and viroids are devoid of protein.

Prions can exist in multiple molecular forms, whereas viruses exist in
a single form with a distinct ultrastructural morphology. Prions have no
constant structure, in marked contrast to viruses. Prion infectivity has
been detected in fractions containing particles with an extremely wide
range of sizes (Kimberlin et al. 1971; Prusiner et al. 1978b; Diringer and
Kimberlin 1983). Initially, the small size of prions as determined by ion-
izing radiation inactivation studies (Alper et al. 1966) was confusing,
because scrapie infectivity was clearly associated with larger particles
(Rohwer 1984). Eventually, aggregation due to hydrophobic interactions
between PrP5¢ molecules was found to be responsible for such anomalous
behavior (Prusiner et al. 1978b).

Prions are nonimmunogenic, in contrast to viruses that almost always
provoke an immune response. Prions do not elicit an immune response
because the host has been rendered tolerant to PrPS® by PrP® (Prusiner et
al. 1993a; Williamson et al. 1996). In contrast, the foreign proteins of
viruses that are encoded by the viral genome often elicit a profound
immune response. Thus, it seems unlikely that a useful strategy for pre-
venting or treating prion diseases will be vaccination, which has been so
effective in preventing many viral illnesses.

The phenomenon of prion strains has posed a profound conundrum
with respect to how prions might be composed of only host-encoded PrP5¢
molecules and yet exhibit diversity. An enlarging body of data argues that
strains of prions are enciphered in the conformation of PrP%°. In contrast,
strains of viruses and viroids have distinct nucleic acid sequences that
produce pathogens with different properties. Many investigators argued
for a nucleic acid genome within the infectious prion particle while oth-
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ers contended for a small noncoding polynucleotide of either foreign or
cellular origin (Dickinson et al. 1968; Kimberlin 1982, 1990; Dickinson
and Outram 1988; Bruce et al. 1991; Weissmann 1991b). However, no
nucleic acid was found despite intensive searches using a wide variety of
techniques and approaches (Kellings et al. 1992, 1994). On the basis of a
wealth of evidence, it is reasonable to assert that such a nucleic acid has
not been found because it does not exist.

That many of the prion diseases were discovered prior to our current
understanding of prion biology has created confusion in an environment
where decisions of great economic and political consequence and possi-
bly public health import are being made. For example, scrapie of sheep
and bovine spongiform encephalopathy (BSE) have different names; yet,
they are the same disease in two different species. Both scrapie and BSE
are prion diseases that differ from each other in only two respects: First,
the sheep PrP sequence differs from that of cattle at 7 or 8 positions out
of 270 amino acids (Goldmann et al. 1990a, 1991b), giving rise to differ-
ent PrP¢ molecules in each; and second, some aspects of each disease are
determined by the particular prion strain that infects a given host.

Understanding prion strains and the “species barrier” is of paramount
importance with respect to the BSE epidemic in Britain in which more
than 170,000 cattle have died over the past decade (Wells and Wilesmith
1995; Chapters 11 and 17). Brain extracts from eight cattle with BSE all
gave the same patterns of incubation times and vacuolation of the neu-
ropil when inoculated into a variety of inbred mice (Bruce et al. 1994;
Bruce 1996). Incubation times and profiles of neuronal vacuolation have
been used for three decades to study prion strains. Brain extracts prepared
from three domestic cats, one nyala, and one kudu, all of which died with
a neurologic illness, produced incubation times and lesion profiles indis-
tinguishable from those found in the BSE cattle. Cats and exotic ungu-
lates such as the kudu presumably developed prion disease from eating
food containing bovine prions (Jeffrey and Wells 1988; Wyatt et al. 1991;
Kirkwood et al. 1993).

NOMENCLATURE

A listing of the different prion diseases is given in Table 1. Although the
prions that cause TME and BSE are referred to as TME prions and BSE
prions, this may be unjustified, because both are thought to originate from
the oral consumption of scrapie prions in sheep-derived foodstuffs and
because many lines of evidence argue that the only difference among the
various prions is the sequence of PrP, which is dictated by the host and not
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the prion itself. The human prions present a similar semantic conundrum.
Transmission of human prions to laboratory animals produces prions car-
rying PrP molecules with sequences dictated by the PrP gene of the host,
not that of the inoculum.

To simplify the terminology, the generic term PrP% is suggested in
place of such terms as PrP®?, PrPPSE| and PrP™ (Prusiner et al. 1998b).
To distinguish PrP> found in humans or cattle from that found in other
animals, HuPrP% or BoPrP% is suggested instead of PrP“'® or PrPPSE,
respectively (Table 2). Once human prions, and thus HuPrPS molecules,
have been passaged into animals, the prions and PrP*¢ are no longer of the
human species unless they were formed in an animal expressing a HuPrP
transgene.

The “Sc” superscript of PrP%¢ was initially derived from the term
scrapie because scrapie was the prototypic prion disease. Since all of the
known prion diseases (Table 1) of mammals involve aberrant metabolism
of PrP similar to that observed in scrapie, the Sc superscript is suggested
for all abnormal, pathogenic PrP isoforms (Prusiner et al. 1998b). In this
context, the Sc superscript is used to designate the scrapie-like or disease-

Table 2 Glossary of prion terminology

Term Description

Prion a proteinaceous infectious particle that lacks nucleic acid; com-
posed largely, if not entirely, of PrPS° molecules

Prps° abnormal, pathogenic isoform of the prion protein that causes

sickness; the only identifiable macromolecule in purified
preparations of prions

PrP¢ cellular isoform of the prion protein

PrP 27-30 digestion of PrP% with proteinase K generates PrP 27-30 by
hydrolysis of the amino terminus

PRNP human PrP gene located on chromosome 20

Prap mouse PrP gene located on syntenic chromosome 2; controls the
length of the prion incubation time and is congruent with the
incubation time genes Sinc and Prn-i. PrP-deficient (Prnp”®)
mice are resistant to prions

PrP amyloid fibril of PrP fragments derived from PrP* by proteolysis; plaques
containing PrP amyloid are found in the brains of some mam-
mals with prion disease

Prion rod an amyloid polymer composed of PrP 27-30 molecules; created
by detergent extraction and limited proteolysis of PrP*
Protein X hypothetical macromolecule thought to act like a molecular chap-

erone in facilitating the conversion of PrP¢ into PrP%
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causing isoform of PrP; for those who desire a more general derivation,
Sc can equally well be derived from the term “prion sickness” (Table 2).

In the case of mutant PrPs, the mutation and any important polymor-
phism can be denoted in parentheses following the particular PrP isoform.
For example in FFI, the pathogenic PrP isoform would be referred to as
PrP5¢ or HuPrP%; alternatively, if it were important to identify the muta-
tion, then it would be written as HuPrP5¢(D178N, M129) (Table 3). The
term PrP™ or PrP-res is derived from the protease-resistance of PrP%°, but
protease-resistance, insolubility, and high -sheet content should be con-
sidered only as surrogate markers of PrP> since one or more of these may
not always be present. Whether PrP™ is useful in denoting PrP molecules
that have been subjected to procedures that modify their resistance to pro-
teolysis but have not been demonstrated to convey infectivity or cause
disease remains debatable.

The term PrP* has been used in two different ways. First, it has been
used to identify a fraction of PrP% molecules that are infectious
(Weissmann 1991a). Such a designation is thought to be useful since there
are ~10° PrP% molecules per infectious unit (Prusiner et al. 1982a, 1983).
Second, PrP* has been used to designate a metastable intermediate of
PrP€ that is bound to protein X (Cohen et al. 1994). It is noteworthy that
neither a subset of biologically active PrP5 molecules nor a metastable
intermediate of PrP® has been identified, to date.

In mice, the PrP gene denoted Prup is now known to be identical with
two genes denoted Sinc and Prn-i that were known to control the length
of the incubation time in mice inoculated with prions (Carlson et al. 1994;
Moore et al. 1998). These findings permit a welcome simplification. A

Table 3 Examples of human PrP gene mutations found in the inherited prion
diseases

Inherited prion disease PrP gene mutation
Gerstmann-Straussler-Scheinker disease PrP P102L*
Gerstmann-Straussler-Scheinker disease PrP A117V

Familial Creutzfeldt-Jakob disease PrP D178N, V129
Fatal familial insomnia PrP D178N, M129*
Gerstmann-Straussler-Scheinker disease PrP F198S*

Familial Creutzfeldt-Jakob disease PrP E200K*
Gerstmann-Striussler-Scheinker disease PrP Q217R

Familial Creutzfeldt-Jakob disease PrP octarepeat insert*

*Signifies genetic linkage between the mutation and the inherited prion disease (Hsiao
et al. 1989; Dlouhy et al. 1992; Petersen et al. 1992; Poulter et al. 1992; Gabizon et al.
1993).
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gene designated Pid-/ on mouse chromosome 17 also appears to influ-
ence experimental CJD and scrapie incubation times, but information on
this locus is limited.

Distinguishing among CJD, GSS, and FFI has grown increasingly dif-
ficult with the recognition that fCJD, GSS, and FFI are autosomal domi-
nant diseases caused by mutations in the human PrP gene, PRNP (Table
3). Initially, it was thought that a specific PRNP mutation was associated
with a particular clinico-neuropathologic phenotype, but an increasing
number of exceptions are being recognized. Multiple examples of varia-
tions in the clinico-neuropathologic phenotype within a single family
where all affected members carry the same PRNP mutation have been
recorded. Most patients with a PRNP mutation at codon 102 present with
ataxia and have PrP amyloid plaques; such patients are generally given
the diagnosis of GSS, but some individuals within these families present
with dementia, a clinical characteristic that is usually associated with
CJD. One suggestion is to label these inherited disorders as “prion dis-
ease” followed by the mutation in parentheses, and another is to use the
terms fCJD and GSS followed by the mutation. In the case of FFI,
describing the D178N mutation and M 129 polymorphism seems unnec-
essary since this is the only known mutation-polymorphism combination
that gives the FFI phenotype.

DISCOVERY OF THE PRION PROTEIN

The discovery of the prion protein transformed research on scrapie and
related diseases (Bolton et al. 1982; Prusiner et al. 1982a). It provided a
molecular marker that was subsequently shown to be specific for these ill-
nesses and identified the major, and possibly the only, component of the
prion particle. The protease-resistant fragment of the scrapie isoform of
the prion protein, designated PrP 27-30, was discovered by enriching
fractions from Syrian hamster (SHa) brain for scrapie infectivity (Bolton
et al. 1982; Prusiner et al. 1982a). PrP 27-30 has an apparent molecular
weight (M) of 27-30 kD (Fig. 1).

Over a 20-year period from 1960 to 1980, there were many unsuc-
cessful attempts to purify the scrapie agent or to identify a biochemical
marker that copurified (G.D. Hunter et al. 1963, 1969, 1971; Hunter and
Millson 1964, 1967; Kimberlin et al. 1971; Millson et al. 1971, 1976;
Marsh et al. 1974, 1978, 1980; Siakotos et al. 1976; Gibbs and Gajdusek
1978; Millson and Manning 1979). Studies on the sedimentation proper-
ties of scrapie infectivity in mouse spleens and brains suggested that
hydrophobic interactions were responsible for the non-ideal physical
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Figure I Prion protein isoforms. (4) Western immunoblot of brain homogenates
from uninfected (lanes / and 2) and prion-infected (lanes 3 and 4) Syrian ham-
sters. Samples in lanes 2 and 4 were digested with 50 pg/ml proteinase K for 30
min at 37°C. PrP€ in lanes 2 and 4 was completely hydrolyzed under these con-
ditions, whereas approximately 67 amino acids were digested from the amino ter-
minus of PrP% to generate PrP 27-30. After polyacrylamide gel electrophoresis
(PAGE) and electrotransfer, the blot was developed with anti-PrP R073 poly-
clonal rabbit antiserum. Molecular size markers are in kD. (B) Bar diagram of
SHaPrP which consists of 254 amino acids. After processing of the amino and
carboxyl termini, both PrP¢ and PrP> consist of 209 residues. After limited pro-
teolysis, the amino terminus of PrP%° is truncated to form PrP 27-30, which is
composed of approximately 142 amino acids.

behavior of the scrapie particle (Prusiner 1978; Prusiner et al. 1978a).
Indeed, the scrapie agent presented a biochemical nightmare: Infectivity
was spread from one end to the other of a sucrose gradient and from the
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void volume to fractions eluting at 5-10 times the included volume of
chromatographic columns. Such results demanded new approaches and
better assays. Only the development of improved bioassays allowed
purification of the infectious pathogen that causes scrapie and CJD
(Prusiner et al. 1980, 1982b).

Enriching fractions from the brains of scrapie-infected Syrian ham-
sters for infectivity yielded a single protein, PrP 27-30, as noted above.
PrP 27-30 was later found to be the protease-resistant core of PrP*
(Prusiner et al. 1984; Basler et al. 1986). Copurification of PrP 27-30
and scrapie infectivity demand that the physicochemical properties as
well as antigenicity of these two entities be similar (Gabizon et al. 1988;
Chapter 2). The results of a wide array of inactivation experiments
demonstrated the similarities in the properties of PrP 27-30 and scrapie
infectivity (McKinley et al. 1983; Prusiner et al. 1983). To explain these
findings in terms of the virus hypothesis, it is necessary to postulate
either a virus that has a coat protein that is highly homologous with PrP
or a virus that binds tightly to PrP*. In either case, the PrP-like coat pro-
teins or the PrP5¢/virus complexes must display properties indistinguish-
able from PrP5¢ alone (Chapter 2). The inability to inactivate prepara-
tions highly enriched for scrapie infectivity by procedures that modify
nucleic acids was interpreted as evidence against the existence of a
scrapie-specific nucleic acid (Alper et al. 1967; Prusiner 1982). To
explain the findings in terms of a virus, one must argue that PrP>° or an
as yet undetected PrP-like protein of viral origin protects the viral
genome from inactivation.

Determination of the Amino-terminal Sequence of PrP 27-30

The molecular biology and genetics of prions began with the purification
of PrP 27-30 significantly to allow determination of its amino-terminal
amino acid sequence (Prusiner et al. 1984). Multiple signals in each cycle
of the Edman degradation suggested that either multiple proteins were
present in these “purified fractions” or a single protein with a ragged
amino terminus was present. When the signals in each cycle were
grouped according to their intensities of strong, intermediate, and weak,
it became clear that a single protein with a ragged amino terminus was
being sequenced (Fig. 2). Determination of a single, unique sequence for
the amino terminus of PrP 27-30 permitted the synthesis of isocoding
mixtures of oligonucleotides that were subsequently used to identify
incomplete PrP cDNA clones from hamster (Oesch et al. 1985) and
mouse (Chesebro et al. 1985). cDNA clones encoding the entire open
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Figure 2 Interpreted amino acid sequence of the amino terminus of PrP 27-30.
The “ragged ends” of PrP 27-30 are shown (Prusiner et al. 1984).

reading frames (ORF) of SHa and Mo PrP were eventually recovered
(Basler et al. 1986; Locht et al. 1986).

PRION PROTEIN ISOFORMS

PrP mRNA levels are similar in normal, uninfected and scrapie-infected
tissues (Chesebro et al. 1985). This finding produced skepticism about
whether or not PrP 27-30 was related to the infectious prion particle.
Nevertheless, the search for a protein encoded by the PrP mRNA revealed
a protease-sensitive protein that is soluble in nondenaturing detergents,
designated PrP¢ (Oesch et al. 1985; Meyer et al. 1986).

PrP¢ and PrP*° have the same covalent structure, and each consists of
209 amino acids in Syrian hamsters (Fig. 1). The amino-terminal sequenc-
ing, the deduced amino acid sequences from PrP ¢cDNA, and immunoblot-
ting studies argue that PrP 27-30 is a truncated protein of about 142
residues that is derived from PrP> by limited proteolysis of the amino ter-
minus (Prusiner et al. 1984; Oesch et al. 1985; Basler et al. 1986; Locht et
al. 1986; Meyer et al. 1986).

In general, ~10° PrP* molecules correspond to one 1D, unit of prions
using the most sensitive bioassay (Prusiner et al. 1982a, 1983) PrP%¢ is
probably best defined as the abnormal isoform of the prion protein that
stimulates conversion of PrP® into nascent PrP%, accumulates, and caus-
es disease. Although resistance to limited proteolysis has proved to be a
convenient tool for detecting PrP>, not all PrP® molecules possess pro-
tease resistance (Hsiao et al. 1994; Telling et al. 1996a). Some investiga-
tors equate protease-resistance with PrP5¢ and this erroneous view has
been compounded by the use of the term “PrP-res” (Caughey et al. 1990).

Although insolubility as well as protease-resistance was used in initial
studies to differentiate PrPS° from PrP¢ (Meyer et al. 1986), subsequent
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investigations showed that these properties are only surrogate markers, as
are high [-sheet content and polymerization into amyloid (Prusiner et al.
1983; Caughey et al. 1991b; McKinley et al. 1991; Gasset et al. 1993;
Safar et al. 1993b; Muramoto et al. 1996; Riesner et al. 1996). When
these surrogate markers are present they are useful, but their absence does
not establish the lack of prion infectivity. PrP> is usually not detected by
Western immunoblotting if less than 10° ID, units/ml of prions are pres-
ent in a sample (Lasmézas et al. 1996a); furthermore PrP5¢ from differ-
ent species may exhibit different degrees of protease resistance.

In our experience, the method of sample preparation from scrapie-
infected brain also influences the sensitivity of PrP5® immunodetection, in
part because PrP*¢ is not uniformly distributed in the brain (DeArmond et
al. 1987; Taraboulos et al. 1992). Some experiments in which PrP%° detec-
tion proved problematic in partially purified preparations (Czub et al.
1986; Xi et al. 1992) were repeated with crude homogenates where Prps°
was readily measured (Jendroska et al. 1991; McKenzie et al. 1994).

Cell Biology of PrP° Formation

In scrapie-infected cells, PrP® molecules destined to become PrP*¢ exit to
the cell surface prior to conversion into PrP%° (Stahl et al. 1987; Borchelt
et al. 1990; Caughey and Raymond 1991; Chapter 9). Like other GPI-
anchored proteins, PrP® appears to re-enter the cell through a subcellular
compartment bounded by cholesterol-rich, detergent-insoluble mem-
branes, which might be caveolae or early endosomes (Taraboulos et al.
1995; Vey et al. 1996; Kaneko et al. 1997a;). Within this cholesterol-rich,
nonacidic compartment, GPI-anchored PrP¢ can be either converted into
PrP5¢ or partially degraded (Taraboulos et al. 1995). Subsequently, PrP5¢
is trimmed at the amino terminus in an acidic compartment in scrapie-
infected cultured cells to form PrP 27-30 (Caughey et al. 1991a). In con-
trast, amino-terminal trimming of PrP% is minimal in brain, where little
PrP 27-30 is found (McKinley et al. 1991).

RODENT MODELS OF PRION DISEASE

Mice and hamsters are commonly used in experimental studies of prion
disease (Chapters 4 and 14). The shortest incubation times are achieved
with intracerebral inoculation of homologous prions; under these condi-
tions all of the animals develop prion disease within a narrow interval for
a particular dose. The term homologous prions indicates that the PrP gene
of the donor in which the prion was previously passaged has the same
sequence as that of the recipient. When the PrP sequence of the donor dif-
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fers from that of the recipient, the incubation time is prolonged, the length
of the incubation becomes quite variable, and often, many inoculated ani-
mals do not develop disease (Carlson et al. 1989; Telling et al. 1994,
1995; Tateishi et al. 1996). This phenomenon is often called the prion
“species barrier” (Pattison 1965).

PrP GENE STRUCTURE AND ORGANIZATION

The entire open reading frame (ORF) of all known mammalian and avian
PrP genes resides within a single exon (Basler et al. 1986; Westaway et al.
1987; Hsiao et al. 1989; Gabriel et al. 1992), which eliminates the possi-
bility 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 ORF and 3’
untranslated region (Basler et al. 1986). Recently, a low-abundance
SHaPrP mRNA containing an additional small exon in the 5" untranslat-
ed region was discovered that is encoded by the SHaPrP gene (Li and
Bolton 1997). The mouse (Mo), sheep, and rat PrP genes contain three
exons with exon 3 analogous to exon 2 of the hamster (Saeki et al. 1996;
Westaway et al. 1994a; Westaway et al. 1991; Westaway et al. 1994c). The
promoters 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 that may function as a canonical binding site for the
transcription factor Spl (McKnight and Tjian 1986). Mapping of PrP
genes to the short arm of Hu chromosome 20 and to the homologous
region of Mo chromosome 2 argues for the existence of PrP genes prior
to the speciation of mammals (Robakis et al. 1986; Sparkes et al. 1986).

Expression of the PrP Gene

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. 1986a).

Since no antibodies are currently available that clearly distinguish
PrP¢ from PrP> and vice versa, PrP¢ is generally measured in tissues
from uninfected control animals where no PrP%° is found. Whether a



Introduction 15

recently isolated a-PrP IgM monoclonal antibody reacts exclusively with
PrP* remains to be confirmed (Korth et al. 1997). With the possible
exception of this a-PrP IgM monoclonal antibody, PrP%® must be mea-
sured in tissues of infected animals after PrP¢ has been hydrolyzed by
digestion with a proteolytic enzyme. PrP® expression in brain was defined
by standard immunohistochemistry (DeArmond et al. 1987) and by his-
toblotting in the brains of uninfected controls (Taraboulos et al. 1992).
Immunostaining of PrP® in the SHa brain was most intense in the stratum
radiatum and stratum oriens of the CA1 region of the hippocampus and
was virtually absent from the granule cell layer of the dentate gyrus and
the pyramidal cell layer throughout Ammon’s horn. PrP*¢ staining was
minimal in the regions that were intensely stained for PrP®. A similar rela-
tionship between PrP¢ and PrP%° was found in the amygdala. In contrast,
PrP% accumulated in the medial habenular nucleus, the medial septal
nuclei, and the diagonal band of Broca; these areas were virtually devoid
of PrP®. In the white matter, bundles of myelinated axons contained PrP*
but were devoid of PrP®. These findings suggest that prions are trans-
ported along axons, which is consistent with earlier findings in which
scrapie infectivity migrated in a pattern consistent with retrograde trans-
port (Kimberlin et al. 1983; Fraser and Dickinson 1985; Jendroska et al.
1991). Although the rate of PrP5¢ synthesis appears to be a function of the
level of PrP¢ expression in Tg mice, the level to which PrP5 accumulates
appears to be independent of PrP¢ concentration (Prusiner et al. 1990).

Overexpression of wtPrP Transgenes

Mice were constructed expressing different levels of the wild-type (wt)
SHaPrP transgene (Chapter 8). Inoculation of these Tg(SHaPrP) mice
with SHa prions demonstrated abrogation of the species barrier resulting
in abbreviated incubation times due to a nonstochastic process (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). 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, inocula-
tion of Tg(SHaPrP) mice with SHa prions led to the synthesis of only SHa
prions.

During transgenetic studies, we discovered that uninoculated older
mice harboring high copy numbers of wtPrP transgenes derived from
Syrian hamsters, sheep, and Prnp” mice spontaneously developed truncal
ataxia, hind-limb paralysis, and tremors (Westaway et al. 1994a). These
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Tg mice exhibited a profound necrotizing myopathy involving skeletal
muscle, a demyelinating polyneuropathy, and focal vacuolation of the
CNS. Development of disease was dependent on transgene dosage. For
example, Tg(SHaPrP"*)7 mice homozygous for the SHaPrP transgene
array regularly developed disease between 400 and 600 days of age,
whereas hemizygous Tg(SHaPrP*"%)7 mice also developed disease, but
after >650 days. Whether overexpression of wtPrP¢ or a somatic mutant
PrP€ is responsible for this neuromyopathy remains to be established.

PrP Gene Dosage Controls the Scrapie Incubation Time

Incubation times have been used to isolate prion strains inoculated into
sheep, goats, mice, and hamsters (Dickinson et al. 1968). A major deter-
minant of scrapie incubation periods in mice is a gene initially denoted as
Sinc. Once molecular clones of the PrP gene, denoted Prup in mice,
became available, a study was performed to determine if control of the
length of the scrapie incubation time was genetically linked to the PrP
gene. Because the availability of VM mice with prolonged incubation
times that were used to define Sinc was restricted, we used I/LnJ mice
(Kingsbury et al. 1983) in our crosses and provisionally labeled the incu-
bation time locus Prn-i. Indeed, Prn-i was found to be either congruent
with or closely linked to Prup (Carlson et al. 1986).

Although the amino acid substitutions in PrP that distinguish Prnp*
from Prnp® mice argued for the congruency of Prnp and Prn-i (Westaway
et al. 1987), experiments with Prnp® mice expressing Prnp® transgenes
demonstrated a “paradoxical” shortening of incubation times (Westaway
et al. 1991). We had predicted that these Tg mice would exhibit a prolon-
gation of the incubation time after inoculation with RML prions based on
(Prnp® x Prnp”) F| mice, which do exhibit long incubation times. We
described those findings as paradoxical shortening because we and other
workers had believed for many years that long incubation times are dom-
inant traits (Dickinson et al. 1968; Carlson et al. 1986). From studies of
congenic and transgenic mice expressing different numbers of the a and
b alleles of Prnp, we learned that these findings were not paradoxical;
indeed, they result from increased PrP gene dosage (Carlson et al. 1994).
When the RML isolate was inoculated into congenic and transgenic mice,
increasing the number of copies of the a allele was found to be the major
determinant in reducing the incubation time; however, increasing the
number of copies of the b allele also reduced the incubation time, but not
to the same extent as that seen with the a allele. Recently, gene targeting
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studies have established that the Prup gene controls the incubation time
and as such is congruent with both Prn-i and Sinc (Moore et al. 1998).

PrP-deficient Mice

Ablation of the PrP gene (Prnp®°) in mice did not affect development of
these animals (Biieler et al. 1992; Manson et al. 1994; Chapter 7). In fact,
they generally remain healthy at almost 2 years except in one report in
which the Purkinje cell loss was accompanied by ataxia beginning about
70 weeks of age (Sakaguchi et al. 1996). Although brain slices from
Prnp®° mice were reported to show altered synaptic behavior (Collinge et
al. 1994; Whittington et al. 1995), these results could not be confirmed by
other investigators (Herms et al. 1995; Lledo et al. 1996).

Prnp®® mice are resistant to prions (Biieler et al. 1993; Prusiner et al.
1993a). PrnpO/ % mice were sacrificed 5, 60, 120, and 315 days after inoc-
ulation with RML prions, and brain extracts were bioassayed in CD-1
Swiss mice. Except for residual infectivity from the inoculum detected at
5 days after inoculation, no infectivity was detected in the brains of
Prnp”° mice (Prusiner et al. 1993a). One group of investigators found that
Prnp®® mice inoculated with mouse-passaged scrapie prions and sacri-
ficed 20 weeks later had 10*¢ ID,  units/ml of homogenate by bioassay
(Btieler et al. 1993). Another group also found measurable titers of prions
many weeks after inoculation of Prnp”® mice with mouse-passaged CJD
prions (Sakaguchi et al. 1995; Chapter 7). Some investigators have argued
that these data imply that prion infectivity replicates in the absence of PrP
gene expression (Chesebro and Caughey 1993; Caughey and Chesebro
1997; Lasmézas et al. 1997).

Prnp” mice crossed with Tg(SHaPrP) mice were rendered susceptible
to SHa prions but remained resistant to Mo prions (Biieler et al. 1993;
Prusiner et al. 1993a). Since the absence of PrP® expression does not pro-
voke disease, it is likely that scrapie and other prion diseases are a conse-
quence of PrP5¢ accumulation rather than an inhibition of PrP® function
(Btieler et al. 1992). Such an interpretation is consistent with the domi-
nant inheritance of familial prion diseases.

Mice heterozygous (Prup”") for ablation of the PrP gene had pro-
longed incubation times when inoculated with Mo prions and developed
signs of neurologic dysfunction at 400-460 days after inoculation
(Prusiner et al. 1993a; Biieler et al. 1994). These findings are in accord
with studies on Tg(SHaPrP) mice in which increased SHaPrP expression
was accompanied by diminished incubation times (Prusiner et al. 1990).
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Since Prnp”® mice do not express PrP®, we reasoned that they might
more readily produce a-PrP antibodies. Prnp®° mice immunized with Mo
or SHa prion rods produced o-PrP antisera that bound Mo, SHa, and Hu
PrP (Prusiner et al. 1993a; Williamson et al. 1996). These findings con-
trast with earlier studies in which a-MoPrP antibodies could not be pro-
duced in mice, presumably because the mice had been rendered tolerant
by the presence of MoPrP® (Barry and Prusiner 1986; Kascsak et al.
1987; Rogers et al. 1991). That Prnp®° mice readily produce a-PrP anti-
bodies is consistent with the hypothesis that the lack of an immune
response in prion diseases is because PrP® and PrP*° share many epitopes.

SPECIES VARIATIONS IN THE PrP SEQUENCE

PrP is posttranslationally processed to remove a 22-amino acid amino-ter-
minal signal peptide. PrP contains two conserved disulfide-bonded cys-
teines and a sequence that marks for the addition of a glycophosphatidyl
inositol (GPI) anchor. Twenty-three residues are removed from the car-
boxyl terminus during the addition of this GPI moiety, which anchors the
protein to the cell membrane (Stahl et al. 1990). Contributing to the mass
of the protein are two asparagine side chains linked to large oligosaccha-
rides with multiple structures that have been shown to be complex and
diverse (Endo et al. 1989). Although many species variants of PrP have
now been sequenced (Schitzl et al. 1995), only the chicken sequence has
been found to be greatly different from the human (Harris et al. 1989;
Gabriel et al. 1992). The alignment of the translated sequences from more
than 40 PrP genes shows a striking degree of conservation between the
mammalian sequences and is suggestive of the retention of some impor-
tant function through evolution (Fig. 3A). Cross-species conservation of
PrP sequences makes it difficult to draw conclusions about the function-
al importance of many of the individual residues in the protein.

Amino-terminal Sequence Repeats

The amino-terminal domain of mammalian PrP contains five copies of a
P(H/Q)GGG(G)WGQ octarepeat sequence, occasionally more, as in the
case of one sequenced bovine allele that has six copies (Goldmann et al.
1991b; Prusiner et al. 1993b). These repeats are remarkably conserved
between species, which implies a functionally important role. The chick-
en sequence contains a different repeat, PGYP(H/Q)N (Harris et al. 1989;
Gabriel et al. 1992). Although insertions of extra repeats have been found
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Figure 3 Species variations and mutations of the prion protein gene. (4) Species
variations. The x-axis represents the human PrP sequence, with the five octare-
peats and H1-H4 regions of putative secondary structure shown as well as the
three a-helices A, B, and C and the two [-strands S1 and S2 as determined by
NMR. The precise residues corresponding to each region of secondary structure
are given in Fig. 5. Vertical bars above the axis indicate the number of species
that differ from the human sequence at each position. Below the axis, the length
of the bars indicates the number of alternative amino acids at each position in the
alignment. (B) Mutations causing inherited human prion disease and polymor-
phisms in human, mouse, and sheep. Above the line of the human sequence are
mutations that cause prion disease. Below the lines are polymorphisms, some but
not all of which are known to influence the onset as well as the phenotype of dis-
ease. Data were compiled by Paul Bamborough and Fred E. Cohen. (Reprinted,
with permission, from Prusiner 1997 [copyright AAAS].)
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in patients with familial disease, naturally occurring deletions of single
octarepeats do not appear to cause disease, and deletion of all these
repeats does not prevent PrP¢ from undergoing a conformational transi-
tion into PrP5¢ (Rogers et al. 1993; Fischer et al. 1996).

Conserved Alanine-Glycine Region

The other region of notable conservation is in the sequence following the
carboxyl terminus of the last octarepeat. Here an unusual glycine- and
alanine-rich region from A113 to Y128 is found (Fig. 3A). Although no
differences between species have been found in this part of the sequence,
a single point mutation A117V is linked to GSS (Hsiao et al. 1991a). The
conservation of structure suggests an important role in the function of
PrP¢; in addition, this region is likely to be important in the conversion of
PrP€ into PrP%¢.

STRUCTURES OF PrP ISOFORMS

Mass spectrometry and gas phase sequencing were used to search for
posttranslational chemical modifications that might explain the differ-
ences in the properties of PrP® and PrP%. No modifications differentiat-
ing PrP¢ from PrP%° were found (Stahl et al. 1993). These observations
forced consideration of the possibility that a conformational change dis-
tinguishes the two PrP isoforms.

Molecular Modeling of PrP Isoforms

In comparing the amino acid sequences of 11 mammalian and 1 avian
prion proteins, structure prediction algorithms identified four regions of
putative secondary structure. Using a neural network algorithm, these
four regions were predicted to be a-helices and were designated H1, H2,
H3, and H4 (Gasset et al. 1992; Huang et al. 1994). When synthetic pep-
tides corresponding to each of these domains were produced, the H1, H3,
and H4 peptides readily adopted a [-sheet conformation in aqueous
buffer (Gasset et al. 1992). Once we learned that PrP® has a high a-heli-
cal content as described below, three-dimensional models of PrP® and
PrP5¢ were developed (Huang et al. 1994, 1995; Fig. 4).

Optical Spectroscopy of PrP Isoforms

After PrP¢ and PrP5¢ were purified using nondenaturing procedures, they
were examined by Fourier transform infrared (FTIR) spectroscopy and
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Figure 4 Models for the tertiary structures of PrP5° and PrP®. (4) Proposed three-
dimensional structure of PrP® (Huang et al. 1994). Helix 1 is shown in red and
helix 2 is in green. We believe that helices 1 and 2 are converted into (3-sheet struc-
ture during the formation of PrP%¢. The H,-H, loop corresponding to the S, -H,
loop in PrP is shown in yellow. Four residues (Asn-108, Met-112, Met-129, and
Ala-133) implicated in the species barrier as noted above are shown in the ball and
stick model. (B) Proposed three-dimensional structure of PrP% (Huang et al.
1995). This structure was chosen from the six penultimate models of PrP%¢
because it appeared to correlate best with genetic data on residues involved in
species barrier. It contains a 4-strand mixed [-sheet with two O-helices packed
against one face of the sheet. Strands 1a and 1b (in red) correspond to the helix 1
in PrP€, and strands 2a and 2b (in green) correspond to the helix 2. Helices 3 and
4 in this model remain unchanged from the PrP® model (Huang et al. 1994). Four
residues (Asn-108, Met-112, Met-129, and Ala-133) implicated in the species bar-
rier (Schétzl et al. 1995) are shown in the ball and stick model. They cluster on the
solvent-accessible surface of the [B-sheet, which might provide a plausible inter-
face for the PrPS°-PrP® interaction. The S,,-H; loop connecting the [B-sheet and
helix 3 is implicated in the species barrier and is shown in yellow. This confor-
mationally flexible loop could come into contact with PrP during the formation
of the PrP°-PrP¢ complex. Therefore, the specific molecular recognition during
prion replication might involve both the B-sheet as the primary binding site and
the S, -H, loop as an additional site for interaction.

circular dichroism (CD). These studies demonstrated that PrP has a high
o-helix content (42%) and little B-sheet (3%) (Pan et al. 1993). In con-
trast, the B-sheet content of PrP5¢ was 43% and the a-helix 30%, as mea-
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sured by FTIR (Pan et al. 1993) and CD spectroscopy (Safar et al. 1993a).
Like PrP%¢, the amino-terminally truncated PrP 27-30 has a high [B-sheet
content (Caughey et al. 1991b; Gasset et al. 1993), which is consistent
with the earlier finding that PrP 27-30 polymerizes into amyloid fibrils
(Prusiner et al. 1983). Denaturation of PrP 27-30 under conditions that
reduced scrapie infectivity resulted in a concomitant diminution of [3-
sheet content (Gasset et al. 1993; Safar et al. 1993b).

We and other workers have suggested that the conversion of PrP¢ into
PrP5 may proceed through an intermediate designated PrP* (Jarrett and
Lansbury 1993; Cohen et al. 1994). Possible intermediates in the refold-
ing of PrP 27-30 from a denatured state have been identified by fluores-
cence and CD spectroscopy (Safar et al. 1994). In experiments demon-
strating the binding of PrP¢ to PrP%¢, PrP® was partially denatured in
guanidine (Gdn) HCI into a form that probably corresponds to PrP*. In
these studies, *°S-labeled PrP¢ was mixed with a large excess of purified
PrP%¢ and the resistance of labeled PrP° to limited proteolysis was mea-
sured (Kocisko et al. 1994). Whether the conformation of PrP¢ was
altered or the molecule was simply protected from proteolysis by binding
to PrP% could not be established. Using a similar protocol, synthetic PrP
peptides were also found to produce protease-resistant PrP® (Kaneko et
al. 1995, 1997b).

NMR Structural Studies of Recombinant PrP

Nuclear magnetic resonance (NMR) studies have provided evidence sup-
porting some and arguing against other aspects of the molecular models
described above. Chemical shift measurements of a 56-mer synthetic pep-
tide spanning H1 and H2 showed that the H1 region could form an a-helix
in the presence of 2.8% SDS (Zhang et al. 1995). When the NMR struc-
ture of a 111-residue fragment of mouse (Mo) PrP, denoted MoPrP(121-
231), expressed in E. coli was solved, it was found to have H3 and H4 as
predicted but there was no evidence for H1 and H2; instead an a-helix in
the loop between H2 and H3 was found (Riek et al. 1996). Moreover, this
a-helix is flanked by a small two-stranded, antiparallel B-sheet (Riek et al.
1996). Subsequently, the NMR structure of recombinant (r) PrP(90-231)
corresponding to the sequence of PrP 27-30 in an O-helical form of rPrP
that appears to resemble PrP¢ was solved (Fig. 5) (Mehlhorn et al. 1996;
James et al. 1997; Zhang et al. 1997). The structure of rPrP comprises
three 0-helices and a small two-stranded, antiparallel -sheet, but the addi-
tional residues of rPrP have profound consequences for the structure of
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Figure 5 NMR structure of a recombinant prion protein. (4) Ribbon diagram of
the NMR structure of Syrian hamster (SHa) recombinant (r) PrP(90-231).
Presumably, the structure of the a-helical form of rPrP(90-231) resembles that of
PrP€. rPrP(90-231) is viewed from the interface where PrP%¢ is thought to bind to
PrPC. The color scheme is: O-helices A (residues 144—157), B (172—-193), and C
(200-227) in pink; disulfide between Cys-179 and Cys-214 in yellow; conserved
hydrophobic region composed of residues 113-126 in red; loops in gray;
residues 129—134 in green encompassing strand S1 and residues 159—165 in blue
encompassing strand S2; the arrows span residues 129-131 and 161-163, as
these show a closer resemblance to [3-sheet (James et al. 1997). (B) NMR struc-
ture of rPrP(90-231) is viewed from the interface where protein X is thought to
bind to PrP®. Protein X appears to bind to the side chains of residues 165-171
that form a loop and to residues on the surface of helix C that lie between the
disulfide bond and the carboxyl terminus (Kaneko et al. 1997¢). (Reprinted, with
permission, from Prusiner et al. 1998a [copyright Cell Press].)

PrP throughout the entire protein (James et al. 1997). Although identifi-
able secondary structure is largely lacking within the amino terminus of
rPrP, residues 112—-125 form a conserved hydrophobic region that packs
against the B-sheet. The amino terminus of rPrP also seems to confer sta-
bility within the carboxyl terminus; a more compact structure with order
in a loop (residues 165-171) was found that was unstructured in
MoPrP(121-231) as well as substantial lengthening of the two carboxy-
terminal helices denoted B and C. NMR spectra reveal multiple signals for
some nuclei indicating that the amino terminus and spatially proximate
regions assume multiple discrete conformers. This conformational hetero-
geneity may be the basis for transformation of PrP® into PrP*.

Although some features of the structure of rPrP are similar to those
reported earlier for the smaller recombinant MoPrP containing residues
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121-231 (Riek et al. 1996), the additional residues of rPrP have profound
consequences for the structure of PrP throughout the entire protein
(James et al. 1997). For example, the loop (165-171) at the amino termi-
nus of helix B is well defined in rPrP(90-231) but is disordered in
MoPrP(121-231); in addition, helix C is composed of residues 200227
in rPrP(90-231) but extends only from 200 to 217 in MoPrP(121-231)
(Chapter 5). The loop and the carboxy-terminal portion of helix C are par-
ticularly important because they form a discontinuous epitope to which
protein X binds (Fig. 5B). Protein X is thought to feature in the conver-
sion of PrP¢ into PrP* by acting like a molecular chaperone in facilitat-
ing the unfolding of PrP® and its refolding into nascent PrP*° (Telling et
al. 1995; Kaneko et al. 1997¢c). Another difference between the structures
of rPrP and MoPrP (121-231) lies in the proximity of residues 178 and
129. The side chains of these residues determine the phenotypes of two
inherited human prion diseases (Goldfarb et al. 1992). In rPrP, residue
178 lies within helix B and is located opposite residue 129 with strand S2
partially intervening. Such an arrangement raises the possibility that the
D178N mutation destabilizes PrP by partially unraveling helix B and that
the conformation of PrP%° is modulated by the side chain of residue 129.
The particular conformation adopted by mutant PrPS° might determine in
which regions of the CNS PrP is deposited and, thus, be responsible for
whether patients present with insomnia or dementia (Goldfarb et al.
1992). When residue 129 is a valine, patients present with a dementing ill-
ness called familial CJD. In MoPrP(121-231), residues 178 and 129 are
quite distant from each other; in fact, residue 178 does not even form part
of helix B. Whether the differences between the two recombinant PrP
fragments are due to (1) their different lengths, (2) species-specific dif-
ferences in sequences, or (3) the conditions used for solving the structures
remains to be determined (Chapter 5).

Recent NMR studies of full-length MoPrP(23-231) and SHaPrP(29-
231) have shown that the amino termini are highly flexible and lack iden-
tifiable secondary structure under the experimental conditions employed
(Donne et al. 1997; Riek et al. 1997). Studies of SHaPrP(29-231) indicate
transient interactions between the carboxy-terminal end of helix B and the
highly flexible, amino-terminal random-coil containing the octarepeats
(residues 29—125) (Donne et al. 1997); such interactions were not report-
ed for MoPrP(23-231) (Riek et al. 1997). Tertiary structure of the amino
terminus is of considerable interest, since it is within this region of PrP
that a profound conformational change occurs during the formation of
PrP%¢ as described below (Peretz et al. 1997).
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Prion Species Barrier and Protein X

The species barrier concept is of practical importance in assessing the risk
for humans of developing CJD after consumption of scrapie-infected
lamb or BSE-infected beef (Cousens et al. 1997). The passage of prions
between species is usually a stochastic process involving a randomly
determined sequence of events that results in prolonged incubation times
during the first passage into a new host (Chapter 8) (Pattison 1965). On
subsequent passage in a homologous host, the incubation time shortens to
that recorded for all subsequent passages. As noted previously, this pro-
longation of the incubation time and the apparent resistance of some ani-
mals to the inoculated prions from another species is often called the
prion “species barrier” (Pattison 1965). Prions synthesized de novo reflect
the sequence of the host PrP gene and not that of the PrPS° molecules in
the inoculum (Bockman et al. 1987).

Attempts to abrogate the prion species barrier between humans and
mice by using an approach similar to that described for the abrogation of
the species barrier between Syrian hamsters and mice (Scott et al. 1989)
were initially unsuccessful. Mice expressing HuPrP transgenes did not
develop signs of CNS dysfunction more rapidly or frequently than non-
Tg controls (Telling et al. 1994). Success in breaking the species barrier
between humans and mice came with mice expressing chimeric PrP trans-
genes derived from Hu and Mo PrP. Hu PrP differs from Mo PrP at 28 of
254 positions (Kretzschmar et al. 1986b), whereas chimeric MHu2MPrP
differs at 9 residues. The mice expressing the MHu2M transgene develop
disease after injection with human prions and exhibit abbreviated incuba-
tion times of ~200 days (Telling et al. 1994). In these initial studies the
chimeric MHu2M transgene encoded a methionine at codon 129, and all
of the patients were homozygous for methionine at this residue.

From Tg(SHaPrP) mouse studies, prion propagation is thought to
involve the formation of a complex between PrP5° and the homotypic sub-
strate PrPC (Prusiner et al. 1990). Propagation of prions may require the par-
ticipation of other proteins, such as chaperones, which might be involved in
catalyzing the conformational changes that feature in the formation of PrP*
(Pan et al. 1993). Notably, efficient transmission of HuCJD prions to
Tg(HuPrP)/Prnp®° mice was obtained when the endogenous MoPrP gene
was inactivated, suggesting that MoPrP¢ competes with HuPrP¢ for bind-
ing to a cellular component (Telling et al. 1995). In contrast, the sensitivity
of Tg(MHu2M) mice to HuCJD prions was only minimally affected by the
expression of MoPrP®. One explanation for the difference in susceptibility
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of Tg(MHu2M) and Tg(HuPrP) mice to Hu prions in mice may be that
mouse chaperones catalyzing the refolding of PrP® into PrP%° can readily
interact with the MHu2MPrP“/HuPrP“® complex but not with
HuPrP“/HuPrP“P. The identification of protein X is an important avenue
of research since isolation of this protein or complex of proteins would pre-
sumably facilitate studies of PrP%® formation (Yehiely et al. 1997).

Because the conversion of PrP¢ into PrP% involves a profound confor-
mational change, the participation of one or more molecular chaperones
seems likely; certainly, protein X may function as a chaperone. Scrapie-
infected cells in culture display marked differences in the induction of
heat-shock proteins (Tatzelt et al. 1995, 1996), and Hsp70 mRNA has been
reported to increase in scrapie of mice (Kenward et al. 1994). By two-
hybrid analysis in yeast, PrP has been shown to interact with Bcl-2 and
Hsp60 (Edenhofer et al. 1996; Kurschner and Morgan 1996). Although
these studies are suggestive, a molecular chaperone involved in prion for-
mation in mammalian cells has not yet been identified.

SPECTRUM OF HUMAN PRION DISEASES

The human prion diseases present as infectious, genetic, and sporadic dis-
orders (Prusiner 1989). This unprecedented spectrum of disease presenta-
tions demanded a new mechanism; prions provide a conceptual framework
within which this remarkably diverse spectrum can be accommodated.
Human prion disease should be considered in any patient who develops
a progressive subacute or chronic decline in cognitive or motor function.
Typically, adults between 40 and 80 years of age are affected (Roos et al.
1973). The young age of more than 30 people who have died of variant (v)
CJD in Britain and France has raised the possibility that these individuals
were infected with bovine prions that contaminated beef products (Chapter
12) (Chazot et al. 1996; Will et al. 1996; Cousens et al. 1997). More than 90
young adults have also been diagnosed with iatrogenic CJD 4 to 30 years
after receiving human growth hormone (HGH) or gonadotropin derived
from cadaveric pituitaries (Koch et al. 1985; Public Health Service 1997).
The longest incubation periods (2030 years) are similar to those associated
with more recent cases of kuru (Gajdusek et al. 1977; Klitzman et al. 1984).
In most patients with CJD and possibly some with Gerstmann-
Striaussler-Schienker disease (GSS) (Masters et al. 1978), mutations of the
PrP gene are not found. How prions arise in patients with sporadic forms
is unknown; hypotheses include horizontal transmission from humans or
animals (Gajdusek 1977), somatic mutation of the PrP gene ORF, and
spontaneous conversion of PrP¢ into PrP% (Prusiner 1989; Hsiao et al.
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1991b). Numerous attempts to establish an infectious link between spo-
radic CJD and a preexisting prion disease in animals or humans have been
unrewarding (Malmgren et al. 1979; Cousens et al. 1990).

Heritable Prion Diseases

Most cases of CJD are sporadic, probably the result of somatic mutation
of the PrP gene or the spontaneous conversion of PrP® into PrP*. The
recognition that 10—-15% of CJD cases are familial led to the suspicion
that genetics plays a role in this disease (Meggendorfer 1930; Masters et
al. 1981a). As with sheep scrapie, the relative contributions of genetic and
infectious etiologies in the human prion diseases remained puzzling.
Twenty different mutations of the PrP gene have been shown to segregate
with the heritable human prion diseases (Fig. 3B) (Chapter 13). Five of
these mutations have been genetically linked to the inherited human prion
diseases (Table 3). Virtually all cases of GSS and FFI appear to be caused
by germ-line mutations in the PrP gene. The brains of humans dying of
inherited prion disease contain infectious prion particles that have been
transmitted to experimental animals.

GSS and Genetic Linkage

The discovery that GSS, which was known to be a familial disease, could
be transmitted to apes and monkeys was first reported when many still
thought that scrapie, CJD, and related disorders were caused by viruses
(Masters et al. 1981a). Only the discovery that a proline (P) - leucine (L)
mutation at codon 102 of the human PrP gene was genetically linked to
GSS permitted the unprecedented conclusion that prion disease can have
both genetic and infectious etiologies (Hsiao et al. 1989; Prusiner 1989).
In that study, the codon-102 mutation was linked to development of GSS
with a logarithm of the odds (LOD) score exceeding 3, demonstrating a
tight association between the altered genotype and the disease phenotype
(Fig. 3B). This mutation may be caused by the deamination of a meth-
ylated CpG in a germ-line PrP gene, which results in the substitution of a
thymine (T) for cytosine (C). This mutation has been found in many fam-
ilies in numerous countries including the original GSS family (Doh-ura et
al. 1989; Goldgaber et al. 1989; Kretzschmar et al. 1991).

fCJD Caused by Octarepeat Inserts

An insert of 144 bp containing six octarepeats at codon 53, in addition to
the five that are normally present, was described in patients with CJD
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from four families residing in southern England (Owen et al. 1989;
Poulter et al. 1992). Genealogic investigations have shown that all four
families are related, arguing for a single founder born more than two cen-
turies ago. The LOD score for this extended pedigree exceeds 11. Studies
from several laboratories have demonstrated that inserts of two, four, five,
six, seven, eight, or nine octarepeats in addition to the normal five are
found in individuals with inherited CJD (Fig. 3B) (Owen et al. 1989;
Goldfarb et al. 1991b).

fCJD in Libyan Jews

The unusually high incidence of CJD among Israeli Jews of Libyan ori-
gin was thought to be due to the consumption of lightly cooked sheep
brain or eyeballs (Kahana et al. 1974). Molecular genetic investigations
revealed that Libyan and Tunisian Jews with fCJD have a PrP gene point
mutation at codon 200 resulting in a glutamic acid - lysine substitution
(Fig. 3B) (Goldfarb et al. 1990b; Hsiao et al. 1991b). The E200K muta-
tion has been genetically linked to the mutation with a LOD score exceed-
ing 3 (Gabizon et al. 1993), and the same mutation has also been found
in patients from Orava in North Central Slovakia (Goldfarb et al. 1990b),
in a cluster of familial cases in Chile (Goldfarb et al. 1991c¢), and in a
large German family living in the United States (Bertoni et al. 1992).

Most patients are heterozygous for the mutation and thus express both
mutant and wild-type PrP€. In the brains of patients who die of fCJD(E200K),
the mutant PrP% is both insoluble and protease-resistant, whereas much
of wild-type PrP differs from both PrP® and PrP* in that it is insoluble
but readily digested by proteases. Whether this form of PrP is an inter-
mediate in the conversion of PrP¢ into PrP% remains to be established
(Gabizon et al. 1996).

Penetrance of fCJD

Life table analyses of carriers harboring the codon 200 mutation exhibit
complete penetrance (Chapman et al. 1994; Spudich et al. 1995). In other
words, if the carriers live long enough, they will all eventually develop
prion disease. Some investigators have argued that the inherited prion dis-
eases are not fully penetrant, and thus an environmental factor such as the
ubiquitous “scrapie virus” is required for illness to be manifest, but as
reviewed above, no viral pathogen has been found in prion disease
(Goldfarb et al. 1990a,b).
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Fatal Familial Insomnia

Studies of inherited human prion diseases demonstrate that changing a
single polymorphic residue at position 129 in addition to the D178N
pathogenic mutation alters the clinical and neuropathologic phenotype.
The D178N mutation combined with a methionine encoded at position
129 results in a prion disease called fatal familial insomnia (FFI)
(Goldfarb et al. 1992; Medori et al. 1992). In this disease, adults gener-
ally over age 50 present with a progressive sleep disorder and usually die
within about a year (Lugaresi et al. 1986). In their brains, deposition of
PrP*¢ is confined largely within the anteroventral and the dorsal medial
nuclei of the thalamus. The D178N mutation has been linked to the
development of FFI with a LOD score exceeding 5 (Petersen et al. 1992).
More than 30 families worldwide with FFI have been recorded
(Gambetti et al. 1995). In contrast, the same D178N mutation with a
valine encoded at position 129 produces fCJD in which the patients pre-
sent with dementia and widespread deposition of PrP*° is found post-
mortem (Goldfarb et al. 1991a). The first family to be recognized with
CJD has been found to carry the D178N mutation (Meggendorfer 1930;
Kretzschmar et al. 1995).

Human PrP Gene Polymorphisms

At PrP codon 129, an amino acid polymorphism for the methionine — valine
has been identified (Fig. 3B) (Owen et al. 1990). This polymorphism
appears able to influence prion disease expression not only in inherited
forms, but also in iatrogenic and sporadic forms of prion disease
(Goldfarb et al. 1992; Palmer et al. 1991; Collinge and Palmer 1997). A
second polymorphism resulting in an amino acid substitution at codon
219 (Glu- Lys) has been reported to occur with a frequency of about
12% in the Japanese population but not in Caucasians (Furukawa et al.
1995; Kitamoto and Tateishi 1994). Lysine at 219 appears to protect
against CJD by binding to protein X and preventing the conversion of
PrP¢ with a glutamic acid at 219 from being converted into PrP (K.
Kaneko et al. 1997¢). A third polymorphism results in an amino acid sub-
stitution at codon 171 (Asn - Ser) (Fink et al. 1994), which lies adjacent
to the protein X binding site. This polymorphism has been found in
Caucasians but it has not been studied extensively and it is not known to
influence the binding of PrP® to protein X (Kaneko et al. 1997¢; Chapter
9). A fourth polymorphism is the deletion of a single octarepeat (24 bp)
that has been found in 2.5% of Caucasians (Laplanche et al. 1990;
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Vnencak-Jones and Phillips 1992; Cervenakova et al. 1996). In another
study of more than 700 individuals, this single octarepeat was found in
1.0% of the population (Palmer et al. 1993).

Studies of Caucasian patients with sCJD have shown that most are
homozygous for methionine or valine at codon 129 (Palmer et al. 1991).
This contrasts with the general population, in which frequencies for the
codon 129 polymorphism in Caucasians are 12% V/V, 37% M/M, and
51% M/V (Collinge et al. 1991). In contrast, the frequency of the valine
allele in the Japanese population is much lower (Doh-ura et al. 1991;
Miyazono et al. 1992) and heterozygosity at codon 129 (M/V) is more
frequent (18%) in CJD patients than in the general population, where the
polymorphism frequencies are 0% V/V, 92% M/M, and 8% M/V (Tateishi
and Kitamoto 1993).

Although no specific mutations have been identified in the PrP gene
of patients with sporadic CJD (Goldfarb et al. 1990c), homozygosity at
codon 129 in sCJD (Palmer et al. 1991) is consistent with the results of
Tg mouse studies. The finding that homozygosity at codon 129 predis-
poses to sCJD supports a model of prion production which favors PrP
interactions between homologous proteins, as appears to occur in Tg mice
expressing SHaPrP inoculated with either hamster prions or mouse prions
(Scott et al. 1989; Prusiner et al. 1990; Prusiner 1991), as well as in Tg
mice expressing a chimeric SHa/Mo PrP transgene inoculated with “arti-
ficial” prions (Scott et al. 1993).

Variant Creutzfeldt-Jakob Disease

Studies of the prion diseases have taken on new significance with the
recent reports of more than 20 cases of an atypical new variant
Creutzfeldt-Jakob disease (vCJD) in teenagers and young adults
(Bateman et al. 1995; Britton et al. 1995; Chazot et al. 1996; Will et al.
1996; Chapters 12 and 17). To date, all of these cases have been reported
from Britain, with the exception of one case from France. It now seems
possible that bovine prions passed to humans through the consumption of
tainted beef products (Bruce et al. 1997; Hill et al. 1997). How many
cases of vCJD caused by bovine prions will occur in the years ahead is
unknown (Cousens et al. 1997). Until more time passes, we shall be
unable to assess the magnitude of this problem. These tragic cases have
generated a continuing discourse concerning mad cows, prions, and the
safety of human and animal food supplies throughout the world.
Untangling politics and economics from the science of prions seems to
have been difficult in disputes between Great Britain and other European
countries over the safety of beef and lamb products.
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DE NOVO GENERATION OF PRIONS

Perhaps the most widely held view of the initial transmissions of prions
from the brains of patients who died of GSS or fCJD to apes and mon-
keys was that these individuals carried a mutant gene that rendered them
susceptible to the “CJD virus” (Masters et al. 1981a). Once mutations in
the PrP gene of such patients were discovered (Hsiao et al. 1989), these
transmissions could be reinterpreted in terms of the prion concept:
Patients carrying a pathogenic mutation of their PrP gene generate PrP*°
and thus prion infectivity de novo (Prusiner 1989). Indeed, the prion con-
cept provided, for the first time, an intellectual framework within which
to explain how a single disease process can be manifest as genetic, infec-
tious, and sporadic illnesses.

Introduction of the codon 102 point mutation found in GSS patients
into the MoPrP gene resulted in Tg(MoPrP-P101L) mice that developed
CNS degeneration indistinguishable from experimental murine scrapie
with neuropathology consisting of widespread spongiform morphology,
astrocytic gliosis, and PrP amyloid plaques (Hsiao et al. 1994; Telling et
al. 1996a). Brain extracts prepared from spontaneously ill Tg(MoPrP-
P101L) mice transmitted CNS degeneration to Tg196 mice (Hsiao et al.
1994; Telling et al. 1996a). The Tgl196 mice express low levels of the
mutant transgene MoPrP-P101L and do not develop spontaneous disease,
whereas the Tg(MoPrP-P101L) mice expressing high levels of the mutant
transgene product do develop CNS degeneration spontaneously. These
studies, as well as transmission of prions from patients who died of GSS
to apes and monkeys (Masters et al. 1981a) and to Tg(MHu2M-P102L)
mice (Telling et al. 1995), argue persuasively that prions are generated de
novo by mutations in PrP. In contrast to most species-specific variations
in the PrP sequence, all of the known point mutations in PrP occur either
within or adjacent to regions of putative secondary structure in PrP and,
as such, appear to destabilize the structure of PrP (Huang et al. 1994;
Zhang et al. 1995; Riek et al. 1996).

Why mutations of the PrP gene that produce seemingly unstable PrP¢
molecules require many decades in humans to be manifest as CNS dys-
function is unknown. In Tg(MoPrP-P101L) mice, the level of expression
of the mutant transgene is inversely related to the age of disease onset. In
addition, the presence of the wild-type MoPrP gene slows the onset of
disease and diminishes the severity of the neuropathological changes.

STRAINS OF PRIONS

Scrapied goats with two different syndromes, one in which the goats
became hyperactive and the other in which they became drowsy, raised
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the possibility that strains of prions might exist (Pattison and Millson
1961; Chapter 8). Subsequent studies with mice documented the exis-
tence of multiple strains in mice through careful measurements of incu-
bation times and the distribution of vacuoles in the CNS (Dickinson et al.
1968; Fraser and Dickinson 1973). Two different groups of prion strains
were identified using two strains of mice, C57Bl and VM: One group typ-
ified by Me7 prions exhibited short incubation times in C57BI mice and
long ones in VM mice. The other group of strains, including 22A and 87V,
showed inverse behavior with respect to the length of the incubation time.
Particularly puzzling was the finding that long incubation times were a
dominant trait for either group of prion strains as evidenced by studies in
F1(C57BL X VM) mice.

Molecular genetic studies later showed genetic linkage of control of
incubation times to the PrP gene using NZW and Iln mice (Carlson et al.
1986) that later proved to be analogous in the C57BL and VM mice
(Hunter et al. 1987). The PrPs of NZW and IIn mice differ at residues 108
and 189 and were termed PrP-A and PrP-B, respectively (Westaway et al.
1987). By using transgenic mice expressing different levels of PrPC-A
and PrP-B, it was shown that long incubation times in F, mice were not
a dominant trait but rather were due to a gene dosage effect (Carlson et al.
1994).

Selective Neuronal Targeting

With the development of a new procedure for in situ detection of PrP°,
designated histoblotting (Taraboulos et al. 1992), it became possible to
localize and to quantify PrP5 as well as to determine whether or not
“strains” produce different, reproducible patterns of PrP5¢ accumulation.
The patterns of PrP5¢ accumulation were found to be different for each
prion strain when the genotype of the host was held constant (Hecker et
al. 1992; DeArmond et al. 1993). This finding was in accord with earli-
er studies showing that spongiform degeneration is strain-specific
(Fraser and Dickinson 1973) since PrP% accumulation precedes vacuo-
lation. Because a single prion strain produced many different patterns
when inoculated into mice expressing various PrP transgenes, we con-
cluded that the pattern of PrP5° deposition is a manifestation of the par-
ticular strain but not related to its propagation (DeArmond et al. 1997).
The results of studies of three prion strains prepared from three brain
regions and spleens of inbred mice support this contention (Carp et al.
1997).
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Although studies with both mice and Syrian hamsters established that
each strain has a specific signature as defined by a specific pattern of
PrP% accumulation in the brain (Hecker et al. 1992; DeArmond et al.
1993; Carlson et al. 1994), comparisons must be done on an isogenic
background (Scott et al. 1993; Hsiao et al. 1994). When a single strain is
inoculated into mice expressing different PrP genes, variations in the pat-
terns of PrP% accumulation were found to be as great as those seen
between two strains (DeArmond et al. 1997). On the basis of the initial
studies that were performed in animals of a single genotype, we suggest-
ed that PrP® synthesis occurs in specific populations of cells for a given
distinct prion isolate (Prusiner 1989; Hecker et al. 1992).

Isolation of New Strains

Further evidence implicating PrP in the phenomenon of prion strains
comes from studies on the transmission of strains from one species to
another. Such studies were especially revealing when mice expressing
chimeric SHa/MoPrP transgenes were used. It was shown that new strains
pathogenic for Syrian hamsters could be obtained from prion strains
which had been previously cloned by limiting dilution in mice (Dickinson
et al. 1969; Scott et al. 1997a). Both the generation and propagation of
prion strains seem to be results of interactions between PrP%¢ and PrPC.
Additionally, strains once thought to be distinct that were isolated from
different breeds of scrapied sheep were shown to have indistinguishable
properties. Such findings argue for the convergence of some strains and
raise the issue of the limits of prion diversity.

Although other comparisons of prion strains had not revealed any bio-
chemical or physical differences in PrP (Hecker et al. 1992), a differ-
ence in PrP*° related to strains was found when two prion strains were iso-
lated from mink with transmissible encephalopathy (Bessen and Marsh
1992). One strain (HY) produced hyperactivity in Syrian hamsters and the
other (DY) was manifest as a drowsy syndrome like the scrapie strains
first seen in goats (Bessen and Marsh 1992). PrP* produced by the DY
prions showed diminished resistance to proteinase K digestion and trun-
cation of the amino terminus compared to PrP% produced by HY and
many other strains of prions (Bessen and Marsh 1994), providing evi-
dence for the hypothesis that different strains might represent different
conformers of PrP* (Prusiner 1991). This altered sensitivity to protease
displayed by the DY strain in vivo was demonstrated in vitro when par-
tially denatured, radiolabeled PrP® was bound to PrP® (Bessen et al.
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1995). Notably, it was not possible to demonstrate the de novo synthesis
of infectious prions using this system.

Enciphering Diversity through Protein Conformation

Although the notion that PrP*° tertiary structure might encrypt the infor-
mation for each strain is consistent with all of the foregoing experimental
data, such a hypothesis was received with little enthusiasm. Only with the
transmission of two different inherited human prion diseases to mice
expressing chimeric Hu/Mo PrP transgenes has firm evidence emerged
supporting this concept. In fatal familial insomnia (FFI), the protease-
resistant fragment of PrP5¢ after deglycosylation has an M of 19 kD,
whereas that from other inherited and sporadic prion diseases is 21 kD
(Monari et al. 1994; Parchi et al. 1996). Extracts from the brains of FFI
patients transmitted disease to mice expressing a chimeric MHu2M PrP
gene about 200 days after inoculation and induced formation of the 19-
kD PrP%°, whereas fCJD (E200K) and sCJD produced the 21-kD PrP%¢ in
these mice (Telling et al. 1996b). These findings argue that PrP> acts as
a template for the conversion of PrP® into nascent PrP%°. Imparting the
size of the protease-resistant fragment of PrP> through conformational
templating provides a mechanism for both the generation and propagation
of prion strains.

A highly sensitive, conformation-dependent immunoassay (CDI) that
discriminated PrP%¢ molecules among eight different prion strains prop-
agated in Syrian hamsters was developed (Safar et al. 1998). This immuno-
assay for PrP% does not depend on the protease resistance of PrP* to distin-
guish it from PrP® but instead utilizes antibodies that react with epitopes of
PrP that are exposed in PrP® but become buried in PrP%. The CDI measures
the increase in immunoreactivity that occurs when the cryptic epitopes are
exposed by denaturation with GdnHCI. The assay is extremely sensitive
because the antibody is labeled with europium (Eu), which can be measured
by time-resolved fluorescence (TRF).

In a plot of the ratio of antibody binding to denatured/native PrP,
graphed as a function of the concentration of PrP%, each strain occupied
a unique position, indicative of a particular PrP5 conformation (Safar et
al. 1998). This conclusion was supported by a unique pattern of equilib-
rium unfolding of PrP% found with each strain. When the incubation
times of these eight strains were plotted as a function of the concentration
of either PrP%° or PrP 27-30, no relationship could be discerned.
Incubation times were also plotted as a function of the ratio of dena-
tured/native PrP and, again, no correlation could be found.
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Table 4 Influence of prion species and strain on transmission from Syrian
hamsters to hamsters and mice

Incubation time [days + s.E.M.] (0/n)

Inoculum Recipient Sc237 139H
SHa - SHa SHa 771  (48/48) 1671 (94/94)
SHa — SHa non-Tg mice >700 (0/9) 499 £ 15 (11/11)

SHa—SHa Tg(SHaPrP)81 mice 75+2  (22/22) 110+2  (19/19)

The species of prion is encoded by the primary structure of PrP%, and the strain of
prion is enciphered by the tertiary structure of PrP%°. We recognize that the primary struc-
ture, as well as posttranslational chemical modifications, determines the tertiary structure
of PrP€, but we argue that the conformation of PrP¢ is modified by PrP** as it is refolded
into a nascent molecule of PrP% (Telling et al. 1996b).

In contrast to the lack of any correlation with incubation times noted
above, an excellent correlation was found when the proteinase-K-sensi-
tive fraction of PrPS° ([Prp5°]-[PrP 27-30]) was plotted as a function of
the incubation time for all eight prion strains (Safar et al. 1998). The pro-
teinase-K-sensitive fraction of PrP® can be considered a surrogate for
PrP5¢ clearance. Since the binding of PrP or a metastable intermediate
PrP* to protein X seems to be the rate-limiting step in prion replication
(Kaneko et al. 1997¢), it follows that the different incubation times of var-
ious prion strains should arise predominantly from distinct rates of PrP*
clearance rather than from the different rates of PrP* formation. In accord
with the excellent correlation between proteinase-K-sensitive PrP%® and
incubation times, prion strains that seem to be readily cleared have pro-
longed incubation times, whereas those that are poorly cleared display
abbreviated incubation periods. However, it is important to recognize that
protein K sensitivity is an imperfect model for in vivo clearance and that
only one strain with a long incubation time has been studied.

Interplay between the Species and Strains of Prions

The recent advances described above in our understanding of the role of
the primary and tertiary structures of PrP in the transmission of disease
have given new insights into the pathogenesis of the prion diseases. The
amino acid sequence of PrP encodes the species of the prion (Table 4)
(Scott et al. 1989; Telling et al. 1995), and the prion derives its PrP*
sequence from the last mammal in which it was passaged (Scott et al.
1997a). Whereas the primary structure of PrP is likely to be the most
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important or even sole determinant of the tertiary structure of PrP®, exist-
ing PrP> seems to function as a template in determining the tertiary struc-
ture of nascent PrP%® molecules as they are formed from PrP¢ (Prusiner
1991; Cohen et al. 1994). In turn, prion diversity appears to be enciphered
in the conformation of PrP%, and prion strains may represent different
conformers of PrP% (Bessen and Marsh 1994; Telling et al. 1996b; Scott
et al. 1997a).

Although the foregoing scenario seems to be unprecedented in biology,
considerable experimental data now support these concepts. However, it is
not yet known whether multiple conformers of PrP¢ also exist that serve
as precursors for selective conversion into different PrPS°. In this light, it
is useful to consider another phenomenon that is not yet understood: the
selective targeting of neuronal populations in the CNS of the host mam-
mal. Recent data suggest that variations in glycosylation of the
asparagine-linked sugar chains may influence the rate at which a particu-
lar PrP molecule is converted into PrP> (DeArmond et al. 1997). Since
asparagine-linked oligosaccharides are known to modify the conforma-
tion of some proteins (Otvos et al. 1991; O’Connor and Imperiali 1996),
it seemed reasonable to assume that variations in complex type sugars
may alter the size of the energy barrier that must be traversed during for-
mation of PrP%¢. If this is the case, then regional variations in oligosac-
charide structure in the CNS could account for selective targeting, i.e.,
formation of PrP% in particular areas of the brain. Such a mechanism
could also explain the variations in the ratio of the various PrP¢ glyco-
forms observed by some investigators (Collinge et al. 1996). However,
such a mechanism, while accounting for specific patterns of PrPS° distri-
bution, does not seem to influence to any measurable degree the proper-
ties of the resulting PrP% molecule. In fact, molecular modeling and
NMR structural studies may provide an explanation for such phenomena
since the asparagine-linked oligosaccharides appear to be on the face of
PrP opposite that where PrP¢ and PrP% are expected to interact during the
formation of nascent PrP%° (Huang et al. 1994, 1995; Zhang et al. 1995;
Riek et al. 1996).

PRION DISEASES OF ANIMALS

The prion diseases of animals include scrapie of sheep and goats, bovine
spongiform encephalopathy, transmissible mink encephalopathy, chronic
wasting disease of mule deer and elk, feline spongiform encephalopathy,
and exotic ungulate encephalopathy (Chapters 10 and 11) (Table 1).
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Sheep and Cattle PrP Gene Polymorphisms

Parry argued that host genes were responsible for the development of
scrapie in sheep. He was convinced that natural scrapie is a genetic dis-
ease that could be eradicated by proper breeding protocols (Parry 1962,
1983). He considered its transmission by inoculation of importance pri-
marily for laboratory studies, and communicable infection of little conse-
quence in nature. Other investigators viewed natural scrapie as an infec-
tious disease and argued that host genetics only modulates susceptibility
to an endemic infectious agent (Dickinson et al. 1965).

In sheep, polymorphisms at codons 136, 154, and 171 of the PrP gene
that produce amino acid substitutions have been studied with respect to the
occurrence of scrapie (Fig. 3B) (Goldmann et al. 1990a,b; Laplanche et al.
1993; Clousard et al. 1995). Studies of natural scrapie in the US have
shown that ~85% of the afflicted sheep are of the Suffolk breed. Only
those Suffolk sheep homozygous for glutamine (Q) at codon 171 devel-
oped scrapie, although healthy controls with QQ, QR, and RR genotypes
were also found (Hunter et al. 1993, 1997a,b; Goldmann et al. 1994;
Westaway et al. 1994b; Belt et al. 1995; Clousard et al. 1995; Ikeda et al.
1995; O’Rourke et al. 1997). These results argue that susceptibility in
Suffolk sheep is governed by the PrP codon 171 polymorphism. In Cheviot
sheep, the PrP codon 171 polymorphism has a profound influence on sus-
ceptibility to scrapie, as in the Suffolk breed, and codon 136 seems to play
a less pronounced role (Goldmann et al. 1991a; Hunter et al. 1991).

In contrast to sheep, different breeds of cattle have no specific PrP poly-
morphisms. The only polymorphism recorded in cattle is a variation in the
number of octarepeats: most cattle, like humans, have five octarepeats but
some have six (Goldmann et al. 1991b; Prusiner et al. 1993b); however, the
presence of six octarepeats does not seem to be overrepresented in BSE
(Goldmann et al. 1991b; Prusiner et al. 1993b; Hunter et al. 1994).

Bovine Spongiform Encephalopathy

Prion strains and the species barrier are of paramount importance in under-
standing the BSE epidemic in Britain, in which it is estimated that almost
one million cattle were infected with prions (Anderson et al. 1996;
Nathanson et al. 1997). The mean incubation time for BSE is about 5 years.
Therefore, most cattle did not manifest disease since they were slaughtered
between 2 and 3 years of age (Stekel et al. 1996). Nevertheless, more than
175,000 cattle, primarily dairy cows, have died of BSE over the past decade
(Anderson et al. 1996). BSE is a massive common source epidemic caused
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by meat and bone meal (MBM) fed primarily to dairy cows (Wilesmith et
al. 1991; Nathanson et al. 1997). The MBM was prepared from the offal
of sheep, cattle, pigs, and chickens as a high-protein nutritional supple-
ment. In the late 1970s, the hydrocarbon-solvent extraction method used in
the rendering of offal began to be abandoned, resulting in MBM with a
much higher fat content (Wilesmith et al. 1991). It is now thought that this
change in the rendering process allowed scrapie prions from sheep to sur-
vive rendering and to be passed into cattle. Alternatively, bovine prions
were present at low levels prior to modification of the rendering process
and with the processing change survived in sufficient numbers to initiate
the BSE epidemic when inoculated back into cattle orally through MBM.
Against the latter hypothesis is the widespread geographical distribution
throughout England of the initial 17 cases of BSE, which occurred almost
simultaneously (Wilesmith 1991; Kimberlin 1996; Nathanson et al. 1997).
Furthermore, there is no evidence of a preexisting prion disease of cattle,
either in Great Britain or elsewhere.

Origin of BSE Prions?

The origin of the bovine prions causing BSE cannot be determined by
examining the amino acid sequence of PrP% in cattle with BSE, since the
PrP*¢ in these animals has the bovine sequence whether the initial prions
in MBM came from cattle or sheep. The bovine PrP sequence differs from
that of sheep at seven or eight positions (Goldmann et al. 1990a; 1991b;
Prusiner et al. 1993b). In contrast to the many PrP polymorphisms found
in sheep, only one PrP polymorphism has been found in cattle. Although
most bovine PrP alleles encode five octarepeats, some encode six. PrP
alleles encoding six octarepeats do not seem to be overrepresented in
BSE, as noted above (Fig. 3B) (Hunter et al. 1994).

Brain extracts from BSE cattle cause disease in cattle, sheep, mice,
pigs, and mink after intracerebral inoculation (Fraser et al. 1988; Dawson
et al. 1990a,b; Bruce et al. 1993, 1997), but prions in brain extracts from
sheep with scrapie fed to cattle produced illness substantially different
from BSE (Robinson et al. 1995). However, no exhaustive effort has been
made to test different strains of sheep prions or to examine the disease fol-
lowing bovine-to-bovine passage. The annual incidence of sheep with
scrapie in Britain over the past two decades has remained relatively low
(J. Wilesmith, unpubl.). In July 1988, the practice of feeding MBM to
sheep and cattle was banned. Recent statistical analysis argues that the
epidemic is now disappearing as a result of this ruminant feed ban
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(Anderson et al. 1996), reminiscent of the disappearance of kuru in the
Fore people of New Guinea (Gajdusek 1977; Alpers 1987).

Monitoring Cattle for BSE Prions

Although many plans have been offered for the culling of older cattle in
order to minimize the spread of BSE (Anderson et al. 1996), it seems
more important to monitor the frequency of prion disease in cattle as they
are slaughtered for human consumption. No reliable, specific test for
prion disease in live animals is available, but immunoassays for PrP* in
the brain stems of cattle might provide a reasonable approach to estab-
lishing the incidence of subclinical BSE in cattle entering the human food
chain (Hope et al. 1988; Serban et al. 1990; Taraboulos et al. 1992;
Prusiner et al. 1993b; Grathwohl et al. 1997; Korth et al. 1997).
Determining how early in the incubation period PrP*° can be detected by
immunological methods is now possible, since a reliable bioassay has
been created by expressing the BoPrP gene in Tg mice (Scott et al.
1997b). Prior to development of Tg(BoPrP)Prnp®° mice, non-Tg mice
inoculated intracerebrally with BSE brain extracts required more than 300
days to develop disease (Taylor 1991; Fraser et al. 1992; Bruce et al.
1997; Lasmézas et al. 1997). Depending on the titer of the inoculum, the
structures of PrP¢ and PrP*¢, and the structure of protein X, the number
of inoculated animals developing disease can vary over a wide range.
Some investigators have stated that transmission of BSE to mice is quite
variable with incubation periods exceeding one year (Lasmézas et al.
1997), and others report low prion titers in BSE brain homogenates
(Taylor 1991; Fraser et al. 1992) compared to rodent brain scrapie (Hunter
et al. 1963; Eklund et al. 1967; Kimberlin and Walker 1977; Prusiner et
al. 1982b).

Have Bovine Prions Been Transmitted to Humans?

In 1994, the first cases of CJD in teenagers and young adults that were
eventually labeled new variant (v) CJD occurred in Great Britain (Will et
al. 1996). In addition to the young age of these cases (Bateman et al.
1995; Britton et al. 1995), the brains of these patients showed numerous
PrP amyloid plaques surrounded by a halo of intense spongiform degen-
eration (Ironside 1997). These unusual neuropathologic changes have not
been seen in CJD cases in the United States, Australia, or Japan (CDC
1996; Ironside 1997). Both macaque monkeys and marmosets developed
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neurologic disease several years after inoculation with bovine prions
(Baker et al. 1993), but only the macaques exhibited numerous PrP
plaques similar to those found in vCJD (Lasmézas et al. 1996b; R. Ridley
and H. Baker, unpubl.).

The restricted geographical occurrence and chronology of vCJD have
raised the possibility that BSE prions have been transmitted to humans.
That only about 30 vCJD cases have been recorded and the incidence has
remained relatively constant make establishing the origin of vCJD diffi-
cult. No set of dietary habits distinguishes vCJD patients from apparently
healthy people. Moreover, there is no explanation for the predilection of
vCJD for teenagers and young adults. Why have older individuals not
developed vCJID-based neuropathologic criteria? It is noteworthy that epi-
demiological studies over the past three decades have failed to find evi-
dence for transmission of sheep prions to humans (Malmgren et al. 1979;
Brown et al. 1987; Harries-Jones et al. 1988; Cousens et al. 1990).
Attempts to predict the future number of cases of vCJD, assuming expo-
sure to bovine prions prior to the offal ban, have been uninformative
because so few cases of vCJD have occurred (Collinge et al. 1995;
Cousens et al. 1997; Raymond et al. 1997). Are we at the beginning of a
human prion disease epidemic in Britain like those seen for BSE and
kuru, or will the number of vCJID cases remain small as seen with iCJD
caused by cadaveric HGH (Billette de Villemeur et al. 1996; Public
Health Service 1997)?

Strain of BSE Prions

Was a particular conformation of bovine PrP*¢ selected for heat-resistance
during the rendering process and then reselected multiple times as cattle
infected by ingesting prion-contaminated MBM were slaughtered and
their offal rendered into more MBM? Recent studies of PrP%° from brains
of patients who died of vCJD show a pattern of PrP glycoforms different
from those found for sCJD or iCJD (Collinge et al. 1996; Hill et al. 1997).
However, the utility of measuring PrP glycoforms is questionable in try-
ing to relate BSE to vCJD (Parchi et al. 1997; Somerville et al. 1997)
because PrP% is formed after the protein is glycosylated (Borchelt et al.
1990; Caughey and Raymond 1991) and enzymatic deglycosylation of
PrP*° requires denaturation (Endo et al. 1989; Haraguchi et al. 1989).
Alternatively, it may be possible to establish a relationship between the
conformations of PrP*° from cattle with BSE and those from humans with
vCJD by using Tg mice, as was done for strains generated in the brains of
patients with FFI or fCJD (Telling et al. 1996b; Scott et al. 1997b). A rela-
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tionship between vCJD and BSE has been suggested based on the finding
of similar incubation times in non-Tg RIII mice of about 310 days after
inoculation with Hu or Bo prions (Bruce et al. 1997).

FUNGAL PRIONS

Although prions were originally defined in the context of an infectious
pathogen (Prusiner 1982), it is now becoming widely accepted that prions
are elements that impart and propagate variability through multiple con-
formers of a normal cellular protein (Chapter 6). It is likely that such a
mechanism would not be restricted to a single class of transmissible
pathogens. Indeed, it is probable that this original definition will need to
be extended to encompass other situations where a similar mechanism of
information transfer occurs. Two notable prion-like determinants, [URE3]
and [PSI], have been described in yeast (Wickner 1994), and another
prion-like determinant has been reported in other fungi (Deleu et al. 1993;
Coustou et al. 1997).

The [URE3] Determinant

In considering what properties a yeast prion-like determinant would pos-
sess, Wickner and colleagues (Wickner et al. 1995) have proposed a series
of useful criteria: (1) they would behave as non-Mendelian genetic ele-
ments, (2) the associated phenotype would be reversible, (3) a mainte-
nance gene encoding the normal protein would manifest as a related,
Mendelian genetic element, (4) overproduction of the maintenance gene
product would increase the generation of the non-Mendelian element, and
(5) defective, interfering replicons would not be evident. Two non-
Mendelian genetic determinants that fulfill these criteria, [URE3] and
[PSI], were first described over 25 years ago. The ure2 and [URE3] muta-
tions were isolated by their ability to utilize ureidosuccinate in the medi-
um, thereby overcoming a defect in uracil biosynthesis caused by muta-
tions in aspartate transcarbamylase (Ura2p) (Lacroute 1971). Although
the behavior of the ure2 mutations was entirely consistent with a normal
chromosomal locus, when [URE3] strains were mated with wild-type
strains, an irregular segregation pattern was observed (Lacroute 1971;
Aigle and Lacroute 1975). Subsequently, it was shown by cytoduction
that [URE3] could be transferred in the absence of nuclear fusion, con-
firming their non-Mendelian nature, and that [URE3] can be cured by
growth of cells on rich medium containing 5 mMm guanidine HCI
(GdnHCI) (Wickner et al. 1995). Significantly, the cured strains could
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then be used to generate further [URE3] mutants, arguing strongly against
the participation of a nucleic acid genome, and thus satisfying two of the
aforementioned criteria expected of a prion-like determinant. Notably, the
ure2 mutations are recessive and display the same phenotype as [URE3]
mutants, and a series of genetic arguments showed clearly that the URE2
chromosomal gene is necessary for propagation of the [URE3] phenotype
(Wickner 1994). However, since the phenotype of ure2 mutants is the same
as that observed in the presence of [URE3], it seems most likely that URE2
encodes the normal, active form of the protein. Conversion to the abnormal,
inactive form leads to the [URE3] state (Wickner 1994). Following the
introduction of the URE2 gene on a high-copy plasmid, an increase of 50-
to 100-fold was observed in the frequency with which [URE3] mutants
were obtained (Wickner 1994). This is entirely expected for a prion mech-
anism, since the stochastic event that gives rise to the abnormal conformer
will increase in frequency in cells in which the normal “precursor” is over-
produced. A similar mechanism may lead to spontaneous prion disease in
transgenic mice overexpressing PrP (Westaway et al. 1994c).

The [PSI] Determinant

Another non-Mendelian genetic element in yeast called the [PSI] factor
exaggerates the effect of a weak chromosomal ochre suppressor, SUQS5
(Cox 1965). Subsequent studies showed that the action of [PSI] was more
general, affecting other weak ochre suppressors (Broach et al. 1981), and
that strong ochre suppressors become lethal in the presence of [PSI] (Cox
1965), probably due to an intolerably low frequency of correct translation-
al termination. [PSI] also affects the efficiency of suppression of UGA and
UAG codons by the aminoglycoside antibiotics (Palmer et al. 1979).
Many lines of evidence suggest that [PSI] is an abnormal, prion-like
conformer of the Sup35 protein (Sup35p) (for reviews, see Lindquist et
al. 1995; Wickner et al. 1995; Tuite and Lindquist 1996). Like [URE3],
[PSI] can be cured by growth on 5 mM GdnHCI (Tuite et al. 1981), as well
as hyperosmotic media (Singh et al. 1979). Other characteristics of [PSI]
mirror those of [URE3]: The [PSI] phenotype is the same as that of the
omnipotent suppressor mutations sup35 and sup45 (Hawthorne and
Mortimer 1968), and overproduction of Sup35p leads to a 100-fold
increase in the frequency of occurrence of [PSI] (Chernoff et al. 1993). In
addition to these similarities to [URE3], the influence of [PSI] upon pro-
tein synthesis in vitro provides further evidence for a prion-like mode of
propagation (Tuite et al. 1987). When the efficiency of translational
readthrough by extracts of yeast cells in the presence of added suppressor
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tRNAs in vitro was assessed, it was found that substantial readthrough
occurred only when the extracts were prepared using strains that con-
tained [PSI] (Tuite et al. 1987).

Yeast Prion Domains

[PSI] and [URE3] share another important characteristic. In both cases
the “functional” determinants have been mapped to the carboxy-terminal
region of the protein, distinct from the “prion” domain, which comprises
the amino-terminal 65 and 114 residues of Ure2p (Masison and Wickner
1995) and Sup35p, respectively (Doel et al. 1994; Ter-Avanesyan et al.
1994; Derkatch et al. 1996). Although neither of the prion domains dis-
plays any sequence identity to each other or to PrP, the amino-terminal
regions of Sup35p and mammalian PrPs both contain short repeated
sequence elements: PQGGYQQYN in Sup35p and PHGGGWGQ in PrP
(Tuite and Lindquist 1996). Interestingly, when the prion domains of both
Sup35 and Ure2p are expressed in E. coli and purified, they polymerize
spontaneously into amyloid-like fibrils (Glover et al. 1997; King et al.
1997). Although polymerization of the prion domains of both Sup35 and
Ure2p is unrelated to [PSI] and [URE3], it may be relevant to the mech-
anism by which yeast undergo transformation into the [PSI] or [URE3]
states.

Dependence of Yeast Prions on Molecular Chaperones

The intrinsic power of the yeast genetic system has provided striking evi-
dence for the involvement of chaperones in the propagation of yeast [PSI]
“prions.” A genetic screen for factors that suppress the [PSI] phenotype
resulted in the isolation of a single suppressor plasmid, which was found
to contain the chaperone Hsp104 (Chernoff et al. 1995). Furthermore,
propagation of [PSI] was eliminated by either overproduction or absence
of Hsp104, and treatment of cells with guanidine or UV light led to induc-
tion of Hsp104 (Chernoff et al. 1995; Patino et al. 1996). The significance
of Hsp104 is unclear, since there are no published data to indicate that
[URE3] utilizes Hsp104; furthermore, overexpression of Sup35 at high
levels can induce [PSI] in the absence of Hsp104 (Glover et al. 1997).

Differences between the Yeast and Mammalian Prions

Although the preceding arguments provide an intriguing case for the exis-
tence of prion-like elements in yeast, it is essential to state that no bio-
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chemical data exist that show that the basis for the yeast prion phenomena
is a change in the conformation of a protein. Perhaps most importantly, the
putative prion state is proposed to be functionally inert in the case of both
[PSI] and [URE3] and produces the same phenotype as inactivation of the
maintenance gene. In contrast, prion diseases in mammals cannot be
explained simply by the loss of function of PrP, since ablation of the PrP
gene had no detectable deleterious effect (Biieler et al. 1992). Furthermore,
the existence of distinct prion “strains” described elsewhere in this book
argues that PrP5° may be both conformationally and functionally
diverse.

PRION DISEASES ARE DISORDERS OF PROTEIN CONFORMATION

The study of prions has taken several unexpected directions over the past
three decades. The discovery that prion diseases in humans are uniquely
both genetic and infectious has greatly strengthened and extended the
prion concept. To date, 20 different mutations in the human PrP gene all
resulting in nonconservative substitutions have been found to either be
linked genetically to, or segregate with, the inherited prion diseases (Fig.
3B). Yet, the transmissible prion particle is composed largely, if not entire-
ly, of an abnormal isoform of the prion protein designated PrP5 (Prusiner
1991).

Understanding how PrP¢ unfolds and refolds into PrP> will be of para-
mount importance in transferring advances in the prion diseases to studies
of other degenerative illnesses. The mechanism by which PrP%° is formed
must involve a templating process where existing PrP>¢ directs the refold-
ing of PrP® into a nascent PrP% with the same conformation. Undoubtedly,
molecular chaperones of some type participate in a process that appears to
be associated with caveolae-like domains of the cell. Studies of prion-like
proteins in yeast may prove particularly helpful in dissecting some of the
events that feature in PrP% formation (Wickner 1994).

PREVENTION AND THERAPEUTICS FOR PRION DISEASES

As our understanding of prion propagation increases, it should be possible
to design effective therapeutics. Because people at risk for inherited prion
diseases can now be identified decades before neurologic dysfunction is
evident, the development of an effective therapy for these fully penetrant
disorders is imperative (Chapman et al. 1994; Spudich et al. 1995).
Although we have no way of predicting the number of individuals who
may develop neurologic dysfunction from bovine prions in the future
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(Cousens et al. 1997), seeking an effective therapy now seems most pru-
dent. Interfering with the conversion of PrP¢ into PrP5 would seem to be
the most attractive therapeutic target (Cohen et al. 1994). Reasonable
strategies are either stabilizing the structure of PrP¢ by binding a drug or
modifying the action of protein X, which might function as a molecular
chaperone (Fig. 5B). Whether it is more efficacious to design a drug that
binds to PrP® at the protein X binding site or one that mimics the structure
of PrP® with basic polymorphic residues that seem to prevent scrapie and
CJD remains to be determined. Since PrP%° formation seems limited to
caveolae-like domains (Gorodinsky and Harris 1995; Taraboulos et al.
1995; Vey et al. 1996; Kaneko et al. 1997a; Naslavsky et al. 1997), drugs
designed to inhibit this process need not penetrate the cytosol of cells, but
they do need to be able to enter the CNS. Alternatively, drugs that desta-
bilize the structure of PrP5° might also prove useful.

The production of domestic animals that do not replicate prions may
also prove to be a practical way to prevent prion disease. Sheep encoding
the R/R polymorphism at position 171 seem resistant to scrapie (Hunter
et al. 1993, 1997a,b; Goldmann et al. 1994; Westaway et al. 1994b; Belt
et al. 1995; Clousard et al. 1995; Ikeda et al. 1995; O’Rourke et al. 1997);
presumably, this was the genetic basis of Parry’s scrapie eradication pro-
gram in Great Britain 30 years ago (Parry 1962,1983). A more effective
approach using dominant negatives for producing prion-resistant domes-
tic animals, including sheep and cattle, is probably the expression of PrP
transgenes encoding K219 or R171, or possibly both basic residues (Fig.
5B). Such an approach can be readily evaluated in Tg mice and, once
shown to be effective, it can be instituted by artificial insemination of
sperm from males homozygous for the transgene. Less practical is the
production of PrP-deficient cattle and sheep. Although such animals
would not be susceptible to prion disease (Biicler et al. 1993; Prusiner et
al. 1993a), they might suffer some deleterious effects from ablation of the
PrP gene (Collinge et al. 1994; Lledo et al. 1996; Sakaguchi et al. 1996;
Tobler et al. 1996).

PRINCIPLES OF PRION BIOLOGY

Many principles of prion replication are clearly unprecedented in biology.
As such, it not surprising that some of these principles have not been
readily embraced. Although prion replication resembles viral replication
superficially, the underlying principles are quite different. For example, in
prion replication, the substrate is a host-encoded protein, PrP®, which
undergoes modification to form PrP5, the only known component of the
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infectious prion particle. In contrast, viruses carry a DNA or RNA
genome that is copied and directs the synthesis of most, if not all, of the
viral proteins. The mature virion consists of a nucleic acid genome sur-
rounded by a protein coat, whereas a prion appears to be composed of a
dimer of PrP%°.

When viruses pass from one species to another, they often replicate
without any structural modification, whereas prions undergo a profound
change. The prion adopts a new PrP sequence which is encoded by the
PrP gene of the current host. That change in amino acid sequence can
result in a restriction of transmission for some species while making the
new prion permissive for others. In viruses, the different properties exhib-
ited by distinct strains are encoded in the viral genome, whereas in prions,
strain-specific properties seem to be enciphered in the conformation of
PrP%.

Implications for Common Neurodegenerative Diseases

Understanding how PrP® unfolds and refolds into PrP5® may also open
new approaches to deciphering the causes of and to developing effective
therapies for some common neurodegenerative diseases including
Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclero-
sis (ALS). Whether therapies designed to prevent the conversion of PrP®
into PrP%° will be effective in these more common neurodegenerative dis-
eases is unknown. Alternatively, developing a therapy for the prion dis-
eases might provide a blueprint for designing somewhat different drugs
for these common disorders. Like the inherited prion diseases, an impor-
tant subset of Alzheimer’s disease and ALS are caused by mutations that
result in nonconservative amino acid substitutions in proteins expressed
in the CNS.

As the information about prions continues to expand, our understand-
ing of how prions replicate and cause disease will undoubtedly evolve. It
is important to add that many of the basic principles of prion biology, as
set forth in succeeding chapters, are becoming well understood.
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The prion concept developed in the aftermath of many unsuccessful
attempts to decipher the nature of the scrapie agent (Prusiner 1998). In
some respects, the early development of the prion concept mirrors the
story of DNA (Avery et al. 1944; Stanley 1970; McCarty 1985). Prior to
the acceptance of DNA as the genetic material (Hershey and Chase 1952;
Watson and Crick 1953), many scientists asserted that the DNA prepara-
tions were contaminated with protein, the true genetic material (Mirsky
and Pollister 1946). For more than half a century, many biologists had
thought that genes were made of protein and that proteins were repro-
duced as replicas of themselves (Haurowitz 1950; Stanley 1935). The
prejudices of these scientists were similar in some ways to those of inves-
tigators who have disputed the prion concept. However, the scientists who
attacked the hypothesis that genes are composed of DNA had no well-
proven alternative; they had only a set of feelings derived from poorly
substantiated data sets that genes are made of protein. In contrast, those
who attacked the hypothesis that the prion is composed only of protein
had more than 30 years of cumulative evidence showing that genetic
information in all organisms on our planet is encoded in DNA. Studies of
viruses and eventually viroids extended this concept to these small infec-
tious pathogens (Diener 1979) and showed that genes could also be com-
posed of RNA (Fraenkel-Conrat and Williams 1955; Gierer and Schramm
1956).

It is with this background that investigators working on scrapie began
to unravel the curious and often puzzling properties of this infectious
pathogen. The resistance of the scrapie agent to inactivation by formalin
and heat treatments (Gordon 1946), which were commonly used to produce
vaccines against viral illnesses, was an important clue that the scrapie agent
might be different from viruses, but it came at a time before the structure

Prion Biology and Diseases 0 1999 Cold Spring Harbor Laboratory Press 0-87969-547-1/99 $5 +. 00 67



68 S.B. Prusiner

of viruses was understood. Later, this resistance was dismissed as an inter-
esting observation but of little importance since some viruses could be
shown to survive such treatments; indeed, this was not an unreasonable
viewpoint. Two decades were to pass before reports of the extreme radio-
resistance of the scrapie agent to inactivation again trumpeted the puzzling
nature of this infectious pathogen (Alper et al. 1966, 1967).

WHAT MIGHT HAVE BEEN: AN ALTERNATIVE PATH OF DISCOVERY

By 1930, the high incidence of familial (f) Creutzfeldt-Jakob disease
(CJD) in some families was known (Fig. 1) (Meggendorfer 1930; Stender
1930). Almost 60 years were to pass before the significance of this find-
ing could be appreciated (Masters et al. 1981; Hsiao et al. 1989; Prusiner
1989). CJD remained a curious, rare neurodegenerative disease of
unknown etiology throughout this period of three score years
(Kirschbaum 1968). Only with transmission of prion disease to apes by
the inoculation of brain extracts prepared from patients who died of CJD
did the story begin to unravel (Gibbs et al. 1968).

Once CJD was shown to be a transmissible disease, relatively little
attention was paid to the familial form of the disease, since most cases
were not found in families. It is interesting to speculate how the course of
scientific investigation might have proceeded had transmission studies
not been performed until after the molecular genetic lesion had been iden-
tified. Had the PrP gene been identified in families with prion disease

Figure 1 Pedigree of the Backer family with familial Creutzfeldt-Jakob disease
(CJD) (Kirschbaum 1968). Sixty years after the first report that CJD could be a
familial disease, the D178N mutation of the PrP gene was shown to be the cause
(Kretzschmar et al. 1995). (Reprinted from Kirschbaum 1968.)
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before brain extracts were shown to be transmissible, the prion concept,
which readily explains how a single disease can have a genetic or infec-
tious etiology, might have been greeted with much less skepticism
(Prusiner 1995).

Within the scenario of finding mutations in the PrP gene prior to learn-
ing that prion diseases are transmissible, it seems likely that investigators
would have focused their efforts on explaining how a mutant gene product
might stimulate modification of the wild-type protein after inoculation
into a susceptible host (Prusiner 1998). The modified wild-type protein
would in turn stimulate production of more of its modified self. Less like-
ly would have been the postulate that a mutant protein unrelated to
immune defenses would render the host more susceptible to an infectious
pathogen with a foreign genome, such as a virus, bacterium, or fungus.

TRANSMISSION OF SCRAPIE TO MICE

The transmission of the scrapie agent to mice (Chandler 1961) made pos-
sible a series of radiobiological studies (Alper et al. 1966, 1967). With
reports of the extreme resistance of the scrapie agent to inactivation by
UV and ionizing radiation came a flurry of hypotheses to explain these
curious observations. In some cases, these postulates ignored the lessons
learned from the studies of DNA while others tried to accommodate them
in rather obtuse but sometimes clever ways.

As the number of hypotheses about the molecular nature of the scrapie
agent began to exceed the number of laboratories working on this problem
(Table 1), the need for new experimental approaches became evident.
Much of the available data on the properties of the scrapie agent had been
gathered using brain homogenates prepared from mice with clinical signs
of scrapie. These mice had been inoculated 4—5 months earlier with the
scrapie agent, which had originated in sheep but had been passaged mul-
tiple times in mice (Chandler 1963; Eklund et al. 1963). Once an experi-
ment was completed on these homogenates, an additional 12 months were
required to perform an endpoint titration in mice. Typically, 60 mice were
required to determine the titer of a single sample. These slow, tedious, and
expensive experiments discouraged systematic investigation.

Sedimentation Studies

Although many studies had been performed on the physicochemical
nature of the scrapie agent using the mouse endpoint titration system
(Hunter 1972), few systematic investigations had been performed on the
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Table 1 Hypothetical structures proposed for the scrapie agent

1. Sarcosporidia-like parasite
2. “Filterable” virus
3. Small DNA virus
4. Replicating protein
5. Replicating abnormal polysaccharide with membrane
6. DNA subvirus controlled by a transmissible linkage substance
7. Provirus consisting of recessive genes generating RNA particles
8. Naked nucleic acid similar to plant viroids
9. Unconventional virus
10. Aggregated conventional virus with unusual properties
11. Replicating polysaccharide
12.  Nucleoprotein complex
13. Nucleic acid surrounded by a polysaccharide coat
14. Spiroplasma-like organism
15. Multicomponent system with one component quite small
16. Membrane-bound DNA
17.  Virino (viroid-like DNA complexed with host proteins)
18. Filamentous animal virus (SAF)
19. Aluminum-silicate amyloid complex
20. Computer virus
21. Amyloid-inducing virus
22. Complex of apo- and co-prions (unified theory)
23. Nemavirus (SAF surrounded by DNA)
24. Retrovirus

fundamental characteristics of the infectious scrapie particle. In fact, 12
years after introduction of the mouse bioassay, there were no extensive
data on the sedimentation behavior of the scrapie particle. Since differen-
tial centrifugation is frequently a very useful initial step in the purifica-
tion of many macromolecules, some knowledge of the sedimentation
properties of the scrapie agent under defined conditions seemed manda-
tory (Prusiner 1978). To perform such studies, Swiss mice were inoculat-
ed intracerebrally with the Chandler isolate of scrapie prions, and the
mice were sacrificed about 30 and 150 days later when the titers in their
spleens and brains, respectively, were at maximum levels (Prusiner et al.
1977, 1978a). The two tissues were homogenized, extracted with deter-
gent, and centrifuged at increasing speeds and for increasing amounts of
time. The disappearance of scrapie infectivity was measured in super-
natant fractions by endpoint titration, which required one year to score as
described above. Thus, a single set of experiments required 18 months to
obtain results. This long time frame severely retarded progress.
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Probing the Molecular Structure of Prions

The incubation time assay transformed investigations on the development
of effective purification schemes for enriching fractions for scrapie infec-
tivity (Prusiner et al. 1980b, 1982b). It provided a quantitative means to
assess whether or not those fractions were enriched for scrapie infectivi-
ty. Such studies rather rapidly led to the development of a protocol for
separating scrapie infectivity from almost all proteins and nucleic acids.
With a ~100-fold purification of infectivity relative to protein, >98% of
the proteins and polynucleotides were eliminated, which permitted more
reliable probing of the constituents of these enriched fractions than was
previously possible with crude preparations. As reproducible data accu-
mulated that indicated scrapie infectivity could be reduced by procedures
that hydrolyze or modify proteins but was resistant to procedures that
alter nucleic acids, a family of hypotheses about the molecular architec-
ture of the scrapie agent began to emerge (Prusiner 1982). These data
established for the first time that a particular macromolecule was required
for infectivity and that this macromolecule was a protein. These experi-
mental findings also extended the earlier observations on the resistance of
scrapie infectivity to UV irradiation at 250 nm: (1) Four procedures based
on physical principles independent of UV radiation damage were used to
probe for a nucleic acid and (2) demonstration of a protein requirement
provided a reference macromolecule. No longer could the scrapie agent
be considered phlogiston or linoleum!

Once the requirement for a protein was established, it was possible to
revisit the long list of hypothetical structures that had been proposed for
the scrapie agent (Table 1) and to eliminate carbohydrates, lipids, and
nucleic acids as the infective elements within a scrapie agent devoid of
protein (Prusiner 1982). No longer could structures such as a viroid-like
nucleic acid, a replicating polysaccharide, or a small polynucleotide sur-
rounded by a carbohydrate be entertained as reasonable candidates to
explain the seemingly enigmatic properties of the scrapie agent (Prusiner
1982). However, the family of hypotheses that remained was still large
and required a continued consideration of all possibilities in which a pro-
tein was a critical element. Thus, the prion concept evolved from this fam-
ily of hypotheses in which an infectious protein was only one of several
possibilities. With the accumulation of experimental data on the molecu-
lar properties of the prion, it became possible to discard an increasing
number of hypothetical structures. In prion research as well as in many
other areas of scientific investigation, a single hypothesis has all too often
been championed at the expense of a reasoned approach that involves



72 S.B. Prusiner

continuing to entertain a series of complex arguments until one or
more can be discarded on the basis of experimental data (Chamberlin
1890).

RADIOBIOLOGY OF SCRAPIE

The experimental transmission of scrapie from sheep to mice (Chandler
1961) gave investigators a more convenient laboratory model, which
yielded considerable information on the nature of the unusual infectious
pathogen that causes scrapie (Alper et al. 1966, 1967, 1978; Gibbons and
Hunter 1967; Pattison and Jones 1967; Millson et al. 1971). Yet progress
was slow because quantification of infectivity in a single sample required
holding 60 mice for one year before accurate scoring could be accom-
plished, as noted above (Chandler 1961).

Resistance to UV Radiation

The extreme resistance of the scrapie agent to both ionizing and UV irra-
diation suggested this infectious pathogen was quite different from all
known viruses. The D, value for irradiation at 254 nm was 42,000 J/m?,
which argued that the target was unlikely to be a nucleic acid. Irradiation
at different wavelengths of UV light showed that scrapie infectivity was
equally resistant at 250 and 280 nm (Alper et al. 1967). Because proteins
in general and aldolase in particular (Setlow and Doyle 1957) are more
sensitive to UV irradiation at 280 nm than at 250 nm, Alper and her col-
leagues concluded that the scrapie agent was unlikely to contain protein
(Alper et al. 1967). The sensitivity of proteins to inactivation at 280 nm is
usually attributed to the destruction of amino acids with aromatic side
chains. Later, the scrapie agent was found to be six times more sensitive
to inactivation at 237 nm than at 250 nm or 280 nm (Fig. 2) (Latarjet et
al. 1970). This finding served to reinforce the arguments that the scrapie
agent contains neither a protein nor a nucleic acid. Although the data were
not sufficiently precise to eliminate protein as a candidate, a polysaccha-
ride or polynucleotide composed of numerous modified nucleosides
seemed more likely. Ironically, the inactivation spectrum of trypsin,
which was published in the same paper with the data on aldolase (Setlow
and Doyle 1957), was not recognized to be similar to that of the scrapie
agent. The increased sensitivity of trypsin to inactivation by UV irradia-
tion at 237 nm relative to 250 nm and 280 nm is due to the modification
of cysteine residues (Setlow and Doyle 1957).
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Figure 2 Relative resistance of scrapie prions to inactivation by UV light at three
wavelengths. (X) Titer of mouse scrapie prions; (O) enzymatic activity of trypsin.
Data adapted from Setlow and Doyle (1957) and Latarjet et al. (1970).
Comparison of prions and trypsin performed by R. Setlow (pers. comm.).

Target Size

Inactivation by ionizing radiation gave a target size of about 150,000 D
(Alper et al. 1966), which was later revised to 55,000 D (Fig. 3) (Bellinger-
Kawahara et al. 1988). The earlier data argued that the scrapie agent was
as small as viroids and prompted speculation that a viroid might be the
cause of scrapie (Diener 1972). Later, when purified preparations of pri-
ons became available, their properties were compared with those of
viroids. The properties of prions and viroids were found to be antitheti-
cal—consistent with the notion the viroids are composed of polynu-
cleotides and prions are proteins (Table 2) (Diener et al. 1982). Because
inactivation by ionizing radiation of viruses had given spurious results due
to repair of double-stranded genomes, the size of the putative scrapie virus
was thought to be substantially larger than 150,000 D (Rohwer 1984a,
1986). Once a protein was thought to be the most likely target of ionizing
radiation, such arguments faded (Bellinger-Kawahara et al. 1988).
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Figure 3 Resistance of scrapie prions to inactivation by ionizing radiation. (4)
Microsomes (filled circles) isolated from scrapie-infected hamster brains were
compared to detergent-extracted microsomes (open circles). Microsomes were
isolated by a series of differential centrifugations as previously described. Two
percent sodium dodecyl sarcosinate was added to preparations and incubated for
90 min at room temperature prior to freezing. (B) Amyloid rods (filled squares)
containing PrP 27-30 purified from scrapie-infected hamster brains were disso-
ciated into liposomes (open squares). The rods and liposomes were prepared as
described previously (Prusiner et al. 1983; Gabizon et al. 1987). All samples
were frozen in ethanol dry ice baths prior to storage at —70°C. The samples were
irradiated with 13 MV electrons at —135°. Controls receiving no irradiation were
subjected to the same protocol. (Reprinted, with permission, from Bellinger-
Kawahara et al. 1988.)

HYPOTHESES ABOUT THE NATURE OF THE SCRAPIE AGENT

A fascinating array of structural hypotheses (Table 1) was offered to
explain the unusual features first of the disease and later of the infectious
agent; speculation was enhanced by the extreme resistance of the scrapie
agent to both ionizing and UV irradiation. Among the earliest hypotheses
was the notion that scrapie was a disease of muscle caused by the parasite
Sarcosporidia (M’Gowan 1914; M’Fadyean 1918). With the successful
transmission of scrapie to animals, the hypothesis that scrapie is caused
by a “filterable” virus became popular (Cuillé and Chelle 1939; Wilson et
al. 1950). With the radiobiological findings of Alper and her colleagues
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Table 2 Stabilities of prions and viroids after chemical and enzymatic treatment

Chemical treatment Concentration PSTV? Scrapie agent
Et PC 1020 mm - +
NH,OH 0.1-0.5m + —
Psoralen (AMT) 10-500 pg/ml + -
Phenol saturated - +
SDS 1-10% - +
Zn™ 2 mM + -
Urea 3-8 mm - +
Alkali pH 10 ) +
KSCN 1M - +
RNase A 0.1-100 pg/ml + —
DNase 100 pg/ml - -
Proteinase K 100 pg/ml - +
Trypsin 100 pg/ml - +

“+” indicates sensitivity.
*Potato spindle tuber viroid.

described above, a myriad of hypotheses on the chemical nature of the
scrapie agent emerged. Among the hypothetical structures proposed were
a small DNA virus (Kimberlin and Hunter 1967), a replicating protein
(Griffith 1967; Pattison and Jones 1967; Lewin 1972, 1981), a replicating
abnormal polysaccharide with membranes (Gibbons and Hunter 1967,
Hunter et al. 1968), a DNA subvirus controlled by a transmissible linkage
substance (Adams and Field 1968; Adams 1970), a provirus consisting of
recessive genes generating RNA particles (Parry 1962, 1969), and a
naked nucleic acid similar to plant viroids (Diener 1972). As already
noted, subsequent investigations showed the viroid suggestion to be incor-
rect (Diener et al. 1982), and many other studies argue that the scrapie
agent is composed only of a protein that adopts an abnormal conforma-
tion (Pan et al. 1993; Stahl et al. 1993; Telling et al. 1996a), as previous-
ly proposed (Griffith 1967).

Unconventional Viruses and More

The term “unconventional virus” was proposed, but no structural details
were ever given with respect to how these unconventional virions differ
from the conventional viral particles (Gajdusek 1977). Some investigators
have suggested that the term unconventional virus obscured the ignorance
that continued to shroud the molecular nature of the infectious pathogens
that cause scrapie and CJD (Pattison 1988). Other suggestions included
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an aggregated conventional virus with unusual properties (Rohwer and
Gajdusek 1980), a replicating polysaccharide (Field 1967), a nucleopro-
tein complex (Latarjet et al. 1970), a nucleic acid surrounded by a poly-
saccharide coat (Adams and Caspary 1967; Narang 1974; Siakotos et al.
1979), a spiroplasma-like organism (Bastian 1979; Humphery-Smith et
al. 1992), a multicomponent system with one component quite small
(Hunter et al. 1973; Somerville et al. 1976), membrane-bound DNA
(Marsh et al. 1978), and a virino (viroid-like DNA complexed with host
proteins) (Dickinson and Outram 1979). Small spherical particles about
10 nm in diameter were found in fractions said to be enriched for infec-
tivity; these particles were thought to represent the smallest possible virus
but were later shown to be ferritin.

BIOASSAYS FOR PRIONS

Experimental transmission of scrapie to mice allowed many more samples
to be analyzed than was previously possible with sheep or goats, but the 1-
to 2-year intervals between designing experiments and obtaining results
discouraged sequential studies in which the results of one set of experi-
ments were used as a foundation to the next. The measurement of scrapie
infectivity by titration required 60 animals to evaluate a single sample and
one year to establish the endpoint (Chandler 1961). Furthermore, the large
number of mice needed to quantify a single sample prevented large exper-
iments in which many studies were performed in parallel. Such problems
often encouraged premature publication of experimental data, which
forced investigators to defend their flawed studies.

Incubation Time Assays

The identification of an inoculum that produced scrapie in the golden
Syrian hamster in about 70 days after intracerebral inoculation was the
basis for an important advance (Marsh and Kimberlin 1975; Kimberlin
and Walker 1977; Chapters 3 and 4). In earlier studies, Syrian hamsters
had been inoculated with prions, but serial passage with short incubation
times was not reported (Zlotnik 1963). Using the Syrian hamster, an incu-
bation time assay was developed that accelerated research by nearly a fac-
tor of 100 (Prusiner et al. 1980b, 1982b). Development of the incubation
time bioassay reduced the time required to measure prions in samples
with high titers by a factor of about six: only 70 days were required
instead of the 360 days previously needed. Equally important, 4 animals
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could be used in place of the 60 that were required for endpoint titrations,
making possible a large number of parallel experiments.

Notably, earlier attempts using mice to develop more economical
bioassays that related the titer to incubation times in mice were unsuc-
cessful (Eklund et al. 1963; Hunter and Millson 1964). Some investiga-
tors used incubation times to characterize different “strains” of scrapie
agent while others determined the kinetics of prion replication in rodents
(Dickinson and Meikle 1969; Dickinson et al. 1969; Kimberlin and
Walker 1978b, 1979), but they refrained from trying to establish quanti-
tative bioassays for prions based on incubation times despite the success-
ful application of such an approach for the measurement of picornavirus-
es and other viruses three decades earlier (Gard 1940).

PURIFICATION OF SCRAPIE INFECTIVITY

Over two decades, many investigators attempted to purify the scrapie
agent but with relatively little success (Hunter et al. 1963, 1969, 1971;
Hunter and Millson 1964, 1967; Kimberlin et al. 1971; Millson et al.
1971, 1976; Marsh et al. 1974, 1978, 1980; Siakotos et al. 1976; Gibbs
and Gajdusek 1978; Millson and Manning 1979). The slow, cumbersome,
and tedious bioassays in sheep and later in mice greatly limited the num-
ber of samples that could be analyzed. Little progress was made with
sheep and goats because of the very limited numbers of samples and
incubation times that exceeded 18 months (Hunter 1972; Pattison 1988).

Hydrophobic Interactions

Although endpoint titrations in mice had revealed some properties of the
scrapie agent, development of an effective purification protocol was dif-
ficult because the interval between execution of the experiment and the
availability of the results was nearly a year (Siakotos et al. 1976; Prusiner
et al. 1984; Prusiner 1988). The resistance of scrapie infectivity to non-
denaturing detergents, nucleases, proteases, and glycosidases was deter-
mined by using endpoint titrations in mice (Hunter and Millson 1964,
1967; Hunter et al. 1969; Millson et al. 1976). Attempts to purify infec-
tivity were complicated by the apparent size and charge heterogeneity of
scrapie infectivity, which was interpreted to be a consequence of
hydrophobic interactions (Prusiner et al. 1978a,c). Studies on the sedi-
mentation properties of scrapie infectivity in mouse spleens and brains
suggested that hydrophobic interactions were responsible for the non-
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ideal physical behavior of the scrapie particle (Prusiner et al. 1977,
1978a; Prusiner 1978). Indeed, the scrapie agent presented a biochemical
nightmare: Infectivity was spread from one end to the other of a sucrose
gradient and from the void volume to fractions eluting at 5-10 times the
included volume of chromatographic columns. Such results demanded
new approaches and better assays. Only the development of improved
bioassays allowed purification of the infectious pathogen that causes
scrapie and CJD (Prusiner et al. 1980b, 1982b).

Fractions Enriched for Scrapie Infectivity

The transmission of scrapie to Syrian hamsters by an inoculum previous-
ly passaged in rats produced disease in about 70 days (Marsh and
Kimberlin 1975). These shorter incubation times coupled with the devel-
opment of an improved bioassay permitted much more rapid quantifica-
tion of specimens (Prusiner et al. 1980b, 1982b). This methodological
advance made possible the development of protocols for the significant
enrichment of scrapie infectivity using a series of detergent extractions,
limited digestions with proteases and nucleases, and differential centrifu-
gation (Prusiner et al. 1980b) followed first by agarose gel electrophore-
sis (Prusiner et al. 1980a) and later by sucrose gradient centrifugation
(Prusiner et al. 1982a, 1983).

THE PRION CONCEPT

For many years, the prion diseases were thought to be caused by slow-act-
ing viruses, as described above. These diseases were often referred to as
slow virus diseases, transmissible spongiform encephalopathies (TSE), or
unconventional viral diseases (Sigurdsson 1954; Gajdusek 1977, 1985).
Considerable effort was expended searching for the “scrapie virus”; yet
none was found either with respect to the discovery of a virus-like parti-
cle or a genome composed of RNA or DNA. This situation posed an inter-
esting conundrum that generated many hypotheses, as noted above.

A Protein Component

Once an effective protocol was developed for preparation of partially
purified fractions of scrapie agent from hamster brain, it became possible
to demonstrate that those procedures that modify or hydrolyze proteins
diminish scrapie infectivity (Table 2) (Prusiner et al. 1981; Prusiner
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1982). At the same time, tests done in search of a scrapie-specific nucle-
ic acid were unable to demonstrate any dependence of infectivity on a
polynucleotide (Prusiner 1982), in agreement with earlier studies that
reported the extreme resistance of infectivity to UV irradiation (Alper et
al. 1967; Latarjet et al. 1970).

On the basis on these findings, it seemed likely that the infectious
pathogen of scrapie was neither a virus nor a viroid. For this reason the
term “prion” was introduced to distinguish the proteinaceous infectious
particles that cause scrapie, CJID, and kuru from both viroids and viruses
(Prusiner 1982). Prions were defined as “proteinaceous infectious parti-
cles that resist inactivation by procedures that modify nucleic acids.”
Hypotheses for the structure of the infectious prion particle included: (1)
proteins surrounding a nucleic acid encoding them (a virus), (2) proteins
associated with a small polynucleotide, and (3) proteins devoid of nucle-
ic acid (Prusiner 1982). Mechanisms postulated for the replication of
infectious prion particles ranged from those used by viruses to the syn-
thesis of polypeptides in the absence of a nucleic acid template, to the
activation of transcription of cellular genes, and to the posttranslational
modifications of cellular proteins. Subsequent discoveries were used to
narrow the hypotheses that could explain both the structure of the prion
and the mechanism of replication.

A Family of Hypotheses

The prion hypothesis was not meant to champion a single entity as the
structural explanation for the scrapie agent, but rather to embody a family
of hypotheses (Chamberlin 1890) in which a protein was required for
infectivity (Prusiner 1982). Almost immediately upon introduction of the
term prion, some investigators redefined prion to signify an infectious par-
ticle composed exclusively of protein (Kimberlin 1982). The term “virino”
was resuscitated to signify a particle composed of protein and a noncod-
ing small nucleic acid similar to a viroid. Later, a few investigators pre-
ferred the term “protein-only hypothesis™ to describe one possibility that
had been postulated for the prion, an infectious particle composed exclu-
sively of protein (Bolton and Bendheim 1988; Weissmann 1991).
Considerable evidence has accumulated over the past 15 years in sup-
port of the prion concept and in particular, the hypothesis that prions are
composed entirely of protein (Prusiner 1991, 1997, 1998). Not only is the
prion particle without precedent, but so are its mechanism of replication
and mode of pathogenesis. A prudent, working definition of a prion is a
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“proteinaceous infectious particle that lacks nucleic acid.” Perhaps this is
an overly cautious and conservative definition, since we now understand
much about the mechanism of prion diversity, and a second molecule is
not required to explain prion strains (Prusiner 1997, 1998).

Attempts to Falsify the Prion Hypothesis

All attempts to falsify the prion hypothesis over the past 15 years have
failed. Experiments to separate scrapie infectivity from protein and more
specifically from PrP% have been unsuccessful (McKinley et al. 1983a).
No preparations of prions containing less than one PrP%¢ molecule per
ID__unit have been reported and no replication of prions in PrP-deficient
(Prnp”®) mice was found, as described below. Other investigators have
attempted to identify a scrapie-specific nucleic acid but none has been
found (Kellings et al. 1992; Manuelidis et al. 1995; Chapter 15).

Convergence of Data Supporting the Prion Concept

A remarkable convergence of experimental data accumulated over the last
two decades convincingly argues that prions are composed of PrP5® mol-
ecules and that, unlike all other infectious pathogens, they are devoid of
nucleic acid (Table 3). The copurification of scrapie infectivity and PrP5¢
was the first evidence that prions contained this macromolecule (Prusiner
et al. 1982a, 1983), and implicit in this finding is that the molecular prop-
erties of prions and PrP*° are very similar if not identical (Bolton et al.
1984). For example, both PrP* and prion infectivity exhibited similar
degradation kinetics by prolonged proteolysis (McKinley et al. 1983a). A
variety of studies were performed attempting to separate scrapie prion
infectivity from PrP%°, but no conditions were identified under which this
could be accomplished.

The specificity of PrP> for the prion diseases of humans and animals
was a critical finding, since it distinguished PrP*® from a variety of
macromolecules that are expressed in response to CNS injury. That a
fragment of PrP5 formed amyloid in vitro (Prusiner et al. 1983), and was
later shown to be a major component of amyloid plaques in the brains of
animals and humans with prion disease, was still another important line
of evidence implicating PrP%° as the causative agent.

Once the amino-terminal sequence of PrP 27-30 was determined,
recovery of cognate cDNAs encoding PrP was possible. With PrP cDNAs,
genetic linkage between the PrP gene polymorphisms and the length of
the scrapie incubation time was established. Subsequently, mutations in



Development of the Prion Concept 81

Table 3 Arguments for prions being composed largely, if not entirely, of PrP5
molecules and devoid of nucleic acid

1.

10.

11.

12.

PrP* and scrapie infectivity copurify using biochemical and immunolog-
ic procedures.

The unusual properties of PrP5 mimic those of prions. Many different
procedures that modify or hydrolyze PrP inactivate prions.

Levels of PrP5¢ are directly proportional to prion titers. Non-denatured
PrP*° has not been separated from scrapie infectivity.

No evidence for a virus-like particle or a nucleic acid genome.
Accumulation of PrP* invariably associated with the pathology of prion
diseases including PrP amyloid plaques that are pathognomonic.

PrP gene mutations are genetically linked to inherited prion disease and
cause formation of PrP5c,

Overexpression of PrP® increases the rate of PrP% formation, which
shortens the incubation time. Knockout of the PrP gene eliminates the
substrate necessary for PrPS formation and prevents both prion disease
and prion replication.

Species variations in the PrP sequence are responsible, at least in part, for
the species barrier that is found when prions are passaged from one host
to another.

PrP*° preferentially binds to homologous PrP¢, resulting in formation of
nascent PrP> and prion infectivity.

Chimeric and partially deleted PrP genes change susceptibility to prions
from different species and support production of artificial prions with
novel properties that are not found in nature.

Prion diversity is enciphered within the conformation of PrP%. Strains
can be generated by passage through hosts with different PrP genes. Prion
strains are maintained by PrP“/PrP%° interactions.

Human prions from fCJD(E200K) and FFI patients impart different prop-
erties to chimeric MHu2M PrP in transgenic mice, which provides a
mechanism for strain propagation.

the human PrP gene resulting in nonconservative amino acid substitutions
were shown to be genetically linked to inherited prion diseases such as
Gerstmann-Straussler-Scheinker disease (GSS) and fCJD.

The dispersion of purified PrP amyloid rods into liposomes without a

loss of scrapie infectivity demonstrated that polymers of PrP 27-30 were
not required for infectivity, in agreement with the small radiation target
size of the prion. The dispersion of PrP¢ into liposomes permitted
immunoaffinity purification of PrP% with a concomitant enrichment of
prion infectivity by a procedure that was independent of the scheme ini-
tially used to purify scrapie infectivity. Anti-PrP antibodies were also
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shown to neutralize scrapie infectivity when PrPS® was dispersed into
liposomes.

Mutant PrP transgenes expressed in mice were shown to cause
spontaneous neurodegeneration that is indistinguishable from experi-
mental scrapie in mice. In studies on the transmission of prions from
one species to another, the species-specific differences in the sequences
of PrP were found to be pivotal. Additionally, the length of the incuba-
tion time was found to be inversely proportional to the level of PrP®
expression. By abolishing PrP expression through genetic ablation,
Prnp®° mice were shown to be resistant to experimental prion disease.
When Prnp”® mice inoculated with prions were sacrificed at various
intervals after inoculation, bioassay of their brains revealed no evidence
of prion replication.

The demonstration that prion diversity is enciphered in the confor-
mation of PrP5¢ has removed the last legitimate argument for a scrapie-
specific polynucleotide encased within a virus-like particle. Different
strains of prions were generated de novo in patients with PrP gene muta-
tions and propagated to mice expressing a chimeric Hu/Mo PrP trans-
gene. Extracts from the brains of fatal familial insomnia (FFI) and
fCJD(E200K) patients transmitted disease to mice expressing a chimeric
MHu2M PrP gene about 200 days after inoculation. The FFI inoculum
induced formation of a 19-kD PrP*¢ as measured by SDS-PAGE after lim-
ited proteolysis and removal of asparagine-linked carbohydrates, whereas
fCID(E200K) produced a 21-kD PrP%¢ in mice expressing the same trans-
gene (Telling et al. 1996b). On second passage, Tg(MHu2M) mice inoc-
ulated with FFI prions showed an incubation time of about 130 days and
a 19-kD PrP%, while those inoculated with fCJD(E200K) prions exhibit-
ed an incubation time of about 170 days and a 21-kD PrP¢ (Prusiner
1997). The experimental data demonstrate that MHu2MPrP>® can exist in
two different conformations based on the sizes of the protease-resistant
fragments; yet, the amino acid sequence of MHu2MPrP** is invariant. The
results of these studies argue that PrP° acts as a template for the conver-
sion of PrP® into nascent PrP%. Imparting the size of the protease-resis-
tant fragment of PrP% through conformational templating provides a
mechanism for both the generation and propagation of prion strains.

SEARCH FOR A SCRAPIE-SPECIFIC NUCLEIC ACID

Although the search for a scrapie-specific nucleic acid has been intense,
thorough, and comprehensive, it has been unrewarding. The challenge to
find a scrapie-specific polynucleotide was initiated by investigators who
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found that scrapie agent infectivity is highly resistant to UV and ionizing
radiation (Alper et al. 1966, 1967, 1978). Their results prompted specula-
tion that the scrapie pathogen might be devoid of nucleic acid—a postu-
late initially dismissed by many scientists. Although some investigators
have argued that the interpretation of these data was flawed (Rohwer
1984a,b, 1986, 1991), they and others have failed to demonstrate the puta-
tive scrapie nucleic acid (Manuelidis and Fritch 1996; Chesebro 1998).

Selective Inactivation Studies

On the basis of the resistance of the scrapie agent to both UV and ioniz-
ing radiation, the possibility was raised that the scrapie agent might con-
tain 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 et al. 1978, 1979; Marsh et al. 1978), but
the findings could not be confirmed (Prusiner et al. 1980a) and the prop-
erties of the scrapie agent were found to be incompatible with those of
viroids (Diener et al. 1982). Besides UV irradiation, reagents that specif-
ically modify or damage nucleic acids, such as nucleases, psoralens,
hydroxylamine, and Zn"" ions, were found not to alter scrapie infectivity
in homogenates (Table 2) (Prusiner 1982), microsomal fractions (Prusiner
1982), purified prion rod preparations, or detergent/lipid/protein com-
plexes (McKinley et al. 1983b; Bellinger-Kawahara et al. 1987a,b, 1988;
Gabizon et al. 1988b; Neary et al. 1991).

Physical and Molecular Cloning Studies

Attempts to find a scrapie-specific polynucleotide using physical tech-
niques such as polyacrylamide gel electrophoresis were as unsuccessful
as molecular cloning approaches. Subtractive hybridization studies iden-
tified several cellular genes with increased expression in scrapie, but no
unique sequence could be identified (Weitgrefe et al. 1985; Diedrich et al.
1987; Duguid et al. 1988). Extensively purified fractions were analyzed
for a scrapie-specific nucleic acid by use of a specially developed tech-
nique designated return refocusing gel electrophoresis, but none was
found (Meyer et al. 1991). These studies argue that if such a molecule
exists, its size is 80 nucleotides or less; larger nucleic acids were exclud-
ed as components essential for infectivity (Kellings et al. 1992; Riesner et
al. 1992). Data from UV inactivation studies of scrapie prions argue that
if prions contain a scrapie-specific nucleic acid, then a single-stranded
molecule cannot exceed 6 bases in length, and a double-stranded mole-
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cule can contain up to 40 base pairs (Bellinger-Kawahara et al. 1987a).
This larger estimate for a double-stranded polynucleotide accounted for
the possibility of repair of UV-damaged molecules after injection into
rodents for bioassay. 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” (Kimberlin 1990; Chesebro 1992,
1998; Manuelidis and Fritch 1996). A few argue that the scrapie virus is
similar to a retrovirus (Manuelidis and Manuelidis 1989; Sklaviadis et al.
1989, 1990, 1993, 1992; Akowitz et al. 1990; Murdoch et al. 1990), while
others argue that the scrapie virus induces amyloid deposition in brain
(Diringer 1991, 1992; Braig and Diringer 1985). Others argue that scrapie
is caused by a larger pathogen similar to the spiroplasma bacterium
(Bastian 1979, 1993). Still others contend that elongated protein polymers
covered by DNA are the etiologic agents in scrapie (Narang 1992a,b;
Narang et al. 1987a,b, Narang et al. 1988). DNA molecules like the D-
loop DNA of mitochondria have also been suggested as the cause of
scrapie (Aiken et al. 1989, 1990).

The search for a component other than PrPS° within the prion particle
has focused largely on a nucleic acid because some properties of prions
are similar to those of viruses, and a polynucleotide would most readily
explain different isolates or “strains” of infectivity (Kimberlin and Walker
1978a; Dickinson and Fraser 1979; Bruce and Dickinson 1987;
Dickinson and Outram 1988). Specific scrapie isolates characterized by
distinct incubation times retain this property when repeatedly passaged in
mice or hamsters (Kimberlin and Walker 1978a; Dickinson and Fraser
1979; Bruce and Dickinson 1987; Dickinson and Outram 1988). Since
prion diversity has been shown to be enciphered within the conformation
of PrP%¢, the biological argument for a scrapie-specific polynucleotide has
diminished (Bessen and Marsh 1994; Telling et al. 1996b; Chapter 8), and
its existence seems unlikely.

THE ELUSIVE SCRAPIE “VIRUS” IS A PRION

Many of the foregoing experimental results indicate that if the scrapie
“virus” exists, then PrP% must be an integral component of this virus
(Table 4). Such a scenario demands that PrP¢ must function as a receptor
for this elusive virus; furthermore, pathologic mutations in PrP¢ that
cause inherited prion diseases enhance the binding of the virus. Similarly,
knockout of the PrP gene in mice prevents the scrapie virus from binding
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Table 4 Arguments to support the contention that the scrapie agent is a virus

1. Virus is tightly bound to PrP*° or possesses a coat protein that shares anti-
genic sites and physical properties with PrP>, explaining copurification.

2. Structural properties of virus same as PrP>; procedures that modify PrP*°
inactivate the virus.

3. Viral genome is protected from procedures modifying nucleic acid by
Prps,

4. No nucleic acid >50 nt found in purified preparations: it has unusual
properties and might be small, and thus is difficult to detect.

5. Virus hidden by PrP% and thus not found.

6. PrP amyloid plaques and spongiform degeneration result from production
of PrP%¢ induced by the virus.

7. Virus uses PrP® as a receptor; virus has higher affinity for mutant than
wild-type receptor.

8. At least two different ubiquitous viruses must exist.

9. Species specificity and artificial prions with new host range demand PrP¢
or PrP*° be tightly bound to the virus.

10. PrP%¢is a cofactor for the virus that is necessary for infectivity.

to its receptor PrP®, which is not expressed, thus explaining the resistance
of these mice to experimental prion disease.

Furthermore, a scrapie “virus” must mimic PrP% in its properties, and
since its putative genome does not contain a PrP-like gene, it must acquire
PrP from the cell. With each species that the virus invades, it must acquire
a new PrP sequence as well as be capable of incorporating artificial PrP
molecules formed from the mixing of MoPrP sequences with those of
SHa or Hu PrP (Scott et al. 1993; Telling et al. 1994). To circumvent these
arguments, it could be hypothesized that the genetic code used by the PrP
gene differs so greatly from that found in the cell that a PrP ¢cDNA probe
failed to detect it in highly purified preparations. If this were the case,
then such a genome would also be expected to encode some specialized
proteins required for replication as well as some unique tRNAs required
for assembly of the PrP-like protein. However, both UV and ionizing radi-
ation inactivation studies, as well as physical studies, have eliminated the
possibility of a large nucleic acid hiding within purified preparations of
prions (Bellinger-Kawahara et al. 1987a,b, 1988; Kellings et al. 1992).
Additionally, no protein other than PrP*° (or PrP 27-30) has been found in
purified preparations of prions.

Numerous attempts to falsify the prion hypothesis over the past 15
years have failed. Such studies have tried unsuccessfully to separate
scrapie infectivity from protein and, more specifically, from PrP5¢. Other
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investigations have attempted to identify a scrapie-specific nucleic acid,
but none has been found (Manuelidis et al. 1995). Only oligonucleotides
of less than 50 bases were found at a concentration of one molecule per
ID, unit in prion preparations highly enriched for scrapie infectivity
(Kellings et al. 1992, 1994). These small nucleic acids were of variable
length and thought to be degradation by-products generated during purifi-
cation of prions.

The copurification of PrP% (or PrP 27-30) and scrapie infectivity
demands that the physicochemical properties as well as antigenicity of
these two entities be similar (Table 3) (Gabizon et al. 1988a). The results
of a wide array of inactivation experiments demonstrated the similarities
in the properties of PrP 27-30 and scrapie infectivity (McKinley et al.
1983a; Prusiner et al. 1983, 1993a; Bolton et al. 1984; Riesner et al.
1996). To explain these findings in terms of the virus hypothesis, it is nec-
essary to postulate either a virus that has a coat protein that is highly
homologous with PrP or a virus that binds tightly to PrP¢. In either case,
the PrP-like coat protein or the PrP>/virus complex must display propet-
ties indistinguishable from PrP*° alone (Table 4). The inability to inacti-
vate preparations highly enriched for scrapie infectivity by procedures
that modify nucleic acids was interpreted as evidence against the exis-
tence of a scrapie-specific nucleic acid (Alper et al. 1967; Prusiner 1982).
To explain the findings in terms of a virus, one must argue that PrP*° or
an as-yet-undetected PrP-like protein of viral origin protects the viral
genome from inactivation. The notion that the putative scrapie virus
encodes a PrP-like protein was refuted by nucleic acid hybridization stud-
ies using a PrP cDNA probe. Less than 0.002 nucleic acid molecules
encoding PrP per ID, unit were found in purified preparations of SHa
prions (Oesch et al. 1985).

When nucleic acids were repeatedly measured in preparations
exhaustively treated with nucleases under conditions where prion infec-
tivity was maintained, only oligonucleotides of 80 bases or less were
found in sufficient quantity to serve as a viral genome (Kellings et al.
1992, 1994). Failure to find a bona fide genome is attributed to the unusu-
al properties of the putative viral nucleic acid or technical incompetence
on the part of the investigators who were unable to find it (Manuelidis et
al. 1995). Similarly, the inability to find virus-like particles in purified
preparations of PrP% is attributed to these particles being hidden,
although tobacco mosaic viruses could be detected when one virion was
added per ID, unit of scrapie prions (Gabizon et al. 1987). Prion rods,
which are composed largely of PrP 27-30 molecules and sometimes
referred to as scrapie-associated fibrils (SAF), were thought by some
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investigators to represent the first example of a filamentous animal virus
(Merz et al. 1984). Since the rods proved to be an artifact of prion purifi-
cation and not required for scrapie infectivity (Gabizon et al. 1987;
McKinley et al. 1991), this argument faded. However, the rods proved to
be indistinguishable from many purified amyloids, which predicted that
amyloid plaques in prion diseases would be composed of PrP (Prusiner et
al. 1983). The idea that scrapie prions could be composed of amyloid pro-
tein was truly heretical when it was introduced. To accommodate the
accumulation of PrP% in prion diseases, it was hypothesized that the virus
induces the formation of PrP amyloid (Diringer 1991).

When PrP gene mutations were discovered to cause familial prion
diseases (Hsiao et al. 1989), it was postulated that PrP is a receptor for
the ubiquitous scrapie virus that binds more tightly to mutant than to
wild-type PrP¢ ( Kimberlin 1990; Chesebro 1998). A similar hypothesis
was proposed to explain why the length of the scrapie incubation time was
found to be inversely proportional to the level of PrP expression in Tg
mice and why Prnp®° mice are resistant to scrapie (Chesebro and
Caughey 1993): The higher the level of PrP expression, the faster the
spread of the putative virus, which results in shorter incubation times;
conversely, Prnp”® mice lack the receptor required for spread of the virus.
Recent studies on the transmission of mutant prions from FFI and
fCID(E200K) to Tg(MHu2M) mice, which results in the formation of two
different PrP>¢ molecules (Telling et al. 1996b), has forced a corollary to
the ubiquitous virus postulate. To accommodate this result, at least two
different viruses must reside worldwide, each of which binds to a differ-
ent mutant HuPrP€ and each of which induces a different MHu2M PrP*¢
conformer when transferred to Tg mice. Alternatively, one ubiquitous
virus could acquire different mutant PrP5 molecules corresponding to
FFI or fCJD(E200K) and then induce different MHu2M PrP*¢ conform-
ers upon transmission to Tg mice. To explain the species barrier as well
as the production of artificial prions from chimeric or mutant PrP trans-
genes (Scott et al. 1993), PrP® molecules must be incorporated into the
viruses. In the case of mice expressing chimeric PrP transgenes, artificial
prions are produced with host ranges not previously found in nature.

No preparations of purified prions containing less than one PrP%
molecule per ID_ unit have been reported (Akowitz et al. 1994). That
PrPC is required for prion replication was surmised from the large body
of evidence showing the PrP¢ is a major component of the infectious
prion particle (Prusiner 1991, 1992). That view was confirmed by exper-
iments with Prnp®° mice (Biieler et al. 1992). These mice were found to
be resistant to prion disease and not to replicate prions. In two initial stud-
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ies, no evidence of prion disease could be found many months after inoc-
ulation of Prnp®® mice with RML (Rocky Mountain Laboratory) prions
(Biieler et al. 1993; Prusiner et al. 1993b). In one of these studies, no evi-
dence for prion replication was found in Prnp”® mice (Prusiner et al.
1993b), but in the other, PrnpO/ % mice sacrificed 20 weeks after inoculation
were found to have 10° ID 5, units/ml of homogenate by bioassay (Bieler
et al. 1993). This result could not be confirmed by the authors in a subse-
quent study (Sailer et al. 1994) but has been ascribed to contamination,
residual inoculum, and even as evidence for scrapie infectivity propagation
in the absence of PrP. The latter interpretation has been cited as evidence
for the mythical “scrapie virus” (Chesebro and Caughey 1993; Manuelidis
et al. 1995; Lasmézas et al. 1997). Two additional reports on the resistance
of Prnp”® mice to prion infection have been published (Manson et al. 1994;
Sakaguchi et al. 1995).

In summary, no single hypothesis involving a virus can explain the
findings summarized above (Table 3); instead, a series of ad hoc hypothe-
ses, many of which can be refuted by available data, must be constructed
to accommodate the currently available data (Table 4). Despite so much
evidence to the contrary, some investigators persist with the belief that
scrapie is caused by a virus (Kimberlin 1990; Rohwer 1991; Xi et al.
1992; Chesebro and Caughey 1993; Akowitz et al. 1994; Ozel and
Diringer 1994; Manuelidis et al. 1995; Narang 1996; Caughey and
Chesebro 1997; Lasmézas et al. 1997). Yet, we are left with only one log-
ical conclusion from this debate: That is, the 50-year quest for the scrapie
virus (Gordon 1946) has failed because it does not exist!

MINIPRIONS

Each region of proposed secondary structure in the four-helix bundle
model of PrP¢ (Huang et al. 1994) was systematically deleted, and the
mutant constructs were expressed in scrapie-infected neuroblastoma
(ScN2a) cells and Tg mice (Muramoto et al. 1996, 1997). Deletion of any
of the four putative helical regions prevented PrP> formation, whereas
deletion of the amino-terminal region containing residues 23—89 did not
affect the yield of PrP%¢. In addition to the 67 residues at the amino termi-
nus, 36 residues from position 141 to 176 could be deleted without alter-
ing PrP%° formation. The resulting PrP molecule of 106 amino acids was
designated PrP106. In this mutant PrP, helix A as well as the S2 [3-strand
was removed. When PrP106 was expressed in ScN2a cells, PrP5106 was
soluble in 1% Sarkosyl. Whether the structure of PrP*106 can be more
readily determined than that of full-length PrP> remains uncertain.
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Transgene-specified Susceptibility

Tg(MHM2PrP106)Prnp”° mice that expressed PrP106 developed neuro-
logical dysfunction about 300 days after inoculation with RML prions pre-
viously passaged in CD-1 Swiss mice (Supattapone et al., in press). The
resulting prions containing PrP%¢106 produced CNS disease in about 66
days upon subsequent passage in Tg(MHM2PrP106)Prnp®° mice (Table
5). Besides widespread spongiform degeneration and PrP deposits, the
pyramidal cells of the hippocampus comprising the CA-1, CA-2, and CA-
3 fields disappeared in Tg(MHM2PrP106)Prnp”° mice inoculated with
prions containing PrP5°106. In no previous study of Tg mice have we seen
similar neuropathologic lesions. The Tg(MoPrP-A) mice overexpressing
MoPrP are resistant to RML106 miniprions but are highly susceptible to
RML prions. These mice require more than 400 days to produce illness
after inoculation with miniprions but develop disease in about 50 days
when inoculated with RML prions containing full-length MoPrP5¢,

Smaller Prions and Mythical Viruses

The unique incubation times and neuropathology in Tg mice caused by
miniprions are difficult to reconcile with the notion that scrapie is caused
by an as-yet-unidentified virus. When the mutant or wild-type PrP® of the
host matched PrP% in the inoculum, the mice were highly susceptible
(Table 5). However, when there was a mismatch between PrP¢ and PrP%¢,
the mice were resistant to the prions. This principle of homologous PrP
interactions, which underlies the species barrier, is recapitulated in stud-
ies of PrP106 where the amino acid sequence has been drastically
changed by deleting nearly 50% of the residues. Indeed, the unique prop-
erties of the miniprions provide another persuasive argument that prions
are infectious proteins.

PrP5¢ IS SPECIFIC FOR PRION DISEASE

With the discovery of PrP 27-30 and production of antiserum (Bendheim
et al. 1984), brain tissues from humans and animals with putative prion

Table 5 Susceptibility and resistance of transgenic mice to artificial miniprions

Incubation time [days + s.E.M.] (w/n )

Host RML106 miniprions RML prions
Tg(PrP106)Prnp”°® mice 66 +3 (10/10) 300 +2 (9/10)
Tg(MoPrP-A) mice >450 (0/11) 50£2 (16/16)

Data from Carlson et al. (1994) and Supattapone et al. (in press).
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diseases were examined for the presence of this protein. In each case, PrP
27-30 was found, while it was absent in other neurodegenerative disorders
such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis (Bockman et al. 1985, 1987; Manuelidis et al. 1985; Brown et
al. 1986). The specificity of PrP*® for prion disease is an important fea-
ture of this protein and is consistent with the postulated role of PrP% in
both the transmission and pathogenesis of these illnesses (Prusiner 1987).

The accumulation of PrP%° contrasts markedly with that of glial fib-
rillary acid protein (GFAP) in prion disease. In scrapie, GFAP mRNA and
protein levels rise as the disease progresses (Manuelidis et al. 1987), but
this is neither specific nor necessary for either the transmission or patho-
genesis of disease (Gomi et al. 1995; Tatzelt et al. 1996).

A protein designated 14-3-3 seems to increase in the cerebrospinal
fluid (CSF) of many patients dying of CJD, but this protein is not specif-
ic for CJD (Harrington et al. 1986; Hsich et al. 1996). Increased CSF lev-
els of 14-3-3 have been found in the CSF of patients with herpes simplex
encephalitis, multi-infarct dementia, and stroke. Rather, 14-3-3 is a stress
protein, levels of which increase nonspecifically in CNS injury.

No macromolecule has been found in tissues of patients dying of the
prion diseases that is specific for these encephalopathies except PrP*°. In
searches for a scrapie-specific nucleic acid, cDNAs complementary to
mRNAs encoding other proteins with increased expression in prion dis-
ease have been identified (Duguid et al. 1988, 1989; Diedrich et al. 1993).
Yet, none of the proteins have been found to be specific for prion disease.

Copurification of Prion Infectivity and PrPS°

Data from several studies suggested that scrapie infectivity might depend
on protein (Hunter et al. 1969; Millson et al. 1976; Cho 1980, 1983),
whereas other studies had demonstrated that infectivity was resistant to
protease digestion (Marsh et al. 1978). Only after an effective protocol
was developed for enriching fractions approximately 100-fold for scrapie
infectivity with respect to cellular protein (Prusiner et al. 1980a,b) could
the dependence of scrapie infectivity on protein be established (Prusiner
et al. 1981). Studies with partially purified fractions prepared from SHa
brain showed loss of infectivity as a function of the concentration of pro-
tease and the time of digestion; these results demonstrated that a polypep-
tide is required for propagation of the infectious scrapie pathogen
(Prusiner et al. 1981).

Once the dependence of prion infectivity on protein was clear, the
search for a scrapie-specific protein intensified. Although the insolubil-
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ity of scrapie infectivity made purification problematic, we took advan-
tage of this property as well as its relative resistance to degradation by
proteases to extend the degree of purification (Prusiner et al. 1980b,
1981). In subcellular fractions from hamster brain enriched for scrapie
infectivity, a protease-resistant polypeptide of 27-30 kD, later designat-
ed PrP 27-30, was identified and which was absent from controls (Bolton
et al. 1982; Prusiner et al. 1982a; McKinley et al. 1983a). Radioiodina-
tion of partially purified fractions revealed a protein unique to prepara-
tions from scrapie-infected brains (Bolton et al. 1982; Prusiner et al.
1982a). The existence of this protein was rapidly confirmed (Diringer et
al. 1983).

Prions Contain PrPS°

There is much evidence to argue that PrP*° is an essential component of
the infectious prion particle (Table 3). Attempts to find a second compo-
nent of the prion particle have been unsuccessful to date; indeed, many
lines of investigation have converged to contend that prions are composed
largely, if not entirely, of PrPS® molecules. Although some investigators
think that PrP% is merely a pathologic product of scrapie infection and
that PrP> coincidentally purifies with the “scrapie virus” (Braig and
Diringer 1985; Aiken et al. 1989, 1990; Manuelidis and Manuelidis 1989;
Sklaviadis et al. 1989, 1990; Akowitz et al. 1990; Murdoch et al. 1990),
such views are not supported by the data. No infective fractions contain-
ing <1 PrP% molecule per ID, unit have been found, which argues that
PrP5 is required for 1nfect1V1ty Some investigators report that PrPS° accu-

mulation 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). In another study, the kinetics of PrP* and infectivity pro-
duction in mice inoculated with mouse-passaged CJD prions were simi-
lar in brain but were thought to be different in salivary gland (Sakaguchi
et al. 1993). The discrepancies between PrP> and infectivity levels in the
above studies appear to be due to comparisons of infectivity in crude
homogenates with PrP%¢ concentrations in purified fractions. Other inves-
tigators claim to have dissociated scrapie infectivity from PrP 27-30 in
brains of Syrian hamsters treated with amphotericin B and inoculated
with the 263K isolate, but not if they were inoculated with the 139H iso-
late; also, no dissociation was seen with mice inoculated with 139a prions
(Xi et al. 1992). A subsequent study refuted the dissociation of PrP*¢ and
infectivity in SHa inoculated with 263K prions and treated with ampho-
tericin (McKenzie et al. 1994).
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The covalent structure of PrP> remains uncertain because purified
fractions contain about 10°> PrP 27-30 molecules per ID 5, unit, the infec-
tious dose at which 50% of the animals develop scrapie (Bolton et al.
1982; Prusiner et al. 1982a; McKinley et al. 1983a). If <1% of the PrPS¢
molecules contained an amino acid substitution or posttranslational mod-
ification that conferred scrapie infectivity, our methods would not detect
such a change (Stahl et al. 1993).

PrP AMYLOID AND ULTRASTRUCTURE

In preparations highly enriched for scrapie infectivity and containing only
PrP 27-30 by silver staining of gels after SDS-PAGE, numerous rod-
shaped particles were seen by electron microscopy after negative staining
(Fig. 4) (Prusiner et al. 1983). Each of the rods was slightly different, in
contrast to viruses which exhibit extremely uniform structures (Williams
1954). These irregular rods, composed largely if not entirely of PrP 27-
30, were indistinguishable morphologically from many other purified
amyloids (Cohen et al. 1982). Studies of the prion rods with Congo red
dye demonstrated that the rods also fulfilled the tinctorial criteria for
amyloid (Prusiner et al. 1983), and immunostaining later showed that PrP
is a major component of amyloid plaques in some animals and humans
with prion disease (DeArmond et al. 1985; Kitamoto et al. 1986; Roberts
et al. 1986). Subsequently, it was recognized that the prion rods were not
required for scrapie infectivity (Gabizon et al. 1987). Furthermore, the
rods were shown to be an artifact of purification during which limited
proteolysis of PrP generated PrP 27-30, which polymerized sponta-
neously in the presence of detergent (Fig. 4) (McKinley et al. 1991).

The idea that scrapie prions were composed of an amyloidogenic pro-
tein was truly heretical when it was introduced (Prusiner et al. 1983).
Since the prevailing view at the time was that scrapie is caused by an
atypical virus, many argued that amyloid proteins are mammalian
polypeptides and not viral proteins!

Scrapie-associated Fibrils

In crude extracts prepared from brain tissue of rodents with scrapie, as
well as humans with CJD, fibrillar structures composed of two or four
helically wound subfilaments were found (Merz et al. 1981, 1983a). The
crossing of these subfilaments occurred at specific intervals and the dis-
tinctive ultrastructure of these fibers, designated scrapie-associated fibrils
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prion proteins: (4) PrPC and (B) PrP%. Neither PrP¢ nor PrP* forms recogniz-
able, ordered polymers. (C) Prion rods composed of PrP 27-30 were negatively
stained. The prion rods are indistinguishable from many purified amyloids. Bar,
100 nm. (Reprinted, with permission, from Prusiner 1998 [copyright The Nobel
Foundation].)

(SAF), permitted them to be distinguished from both intermediate fila-
ments and amyloids (Merz et al. 1983b). The regular substructure of SAF
prompted some investigators to propose that these particles might be the
first example of a filamentous animal virus and that this virus causes
scrapie (Merz et al. 1984).

Some investigators have argued that SAF are synonymous with prion
rods (Diringer et al. 1983; Merz et al. 1987; Somerville et al. 1989;
Kimberlin 1990), although morphologic and tinctorial features of these
fibrils clearly differentiated them from amyloid and, as such, from the
prion rods (Merz et al. 1981, 1983b). After the argument for a filamen-
tous animal virus causing scrapie faded, in order to explain the accumu-
lation of PrP*¢ in prion diseases, it was hypothesized that a virus induces
the formation of PrP amyloid (Diringer 1991). The term scrapie-associ-
ated fibrils has been inappropriately used as a synonym for prion rods
which has prompted the conclusion that SAF are composed of PrP
(Diener 1987).
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Ultrastructural Studies in Search of a Virus

For many years, investigators searched for virus-like particles in brain
sections from scrapie-infected sheep and rodents as well as from humans
who had died of CJD. Despite the small target size of the infectious
pathogen, as determined by inactivation by ionizing radiation (Alper et al.
1966), there were many candidate structures reported (Bouteille et al.
1965; Vernon et al. 1970; Lamar et al. 1974; Jeffrey et al. 1992; Kato et
al. 1992). Among these were tubulo-vesicular structures within postsy-
naptic evaginations that seemed to be composed of arrays of spherical
particles (David-Ferreira et al. 1968; Baringer and Prusiner 1978;
Baringer et al. 1981; Liberski et al. 1990, 1992). These particles were rel-
atively infrequent and could not be found in the brains of Syrian hamsters
with clinical signs of scrapie (Baringer et al. 1983). Other structures such
as filamentous particles composed of protein internally and DNA on the
exterior have also been reported (Narang 1992a.,b,c, 1996; Narang et al.
1987a, 1987b, 1988), but these findings have not been confirmed
(Bountiff et al. 1996). In addition to the lack of evidence for a virus of any
shape, no compelling data have been offered in support of the idea that
prion diseases are caused by a filamentous bacterium called a spiroplas-
ma (Bastian 1993).

AND MORE HYPOTHESES

After the prion concept was introduced and data from many lines of inves-
tigation were found to support it, additional hypotheses on the nature of
the scrapie agent were proposed, perhaps in part because the properties of
the prion were unprecedented. Setting forth the prion concept probably
also functioned as a challenge that intensified research on the scrapie
pathogen. SAFs that were readily distinguished from amyloid by distinct
morphology were proposed to be a filamentous animal virus (Merz et al.
1984). To explain the phenomenon of prion strains, the virino was resus-
citated first in the form of a particle containing a foreign, viroid-like
nucleic acid surrounded by PrP5¢ (Kimberlin 1982, 1990; Dickinson and
Outram 1988) and more recently in the form of a small cellular nucleic
acid called a coprion that modifies the properties of PrP%, labeled the
apoprion (Weissmann 1991). No evidence for any polynucleotide that
modifies the biological properties of PrP% has been forthcoming.
Infectious amyloid was proposed as the cause of scrapie, CJD, and kuru;
PrP was renamed the scrapie amyloid protein and in its infectious form it
was said to be complexed with aluminum-silicate (Gajdusek 1988). These
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infectious amyloids were likened to computer viruses on the premise that
the term virus can be applied to any infectious entity (Gajdusek 1988),
but use of the word virus in this context was as unhelpful as the term
unconventional virus noted above. Another proposal is that of the amy-
loid-inducing virus which is responsible for the conversion of PrP¢ into
PrP* (or SAF protein as it is sometimes called). Evidence for the exis-
tence of this virus is ~10-nm spherical particles in purified preparations
of PrP 27-30. Recent studies show that partially denatured PrP 27-30 can
form such spheres that are devoid of infectivity (Riesner et al. 1996). The
filamentous animal virus composed of SAF was proposed to have its
genome of DNA surround the protein even though the scrapie agent is
highly resistant to DNase digestion; this viral-like entity was called a
nemavirus. Some investigators continue to speculate that scrapie and CJD
are caused by a retrovirus, for which they have presented no credible evi-
dence.

PRESCIENT SPECULATION

Pattison suggested that the scrapie agent might be a basic protein, based
on the results of his attempts to purify the infectious pathogen and those
of Alper and her colleagues (Alper et al. 1966, 1967; Pattison and Jones
1967). That speculation was amplified by Griffith, who offered three pos-
sible mechanisms as to how a protein might mimic an infectious pathogen
(Griffith 1967). First, he proposed that a gene G might be silent normal-
ly but its expression could be induced by its own product, protein S. If
protein S were the scrapie agent, then it would induce the expression of
gene G. Spontaneous disease could be explained if gene G were not fully
repressed, and scrapie-resistant sheep could be explained by a mutation in
gene G. A different strain could be explained by two silent genes G, and
G, with products S, and S,. Second, he proposed that a protein may exist
in two stable conformations 0 and o, where a” is the normal conforma-
tion. In this postulate, the dimer o, is the scrapie agent, which acts as tem-
plate for converting a into a conformation that forms another o, dimer.
Spontaneous disease could be explained in terms of the equilibrium
between O and 0. An alternate strain might be due to different isozymic
subunits of the protein denoted 3" that can form mixed polymers such as
a 2[3. Third, he postulated that an antigen (A) induces antibody A" and that
A and A’ are identical, but the apparent absence of an immunologic com-
ponent in the disease process made him less enthusiastic about this pro-
posal.
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Some aspects of Griffith’s first and second proposals were truly pre-
dictive. In agreement with his first proposal, we now know that changes
in the amino acid sequence of PrP can render humans or animals resistant
to prion disease, whereas other mutations can produce inherited forms of
the disease that are fully penetrant. In disagreement, the PrP gene is not
silent normally; instead, it is constitutively expressed in adults. Several
other features of prions are in line with his second proposal in which he
suggests a conformational change in subunits of a multimeric protein
could explain the infectious process. PrP5° and PrP¢ represent o and 0" in
his nomenclature and the dimer @, is the prion; this agrees with the ion-
izing radiation target analysis, which argues that the infectious prion par-
ticle has a molecular weight of 55,000 D, which is probably a dimer of
PrP5¢. The notion that PrP%° acts as a template to direct the formation of
nascent PrP% also is in agreement with Griffith’s second proposal. What
is especially interesting about Griffith’s second proposal is that he seemed
unencumbered by the proposition emerging at the time that the primary
structure of a protein dictates a single tertiary structure under physiolog-
ic conditions (Anfinsen 1973). That prions violate this unitary relation-
ship between primary and tertiary structure was genuinely unexpected
(Pan et al. 1993). Even more surprising has been the finding that PrP*
can adopt more than one conformation and that this is the explanation for
strains of prions (Telling et al. 1996b). In both his first and second pro-
posals, Griffith attempted to explain strains by alternative amino acid
sequences and, presumably, he would have invoked a similar explanation
for his third proposal.

Were Griffith’s proposals of value in deciphering the prion problem?
The answer is probably no, but his truly prescient speculations serve to
enrich the history of the field. In contrast, Tikvah Alper’s radiation inac-
tivation data placed some important constraints on the physical features
of the infectious pathogen of scrapie (Alper et al. 1966, 1967).
Interestingly, many investigators ignored her findings and a few continue
to do so although the results have been confirmed and greatly extended
(Bellinger-Kawahara et al. 1987a,b, 1988).

FUNGAL PRIONS

Although prions were originally defined in the context of an infectious
pathogen (Prusiner 1982), it is now becoming widely accepted that prions
are elements that impart and propagate conformational variability. Such a
mechanism must surely not be restricted to a single class of transmissible
pathogens. Indeed, it is likely that the original definition will need to be
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extended to encompass other examples where a similar mechanism of
information transfer occurs.

Two notable prion-like determinants, [URE3] and [PSI], have already
been described in yeast and one in another fungus denoted [Het-s*]
(Chapter 6) (Wickner 1994; Chernoff et al. 1995; Coustou et al. 1997,
Glover et al. 1997; King et al. 1997; Paushkin et al. 1997). Studies of can-
didate prion proteins in yeast may prove particularly helpful in the dis-
section of some of the events that feature in PrP%° formation. Interestingly,
different strains of yeast prions have been identified (Derkatch et al.
1996). Conversion to the prion-like [PSI] state in yeast requires the mol-
ecular chaperone Hspl104; however, no homolog of Hspl104 has been
found in mammals (Chernoff et al. 1995; Patino et al. 1996). The amino-
terminal prion domains of Ure2p and Sup35 that are responsible for the
[URE3] and [PSI] phenotypes in yeast have been identified. In contrast to
PrP, which is a GPI-anchored membrane protein, both Ure2p and Sup35
are cytosolic proteins (Wickner 1997). When the prion domains of these
yeast proteins were expressed in E. coli, the proteins were found to poly-
merize into fibrils with properties similar to those of PrP and other amy-
loids (Glover et al. 1997; King et al. 1997; Paushkin et al. 1997).

Whether prions explain some other examples of acquired inheritance
in lower organisms is unclear (Sonneborn 1948; Landman 1991). For
example, studies on the inheritance of positional order and cellular hand-
edness on the surface of small organisms have demonstrated the epige-
netic nature of these phenomena, but the mechanism remains unclear
(Beisson and Sonneborn 1965; Frankel 1990).

LOOKING TO THE FUTURE

Although the study of prions has taken several unexpected directions over
the past three decades, a rather novel and fascinating story of prion biolo-
gy is emerging. Investigations of prions have elucidated a previously
unknown mechanism of disease in humans and animals. While learning
the details of the structures of PrPs and deciphering the mechanism of
PrP¢ transformation into PrP*¢ will be important, the fundamental princi-
ples of prion biology have become reasonably clear. Although some inves-
tigators prefer to view the composition of the infectious prion particle as
unresolved (Aguzzi and Weissmann 1997; Chesebro 1998), such a per-
spective denies an enlarging body of data, none of which refutes the prion
concept (Prusiner 1988). Moreover, the discovery of prion-like phenome-
na mediated by proteins unrelated to PrP in yeast and other fungi serve not
only to strengthen the prion concept, but also to widen it (Wickner 1997).
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Hallmark of Prion Diseases

The hallmark of all prion diseases—whether sporadic, dominantly inher-
ited, or acquired by infection—is that they involve the aberrant metabo-
lism and resulting accumulation of the prion protein (Prusiner 1991,
1997, 1998). The conversion of PrP® into PrP%° involves a conformation-
al change whereby the a-helical content diminishes and the amount of 3-
sheet increases (Pan et al. 1993). These findings provide a reasonable
mechanism to explain the conundrum presented by the three different
manifestations of prion disease.

Understanding how PrP¢ unfolds and refolds into PrPS° will be of
paramount importance in transferring advances in the prion diseases to
studies of other degenerative illnesses. The mechanism by which PrP* is
formed must involve a templating process whereby existing PrP%¢ directs
the refolding of PrP® into a nascent PrP5 with the same conformation.
Not only will a knowledge of PrP¢ formation help in the rational design
of drugs that interrupt the pathogenesis of prion diseases, but it may also
open new approaches to deciphering the causes of, and to developing
effective therapies for, the more common neurodegenerative diseases,
including Alzheimer’s disease, Parkinson’s disease, and amyotrophic lat-
eral sclerosis. Indeed, the expanding list of prion diseases and their novel
modes of transmission and pathogenesis, as well as the unprecedented
mechanisms of prion propagation and information transfer, indicate that
much more attention to these fatal disorders of protein conformation is
urgently needed.

Prions may have even wider implications than those noted for the
common neurodegenerative diseases. If we think of prion diseases as dis-
orders of protein conformation and do not require the diseases to be trans-
missible, then what we have learned from the study of prions may reach
far beyond these common illnesses.

Multiple Conformers

The discovery that proteins may have multiple biologically active confor-
mations may prove no less important than the implications of prions for
diseases. How many different tertiary structures can PrP¢ adopt? This
query not only addresses the issue of the limits of prion diversity, but also
applies to proteins as they normally function within the cell or act to
affect homeostasis in multicellular organisms. The expanding list of chap-
erones that assist the folding and unfolding of proteins promises much
new knowledge about this process. For example, it is now clear that pro-
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proteases can carry their own chaperone activity where the pro portion of
the protein functions as a chaperone in cis to guide the folding of the pro-
teolytically active portion before it is cleaved (Shinde et al. 1997). Such a
mechanism might well feature in the maturation of polypeptide hor-
mones. Interestingly, mutation of the chaperone portion of prosubtilisin
resulted in the folding of a subtilisin protease with properties different
from the one folded by the wild-type chaperone. Such chaperones have
also been shown to work in trans (Shinde et al. 1997). In addition to tran-
sient metabolic regulation within the cell and hormonal regulation of mul-
ticellular organisms, it is not unreasonable to suggest that polymerization
of proteins into multimeric structures such as intermediate filaments
might be controlled at least in part by alternative conformations of pro-
teins. Such regulation of multimeric protein assemblies might occur
either in the proteins that form the polymers or in the proteins that func-
tion to facilitate the polymerization process. Additionally, apoptosis dur-
ing development and throughout adult life might also be regulated, at least
in part, by alternative tertiary structures of proteins.

Shifting the Debate

The debate about prions and the diseases that they cause has now shifted
to such issues as how many biological processes are controlled by
changes in protein conformation (Prusiner 1998). Although the extreme
radiation-resistance of the scrapie infectivity suggested that the pathogen
causing this disease and related illnesses would be different from viruses,
viroids, and bacteria (Alper et al. 1966, 1967), few thought that alterna-
tive protein conformations might even remotely feature in the pathogene-
sis of the prion diseases (Griffith 1967). Indeed, an unprecedented mech-
anism of disease has been revealed where an aberrant conformational
change in a protein is propagated. The discovery of prions and their even-
tual acceptance by the community of scholars represents a triumph of the
scientific process over prejudice. The future of this new and emerging
area of biology should prove even more interesting and productive as a
multitude of unpredicted discoveries emerge.
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Prior to the experimental transmission of scrapie to inoculated goats with
tissue extracts prepared from scrapied sheep (Cuillé and Chelle 1939), no
experimental studies of the disease were possible. Despite the cumber-
some bioassays in sheep, some limited studies were possible. For exam-
ple, the susceptibility of 24 different breeds of sheep was measured after
subcutaneous inoculation with brain extract prepared from a scrapied
sheep (Gordon 1946). The resistance of the scrapie agent to inactivation
by formalin and heat was also shown by using bioassays in sheep
(Pattison and Millson 1960); moreover, the first evidence for strains of
prions was accumulated with goats that presented with two different clin-
ical syndromes (Pattison and Millson 1961b). One set of goats was
described as “drowsy” due to the lethargy manifested during the clinical
phase of scrapie, and the other was called “hyper” because these animals
were highly irritable and easily aroused.

One of the most distinctive and remarkable features of slow infec-
tions is their prolonged incubation periods, during which the host is free
of recognizable clinical dysfunction. The onset of clinical illness marks
the end of the incubation period and the beginning of a relatively short,
progressive course, which ends with death. Although prolonged incuba-
tion periods are fascinating phenomena, they have been the biggest
impediment to scrapie research. Since animals remain healthy throughout
the incubation period, investigators must wait until signs of clinical ill-
ness appear before assigning a positive score. In early studies of scrapie
using sheep, incubation periods of 1-3 years were required.

Goats seemed to be a better host than sheep. Although the incuba-
tion periods were not substantially shorter, goats develop scrapie more
consistently than sheep. In Table 1, data from an endpoint titration of the
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Table 1 Endpoint titrations in goats

Incubation period

Inoculum?* Log dilution Number® (months)
Scratching 1 2/2 11,12
2 2/2 9,22
3 2/2 11,12
4 0/2
5 1/3 14
6 0/3
7 1/3 15
8 1/3 11
Drowsy 1 2/2 8,8
2 2/2 10, 11
3 2/2 9,11
4 12 22
5 0/3
6 1/3 11
7 0/3
8 0/3

Data from Pattison (1966).

*Inocula prepared from pools of three goat brains. The goats had either the scratching or drowsy
forms of scrapie.

"Number with scrapie over the number tested.

scrapie agent in goats are recorded (Pattison 1966). As shown, an entire
herd of goats was required to quantify the concentration of prions in a
single sample.

TRANSMISSION OF SCRAPIE TO RODENTS

An important milestone in the history of prion research was the experi-
mental transmission of scrapie from sheep to mice about 18 months after
intracerebral inoculation of brain extracts (Chandler 1961). On second
passage, the incubation periods shortened to 4—5 months and remained
constant on subsequent passages. The demonstration that scrapie could be
transmitted to a small laboratory rodent made possible many new experi-
mental studies that were previously not possible in sheep or goats.

Endpoint Titrations

Studies with rodents ushered in a new era of scrapie research. Although
still slow, tedious, and expensive, endpoint titrations of scrapie prions in
mice represented an important advance. Typical endpoint titrations in
mice require 60 mice and 1 year to determine the titer of a single sample.
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Each 10-fold dilution of a titration is generally inoculated into 6 mice;
each mouse receives 30 Ml inoculated intracerebrally. At about 130 days
after inoculation, mice inoculated with the highest dose (a 10-fold dilu-
tion of a 10% brain homogenate from a mouse with scrapie) develop clin-
ical signs of neurologic dysfunction. Despite the large number of mice
and the extremely long time interval, much was learned about the physi-
cochemical properties of the scrapie agent and the pathogenesis of the ill-
ness (Hunter 1972; Kimberlin 1976; Dickinson and Fraser 1977; Hadlow
et al. 1979). Yet the year-long intervals between designing experiments
and obtaining results discouraged sequential studies. Furthermore, the
large number of mice needed to quantify a single sample prevented large
experiments in which many studies were performed in parallel.

Syrian Hamsters

The identification of an inoculum that produced scrapie in the golden
Syrian hamster (SHa) in about 70 days after intracerebral inoculation was
an important advance (Marsh and Kimberlin 1975; Kimberlin and Walker
1977). In earlier studies, Syrian hamsters had been inoculated with pri-
ons, but serial passage with short incubation times was not reported
(Zlotnik 1963). The relatively short incubation period in the hamster and
the high prion titers in its brain made the hamster the preferred animal for
biochemical research on the nature of the scrapie agent.

Incubation Time Bioassay

The development of an incubation time bioassay in hamsters reduced the
time required to measure prions in samples with high titers by a factor of
nearly 6; only 70 days were required instead of the 360 days previously
needed. Equally important, 4 animals could be used in place of the 60 that
were required for endpoint titrations, which made a large number of par-
allel experiments possible. However, there were disadvantages with the
hamster compared to the mouse (Mo): (1) the lack of a large number of
inbred hamster strains, (2) the higher purchase price and more expensive
care of the hamster, and (3) the lack of procedures for transfer and abla-
tion of genes in the hamster. No longer does the hamster possess the
shortest incubation times; transgenic (Tg) mice have been developed that
overexpress Mo or SHa PrP genes and have incubation times of about 40
days (Carlson et al. 1994).

Inbred and congenic strains of mice, in conjunction with molecular
genetics, showed that the sequence of the PrP gene in mice can control the
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length of the scrapie incubation time (Carlson et al. 1994; Moore et al.
1998). For many years, two types of mice were studied by the Edinburgh
group: Most mice had short incubation times when inoculated with the
Me7 strain of scrapie agent, but VM mice had long incubation times
(Dickinson and Fraser 1977). Subsequently, it was shown that VM mice,
like IIn/J mice from which they were derived, have different amino acids
at positions 108 and 189 compared to mice with short incubation times
such as C57BL mice (Westaway et al. 1987; Carlson et al. 1988).

Transgenic Mice

The expression of foreign and mutant PrP transgenes in mice has created
a wealth of knowledge about prions that was previously unattainable.
Such studies have elucidated the molecular mechanism of prion forma-
tion, begun to define the biochemical and genetic basis of the “species
barrier,” demonstrated an inverse relationship between the level of PrP¢
expression and the incubation time, established the de novo synthesis of
prion infectivity from mutant PrP, and revealed the molecular basis of
prion strains. Additionally, in PrP-deficient mice neither prion disease nor
replication has been found.

Cultured Cells

To date, no cell culture system has been devised for the bioassay of pri-
ons. No readily detectable, specific morphologic change in cultured cells
infected with prions has been observed. Many reports of chronically
infected cells with low levels of prions have been published (Clarke
1979); these low titers have prevented further studies using the cells as a
source of prions. In contrast, mouse neuroblastoma cells (N2a) were
found to propagate prions derived from sheep with scrapie and humans
with Creutzfeldt-Jakob disease (CJD) if they were first passaged through
mice (Kingsbury et al. 1984; Race et al. 1987; Butler et al. 1988). More
recently, a mouse hypothalamic neuronal cell line (GT-1) immortalized by
expression of TAg has been found to support scrapie infection in culture
(Schitzl et al. 1997). Rat pheochromocytoma cells (PC12) have been
reported to propagate mouse prions (Rubenstein et al. 1984, 1991, 1992),
but the biology of this system remains unclear.

RODENT MODELS OF PRION DISEASE

Mice and hamsters are commonly used in experimental studies of prion
disease. The shortest incubation times are achieved with intracerebral
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inoculation of homologous prions; under these conditions all of the ani-
mals develop prion disease within a narrow interval for a particular dose
(Fig. 1). The term homologous prions indicates that the PrP gene of the
donor in which the prion was previously passaged has the same sequence
as that of the recipient. When the PrP sequence of the donor differs from
that of the recipient, the incubation time is prolonged, the length of the
incubation becomes quite variable, and often, many of the inoculated ani-
mals do not develop disease (Carlson et al. 1989; Telling et al. 1994,
1995; Tateishi et al. 1996). This phenomenon is often called the prion
“species barrier” (Pattison 1965).

Kinetics of Prion Replication and Incubation Times

When the titer of prions reaches a critical threshold level, the animals
develop signs of neurologic dysfunction (Fig. 1). The time from inocula-
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Figure 1 Kinetics of experimental prion infection in rodents. The infection can
be divided into three phases: early, preclinical, and clinical. In the early phase,
only prion infectivity is detectable, and the titer is generally <10° ID 5 units/ml
of 10% (w/v) homogenate. In the preclinical phase (shaded rectangular area),
the titer is typically 10°~10" ID, units/ml, which is sufficiently high for PrP°
detection by immunoblotting, but few neuropathologic changes can be seen. In
the clinical phase, the titer is >107 ID % units/ml, PrP% is readily detected, clini-
cal signs of neurologic dysfunction are obvious, and frank neuropathology is
seen. The left-hand set of curves depicts transmission of prions between homol-
ogous animals, and the right set of curves is for heterologous transmission, i.e.,
crossing the “species barrier,” where there is much more variation in transmis-
sion of disease.
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tion to reach this threshold level of prions is generally referred to as the
incubation time or incubation period. The length of the incubation time
can be modified by (1) the dose of prions, (2) the route of inoculation, (3)
the level of PrP® expression, (4) the species of the prion (i.e., the
sequence of PrP%%), and (5) the strain of prion. The higher the dose of pri-
ons, the shorter is the time required to reach the threshold level for PrP*
at which signs of illness appear (Prusiner et al. 1982b). The intracerebral
route of inoculation is substantially more efficient than other routes
(Prusiner et al. 1985). The higher the level of PrP€, the more rapid is the
accumulation of PrP%¢ and, hence, the shorter the incubation time to reach
the threshold level for PrP5¢ at which the animals exhibit clinical signs of
CNS dysfunction (Prusiner et al. 1990). When the amino acid sequence
of PrP% in the inoculum is the same as that of the PrP® expressed in the
recipient, the incubation times are generally the most abbreviated (Scott
et al. 1989, 1997a). At present, the mechanism by which strains modify
the incubation time is not well understood, but interactions between PrP5¢
and PrP¢ undoubtedly play a major role (DeArmond et al. 1997; Scott et
al. 1997a).

Endpoint Titrations

An endpoint titration for rodent-adapted scrapie prions is performed by
serially diluting a sample at 10-fold increments. Each dilution is typical-
ly inoculated intracerebrally into four to six animals, after which the wait-
ing process ensues. Since the highest dilutions at which scrapie develops
are the only observations of interest, 10—12 months must pass before the
titration may be scored if mice are used. A titer or concentration of the
infectious agent in the original sample can be calculated from the score at
the highest dilutions at which there is a positive result. Not only are the
resources great with respect to animals and time, but accurate measure-
ments are problematic because experiments require pipetting 10 serial 10-
fold dilutions.

Mouse-passaged Prions

In a typical endpoint titration for murine-adapted scrapie prions, female
Swiss Webster mice are used. Serial 10-fold dilutions of samples are pre-
pared with phosphate-buffered saline. For each dilution, six mice are
inoculated intracerebrally with 30 il of diluted suspension. The inocula-
tions are all made in the left parietal region of the cranium with a 26-
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gauge needle inserted to a depth of about 2 mm. After 3 months, the ani-
mals are examined three times per week during the next 9 months for clin-
ical signs of scrapie. These signs include bradykinesia, plasticity of the
tail, waddling gait, and a coarse, ruffled appearance of the coat.
Histologic examination of the brain and spinal cord should be done occa-
sionally to confirm the clinical diagnosis. Generally, the animals die with-
in 4-6 weeks after the onset of scrapie. The disease is rather stereotypic
and progressive. Titers are calculated according to the method of
Spearman and Kérber (Dougherty 1964). The standard errors of our titra-
tions generally vary between 0.2 and 0.4 log units; 2 S.E. =+ 0.4 to 0.8 log
units (~95% confidence limits).

Ovine and Caprine Prions

Measuring scrapie prions in sheep or goat specimens by endpoint titrations
in mice is considerably more difficult than for mouse-adapted prions. The
adaptation of the scrapie agent from sheep or goats into mice greatly
extends the incubation period. When homogenates of sheep or goat brain
are diluted 10-fold and Swiss mice are inoculated, incubation periods of
10-12 months are observed. Eighteen to 24 months are needed to score
endpoint titrations. Typically, 10—12 mice are used at each dilution, since
intercurrent illnesses begin to produce significant mortality at about 18
months of age. Most confusing are chromophobe adenomas of the pitu-
itary, which cause neurologic signs that can be misinterpreted as scrapie.
Under these circumstances, histopathologic confirmation is necessary
(W.J. Hadlow, pers. comm.). Since many mice die of illnesses other than
scrapie during such prolonged experiments, expanding the number of mice
inoculated is necessary in order to have at least 6 mice scored at each dilu-
tion for reliably determining the endpoint.

Hamster-passaged Prions

Because of the increased cost, limited numbers of endpoint titrations have
been performed in hamsters. Five to 6 months are required before an end-
point titration may be scored in hamsters. The principles of the methodol-
ogy are the same with the following exceptions: (1) 50 pl is inoculated
intracerebrally, (2) four or six hamsters are generally used for each dilu-
tion, and (3) the clinical signs of scrapie are slightly different as discussed
below.
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INCUBATION TIME INTERVAL ASSAY

Faced with cumbersome, slow, and expensive endpoint titrations, we
questioned whether a new approach might be devised that would decrease
the number of animals and the time required for assaying each sample.
Initially, we searched for a scrapie-specific alteration in the immune sys-
tem of mice 20-30 days after inoculation, when the titer of the agent in
the spleen reaches a maximum (Garfin et al. 1978a,b). Unable to find a
scrapie-specific alteration of sufficient magnitude to correlate with
scrapie agent titer, we turned to earlier observations that showed the incu-
bation period or the time interval from inoculation to onset of illness
increased as the dose of agent decreased (Eklund et al. 1963; Hunter et al.
1963; Dickinson et al. 1969). We asked whether it would be possible to
use the length of the incubation period to measure the titer of the agent in
a sample reliably.

Although the length of the incubation period was carefully recorded
in early studies on scrapie in sheep and goats, its relationship to the size
of the injected dose was unclear (Table 1) (Pattison and Millson 1961a).
In contrast, a clear relationship between the length of the incubation peri-
od and the dilution of the inoculum was evident in studies by Eklund and
coworkers that used mice infected with scrapie (Eklund et al. 1963). The
regular increases in incubation periods and in intervals from inoculation
to death with increasing dilution prompted these investigators to suggest
that the relationship might be used as an assay.

Encouraged by reports on conventional viruses that had been assayed
by measuring the time intervals from inoculation to onset of symptoms or
to death (Bryan 1957; Luria and Darnell 1967), we determined how pre-
cise and predictable this relationship was for the scrapie agent. Our stud-
ies clearly demonstrated that measurements of time intervals could be
used to predict, with precision equal to or greater than that obtainable by
endpoint titration, the titer of the scrapie agent in a sample (Prusiner et al.
1980b, 1982b).

It is of interest that prior to the advent of cell culture assays for viruses,
incubation period assays were used successfully to measure encephalomyelitis
viruses (Gard 1940), rabbit papillomavirus (Bryan and Beard 1939), avian
erythromyeloblastic leukosis (Eckert et al. 1954), Rous sarcoma virus (Bryan
1956), and several viruses of the psittacosis-lymphogranuloma venereum
group (Golob 1948; Gogolak 1953; Crocker 1954).

The incubation time interval assay reduced the number of test ani-
mals, the time required for bioassay, and potential pipetting errors com-
pared with the endpoint titration (Prusiner et al. 1980b, 1982b). With
hamsters, studies on the structure of the scrapie agent were dramatically
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accelerated by the development of a bioassay based on measurements of
incubation times. This bioassay made it possible to quantify the concen-
tration of prions in a sample with four animals. If the titer of the scrapie
agent in the sample was greater than 10% ID 5o units/ml, only about 70 days
was required for a positive response.

Nomenclature

In discussions of slow infectious diseases, the incubation period is the
time from inoculation to the onset of illness. The term incubation time
interval assay was adopted to describe the bioassay procedure. The assay
uses two measurements: (1) the time from inoculation to the onset of ill-
ness (y) and (2) the time from inoculation to death (z). The difference
between z and y is the duration of clinical illness.

The dilution (D) of the sample to be assayed refers to the fractional
concentration of prions. Conventional serial 10-fold dilutions were made
and the dilution is expressed as 1/10¢; thus, the log,, D equals —d. We rec-
ognize that the dilution process itself has a positive exponent.

It is noteworthy that the median infective dose (ID,)) and median
lethal dose (LD,) values for a given sample are identical since scrapie is
uniformly fatal. The ID,  is expressed in units.

Preparation of Inocula

Rodent brains are generally homogenized in 320 mM sucrose, and the
homogenate is clarified by centrifugation at 1000g for 10 minutes at 4°C.
The supernatant fraction must be diluted at least 3-fold or the inoculum is
toxic; generally, we dilute such supernatant fractions 10-fold. For intra-
cerebral inoculations described below, we typically inject 50 pl into
female weanling hamsters and 30 pl into weanling mice. For LVG/Lak
Syrian hamsters from Charles River Laboratories inoculated with Sc237
prions, the titer of the inoculum used in many of our studies is a median
infective dose (ID, ) of 10°° units/g of brain tissue, as determined by end-
point titration using the method of Spearman and Kirber (Dougherty
1964). For CD-1 Swiss mice from Charles River Laboratories inoculated
with RML prions, the titer is 10%° ID,  units/g of brain tissue.

Inoculation of Rodents

The shortest incubation periods are observed after intracerebral inocula-
tion. Peripheral routes of inoculation, such as intraperitoneal, subcuta-
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neous, and intravenous, result in longer incubation periods for a given
dose (Prusiner et al. 1985; Kimberlin and Walker 1986). Studies on the
intracerebral route of inoculation with bacteriophage or India ink have
shown that 90% of the inoculum is absorbed systemically (Schlesinger
1949; Cairns 1950). Less than 10% of the inoculum remained in the
brain. Presumably, the extreme vascularity of the brain and the pressure
during inoculation are responsible for dispersal of most of the inoculum.

Weanling female hamsters or mice of either sex are inoculated intra-
cerebrally with 50 or 30 pl, respectively, of a given sample at a specified
dilution using a 26-gauge needle. The inoculations are all made in the left
parietal region of the cranium with the needle inserted to a depth of
approximately 2 or 3 mm for mice or hamsters, respectively. The diluent
used is phosphate-buffered saline. We have used additives, including 0.5
units/ml penicillin, 0.5 pg/ml streptomycin, 2.5 pug/ml amphotericin, and
5% w/v recrystallized fraction V bovine serum albumin (Pentex-Miles
Laboratories, Elkhart, Indiana), but they have not been found to affect the
outcome of our studies.

Immunohistochemical studies show that prion amyloid filaments
accumulate along the needle tract where the inoculum was injected
(Bendheim et al. 1984). These amyloid deposits of prion proteins are syn-
thesized de novo since immunoreactive prion polymers were not detected
until 60 days after inoculation (DeArmond et al. 1985).

In attempts to increase the deposition of inoculated prions in hamster
brains, subarachnoid injections were compared to intraparenchymal pari-
etal lobe injections. No difference in incubation periods was observed for
the two different intracerebral routes of inoculation (Table 2). Additional
studies using agarose to hold the inoculum in the brain were performed,
but with agarose plugs, neither the subarachnoid nor intraparenchymal
injections showed any change in the incubation period.

Oral Inoculation

Studies on the oral transmission of prions have gained importance with
the bovine spongiform encephalopathy (BSE) epidemic and the possible
transmission of bovine prions to humans. Investigations of oral transmis-
sion of prions using Syrian hamsters were readily performed since these
animals are avid cannibals; they devour their offspring at the least provo-
cation. These natural cannibalistic activities of hamsters were exploited to
examine the transmission of scrapie prions among laboratory animals
(Prusiner et al. 1985). Weanling hamsters were inoculated intracerebrally
with 107 ID units of scrapie prions, and 3080 days later they were used
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Table 2 Comparison of intracranial and subarachnoid inoculations

Inoculum Onset of illness Death Agarose® Temperature
Route  vol. (ul) (n) (mean days) (mean days) (type/%conc.) (°C)
i.c. 50 12 64 81 — 4
s.a. 50 12 63 84 — 4
s.a. 100 12 70 86 — 4
i.c. 50 12 69 89 — 45
s.a. 50 8 73 94 — 45
s.a. 100 8 75 89 — 45
i.c. 50 6 71 87 HGT 0.5% 45
s.a. 50 5 71 90 HGT 0.5% 45
i.c. 50 4 70 88 LGT 0.5% 45
s.a. 50 6 78 92 LGT 0.5% 45
i.c. 50 5 70 90 LGT 0.75% 45
s.a. 50 3 74 89 LGT 0.75% 45

Intracerebral (i.c.) or subarachnoid (s.a.) inoculations were performed with 27-gauge needles.
*Agarose solidifying at high temperature (HGT) or low temperature (LGT).

in the experiments described here. In an initial set of experiments
designed to reproduce what we had inadvertently observed earlier,
scrapie-inoculated and uninoculated hamsters were allowed to cohabit.
Those animals inoculated with prions developed a progressive neurolog-
ical disorder characterized by ataxia, difficulty righting from a supine
position, generalized tremor, and head bobbing. The terminal animals
were eventually killed by their uninoculated cage mates. In all cases, the
heads of the dead hamsters were consumed by their healthy cage mates.
Frequently, the genital and abdominal organs were also eaten.

When healthy cannibal hamsters were placed in cages with scrapie-
infected hamsters, all hamsters developed scrapie 110—135 days after
eating their cage mates. Histopathologic examination of the brains of
cannibal hamsters that developed scrapie was performed. Sections of the
cerebral hemispheres demonstrated mild but widespread vacuolation in
the cerebral cortex and adjacent hippocampus. Vacuoles appeared to be
localized to the neuropil and were occasionally seen within neuronal
perikarya. The most conspicuous vacuolation was seen in the hippocam-
pus adjacent to the layer of pyramidal cells and in the subiculum. This
distribution of vacuolar changes is similar to that seen after intracerebral
injection of scrapie agent in the hamster brain. Adjacent to sections taken
for histopathology, brain tissue samples were taken from three different
cannibals for assay of the scrapie agent. The titers of prions in the three
brains were 9.7 £ 0.10, 9.5 £ 0.60, and 9.6 +£ 0.13 ID50 units/gram of tis-
sue + S.E. We assume that these titers are representative of the entire
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brain, since other studies have shown no regional differences in the titers
of scrapie agent in brain after unilateral intracerebral inoculation
(Baringer et al. 1983).

To determine whether a dose-dependent relationship for oral trans-
mission of scrapie could be found, scrapie-infected hamsters were sacri-
ficed by cervical dislocation and then placed in the cages with healthy
animals. As shown in Table 3, no dose-dependent relationship could be
demonstrated when the number of experimental animals in each group
was increased. There were no significant differences among the incuba-
tion times of the experimental groups, which ranged in their cannibal-to-
victim ratios from 1 to 16. Furthermore, there were no differences
between male and female cannibals with respect to times of onset of ill-
ness and death. For three experimental groups where the ratios of canni-
bals to victims were 1, 2, and 16, more than 80% of the cannibals devel-
oped clinical signs of scrapie at 120-140 days. Likewise, more than 80%
of the cannibals died after 130-150 days. In similar experiments with
uninoculated, healthy victims as well as victims previously inoculated
with normal brain extracts, all the cannibals failed to develop scrapie.

Repeated consumption of scrapie-infected animals was also exam-
ined in an attempt to shorten the incubation and death times. In control
experiments, healthy animals repeatedly cannibalized dead normal ani-

Table 3 Transmission of prions to hamsters after ingestion of infected ham-
sters—scrapie-infected hamsters were sacrificed prior to ingestion

Incubation time intervals

Ratio onset of illness death
Sex (cannibals/victims) (n) (days =+ S.E.) (days =+ S.E.)
Scrapie F 16* 80 128 £ 4.2 145+ 6.6
F 8 36 127+ 6.4 147 +£7.0
F 4 20 126 £ 6.7 146 £ 6.7
F 2 80 121 £ 6.6 139 +3.9
F 1 45 124 £10.2 144 £10.2
M 16 58 132 £ 6.7 153 £5.7
M 2 85 126 £ 6.7 152 +£5.8
Normal F 2b 42 >300
F 2¢ 41 >300
F — 35 >300
M 2b 28 >300

Victims were inoculated with 107 ID,  units of scrapie prions 70 days prior to sacrifice. At this
time, they displayed clinical signs of scrapie.

®Victims were uninoculated normal animals sacrificed by cervical dislocation prior to canni-
balism.

“Victims were inoculated with normal brain extract (0.05 ml) 70 days prior to sacrifice.
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mals prior to eating scrapie-infected hamsters once. There was a slight but
probably insignificant reduction in the incubation times for animals
repeatedly fed scrapie-infected victims compared with those consuming
scrapie-infected animals only once. Repeated eating of uninfected con-
trols prior to consuming scrapie-infected animals once gave incubation
times comparable to those found with multiple feedings. More than 80%
of the cannibals developed clinical signs of scrapie at 105-125 days, and
death occurred at 130-150 days. When healthy, uninoculated animals
were used as the only victims, the cannibals never developed scrapie.

To investigate the possibility that abrasion of the oral mucosa caused
by consumption of tissues such as the calvarium might have influenced
oral transmission, healthy hamsters were given pieces of infected brain.
This protocol slightly accelerated the onset of disease and death com-
pared with cannibalism of infected animals (Table 4). Again, no dose-
dependent relationship was apparent, but the 6-fold range over which this
was tested was probably too small to be measurable. More than 80% of
the animals that developed clinical signs of scrapie at 110-120 days died
at 130-150 days. When brains removed from healthy, uninoculated ani-
mals were used, the cannibal hamsters never developed scrapie.

Studies on the oral transmission of scrapie prions to mice showed a
much higher rate of transmission after abrasion of the oral mucosa com-
pared to unscarred controls (Carp 1982). In contrast to hamsters, most of
the control mice did not develop signs of scrapie after oral exposure.

The comparative efficiencies of oral and intraperitoneal routes of
infection compared to intracerebral inoculation are shown in Table 5.
Cannibalism or oral ingestion routes are 10° times less efficient than
intracerebral inoculation. Intraperitoneal injections are 10° times less effi-

Table 4 Transmission of prions by oral consumption of scrapie-infected brain
tissue

Brain tissue Incubation time intervals
consumed onset of illness death
(grams) (n) (days =+ S.E.) (days £ S.E.)
Scrapie 1/6* 40 119 £17.5 140 + 8.8
36 114 £33 138 £ 6.0
12 38 113 £0.5 133 £4.8
40 118 £4.5 138 £ 6.5
Normal 1/6° 18/40 >370
1¢ 13/40 >370

*Brain tissue was from scrapie-infected hamsters that were sacrificed 70 days after intracerebral
inoculation with 107 ID, units. At this time, the animals had clinical signs of scrapie.
"Brain tissue was from healthy hamsters that were sacrificed.
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Table 5 Comparative efficiencies of scrapie prion inoculation routes in Syrian hamsters

Incubation time intervals  Equivalent Comparative

Peripheral onset of intracerebral efficiency of
route of Inocula dose illness death dose inoculation
inoculation  (log ID, units) (mean days) (mean days) (log ID, | units) route
Cannibalism 9.5 120 147 0.4 101
Intraperitoneal 8.3 92 112 2.9 1054

cient than inoculation into the brain. These findings, coupled with differ-
ences in the human PrP%° amino acid sequence in the inoculum (Goldfarb
et al. 1990, 1994) and the PrP° sequence of the recipient apes and mon-
keys (Schétzl et al. 1995), may explain the inability of investigators to
transmit kuru prions orally to these animals initially (Gibbs et al. 1980).

Care of Rodents

Long-term holding of rodents is mandatory for most studies of experi-
mental scrapie and CJD. First passage of scrapie prions from sheep to
mice (W.J. Hadlow, unpubl.) or CJD prions from human to mice (Tateishi
et al. 1983) may take 2 years or more. Typically, 10—12 mice were inocu-
lated for scrapie sheep and goat studies at each dilution in order to be able
to score endpoint titrations at the end of 1.5-2 years (Hadlow et al. 1974,
1982). About 50% of the mice would die of illness other than scrapie prior
to developing signs of neurologic dysfunction.

In our experience with hamsters, holding them is easily accomplished
for 100200 days. Sc237 scrapie prions inoculated intracerebrally require
less than 150 days for bioassay. In contrast, long-term experiments
extending beyond 400 days present some difficulties. By 1 year, about
40% of the hamsters will have died. The attrition is slow and begins to be
significant at about 6 months (Fig. 2). The animals generally die of trau-
matic injuries, because hamsters readily fight even when housed together
since weaning. In all our studies, males and females were held in separate
cages. No difference in survival between males and females was noted,
although the males seemed more aggressive. The hamsters are housed in
polyurethane cages 20 cm high, 20 cm wide, and 42 cm deep and covered
with a tight-fitting wire top that holds the food. Four animals are housed
per cage. Water is supplied by water bottles, and Purina rat chow is pro-
vided ad libitum. A generous supply of pine wood shavings is placed on
the bottom of each cage and is changed two times per week. All person-
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Figure 2 Survival of uninoculated Syrian hamsters. (Reprinted, with permission,
from Prusiner 1987.)

nel entering the room are required to wear masks, gowns, rubber boots,
gloves, head covers, and eye protection.

Clinical Signs of Experimental Prion Disease

The most reliable clinical signs of prion disease in rodents consist of (1)
limb and truncal ataxia, (2) rigidity of the tail, (3) forelimb flexion instead
of extension when suspended by the tail, and (4) difficulty righting from
a supine position. The diagnosis of probable prion disease requires pro-
gression of at least two of these signs over a period of a few days,
although slow progression over 10-20 days is more reliable. In some Tg
mice the clinical phase of disease is very rapid and lasts for only one day
or less; in such cases, histopathologic examination is necessary in a por-
tion of the animals. In mice, we routinely look for limb and truncal atax-
ia, rigidity of the tail, and forelimb flexion instead of extension when sus-
pended by the tail. In hamsters, we routinely look for limb and truncal
ataxia, forelimb flexion instead of extension when suspended by the tail,
and difficulty righting from a supine position. Spongiform degeneration
and reactive astrocytic gliosis are required to diagnose prion disease.
Nonobligatory neuropathologic features include PrP amyloid plaques and
protease-resistant PrP on histoblotting.

Besides limb and truncal ataxia, rigidity of the tail, forelimb flexion
instead of extension when suspended by the tail, and difficulty righting
from a supine position, generalized tremors and head bobbing are fre-
quently seen. The bobbing movements of the head are progressive and
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may result from visual difficulties due to degenerative changes in the reti-
na (Hogan et al. 1981). Between 1% and 10% of rodents show general-
ized convulsions at this early stage of the illness. With further deteriora-
tion, the ataxia becomes so pronounced that balance is maintained with
considerable difficulty. Kyphotic posture, bradykinesia, and weight loss
appear 7—15 days after the onset of illness. Over the next week the rodents
become unable to maintain an erect posture; they lie quietly on their sides
and exhibit frantic movements of the extremities when disturbed. Death
follows in 3-5 days.

Calibration Curves

The development of an incubation time bioassay for prions, in which
incubation periods are used to predict scrapie titers, requires calibration
of the system. For each strain of prions and host, a calibration curve relat-
ing prion dose to the incubation time must be constructed.

The construction of reliable calibration curves probably requires sam-
ples with a wide range of titers. The titers are determined by endpoint
titrations, and the time intervals from inoculation to onset of illness and
to death are measured for each dilution. In developing calibration curves
for Syrian hamsters, four animals were inoculated intracerebrally with a
given sample at a specified dilution. After 55 days, the animals were
examined two times weekly for clinical signs of scrapie. From the num-
ber of animals positive at each dilution, the titer was calculated using the
method of Spearman and Kirber (Dougherty 1964). The injected dose is
then calculated by multiplying the titer times the dilution.

Curves relating the injected dose to the time intervals from inocula-
tion to onset of clinical illness, as well as from inoculation to time of
death, are shown in Figures 3 and 4. The titers of the samples used to con-
struct these curves varied over a range from 10° to 10*° ID, | units/ml, as
determined by endpoint titration. As illustrated in Figure 3, the interval
from inoculation to onset of illness minus a time factor of 40 is a linear
function of the inoculated dose. The time factor was determined by max-
imizing the linear relationship between time interval and dose. With a fac-
tor of 40, the regression coefficient for the line is 0.87.

Although the onset of illness requires clinical judgment with respect
to the diagnosis of scrapie, the time of death is a completely objective
measurement. As shown in Figure 4, the time interval from inoculation
to death minus a time factor of 61 is a linear function of the injected
dose. As with the analysis of data for onset of illness, the time factor was
determined by maximizing the linear relationship between this time
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Figure 3 Incubation times from inoculation to onset of illness in Syrian hamsters
as a function of the dose of Sc237 scrapie prions. (Reprinted, with permission,
from Prusiner et al. 1982b [Lippincott Williams & Wilkins http://lww.com].)

interval and the dose. With a factor of 61, the regression coefficient for
the line is 0.86.

Dose-response Relationships: Derivation of Equations

From the linear relationships described, equations relating titer, dilution,
and time intervals can be written as follows:

Log T, = 26.66 — (12.99) log(3-40) — log D
Log T =25.33 - (12.47) log(z61) — log D

where T is the titer, expressed in ID s units/ml; D is the dilution, defined
as the fractional concentration of the diluted sample; y is the mean inter-
val from inoculation to onset of clinical illness in days; and z is the mean
interval from inoculation to death in days. The most precise estimate of
titer is obtained by calculating a weighted average of T and T .

Similar linear relationships were obtained when the re01procals of the
time intervals were plotted as a function of the logarithm of the dose.
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Figure 4 Incubation times from inoculation to death in Syrian hamsters as a
function of the dose of Sc237 scrapie prions. (Reprinted, with permission, from
Prusiner et al. 1982b [Lippincott Williams & Wilkins http://Ilww.com].)

Regression coefficients of 0.87 and 0.88 were obtained for lines relating
1/y and 1/z, respectively, to the logarithms of the dose. Equations describ-
ing these functions gave similar results to those obtained with the two
equations above.

About a decade after developing the incubation time bioassay for pri-
ons in Syrian hamsters, we reevaluated the system with a series of end-
point titrations where the animals were scored only for the onset of neu-
rologic dysfunction. After the hamsters showed a clear progression of
neurologic signs, the animals were euthanized. In these studies, we were
unable to find any substantial difference between the newly obtained titra-
tion data and those gathered in the original investigation. We found that
the simple relationship shown below, which was derived from a plot of the
incubation time as a function of the dose, was highly reliable. We have
used the following equations for bioassays in Syrian hamsters over the
past decade.
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For incubation times <104 days: Log T = 17 + [Log D] — (0.138Y)
For incubation times >104 days: Log T = 8.9 + [Log D] — (0.059Y)

where T is the titer, expressed in ID s units/ml; D is the dilution, defined
as the fractional concentration of the diluted sample; and Y is the mean
interval from inoculation to onset of clinical illness in days.

After developing the bioassay for Syrian hamster prions, we asked
whether the same approach could be used for mouse prions, despite ear-
lier studies that concluded such an approach would not work with mice.
From endpoint titrations, the reciprocal of the incubation time was plot-
ted against the dose of prions (Fig. 5). From those data, the equation for
CD-1 Swiss mice was derived:

Log T = 1.52 + [Log D] + ((185 ~Y)12.66)

where T is the titer, expressed in ID5 units/ml; D is the dilution, defined
as the fractional concentration of the diluted sample; and Y is the mean
interval from inoculation to onset of clinical illness in days.

[1/INCUBATION TIME {days}] x10™
N

2 -1 0 1 2 3 4 5
LOG DOSE {IDso units)

Figure 5 Calibration curve for the Chandler isolate of mouse scrapie prions in Swiss
mice plotted as the reciprocal of the incubation time versus the average dose given
each animal. The curve was obtained from endpoint titration of 29 independent prepa-
rations (18 spleen samples, 10 sucrose gradient fractions, and 1 brain homogenate)
(Butler et al. 1988). The experiments were terminated 226 days after inoculation; the
LD, units were calculated by dividing the dose as given above by the volume of the
inoculum given to each mouse (30 pl). Circles represent incubation time, triangles
the time of death. (Reprinted, with permission, from Butler et al. 1988.)
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Validation

The validity of the time interval measurements is supported by many lines
of evidence. The titers of the hamster scrapie prion obtained by the time
interval method agree in general with those found by endpoint titration
within +0.5 log ID,  units/ml. An estimate of the precision of the incuba-
tion time interval assays was made by calculating the 95% confidence
intervals for each of the titer measurements at 10! dilution in Table 6.
These confidence intervals were computed for two different degrees of
freedom (n — 1, where #n is the number of observations). It can be argued
that the number of observations for 4 hamsters is 8, since the times of
both onset of illness and death were determined. Conversely, it can be
argued that the onset of illness and death are closely linked and that each
animal was inoculated only once; thus, only four observations are inde-
pendent and can be used to compute the degrees of freedom. If 7 degrees
of freedom are chosen, then the 95% confidence interval ranges from
10°% to 10" ID, | units/ml with an average interval of 10°°. If 3 degrees
of freedom are chosen, then the 95% confidence interval ranges from
10°° to 10*! ID, units/ml with an average interval of 10" The analysis
agrees well with our experience, which dictates that samples must differ
by more than 107 ID, ) units/ml for the difference to be significant. On
occasion we have identified differences of approximately 10' ID,,
units/ml that appeared to be significant since these proved to be repro-
ducible at least five times.

Scrapie agent titers were measured by the incubation time interval
assay and endpoint titration for a series of samples subjected to heat inac-
tivation. Table 6 compares these results. No significant difference
between the two sets of data can be discerned. However, the endpoint

Table 6 Comparison of titers determined by endpoint titration and incubation
time interval assays

Incubation time interval assay

Endpoint titration 10! dilution 103 dilution

(log1 0 titer) (log] 0 titer) (p value) (log1 0 titer) (p value)
8.3 +£0.35 8.3+0.10 1.00 8.7+0.16 0.27
8.3 +£0.35 7.7 £.012 0.08 8.2+047 0.84
8.1+0.25 8.2+0.25 0.76 8.0+0.28 0.76
8.3 +0.35 8.1+0.33 0.69 7.6 +0.13 0.04
8.1+0.25 8.2+0.17 0.48 7.8+0.11 0.23
8.0+£0.44 8.2+0.16 0.62 8.5+0.18 0.24

Titer is expressed as ID_ units/ml + s.E. Probability (p) values represent the proportion of sam-
ple means farther from the endpoint titration mean titer than the incubation time interval mean titer
actually obtained.
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titration assay required 40 hamsters for each of the eight points, or 320
animals, while the time interval assay gave the same data using 4 ham-
sters for each point, or a total of 32 animals. For nearly 200 days after
inoculation, no information about the titers of the agent was available
using the endpoint titration method. In contrast, at approximately 75 days
after inoculation, the stability of the agent up to 90°C was apparent using
the incubation time interval assay. From this comparison, the advantages
of the incubation time interval assay are obvious.

Measurements of the time intervals from inoculation to onset of ill-
ness are so reproducible that calibration curves developed 1.5 and 10
years apart were virtually superimposable upon one another as noted
above (Prusiner et al. 1980c, 1982b). No differences between the molec-
ular properties of the agents from hamster and murine sources have been
detected, using primarily the time interval method with the former and
endpoint titration with the latter (Prusiner et al. 1980c). Sedimentation
profiles, detergent stability studies, and gel electrophoresis experiments
yield the same data whether assays are performed by the incubation peri-
od method or by endpoint titration (Prusiner et al. 1978a,b, 1980a,b,c).

Some investigators have questioned the validity of the incubation
time assay (Lax et al. 1983; Somerville and Carp 1983). Criticisms of the
incubation time assay have involved situations where prions are being dis-
aggregated by detergent treatment. Such difficulties with obtaining accu-
rate measurements are not due to the assay but emanate from the amphi-
pathic character of scrapie prions.

Advantages

The advantages of the incubation time interval assay over the endpoint
titration assay are numerous. First, the number of animals required for
determination of a particular sample is decreased by a factor of 10-15.
Second, the imprecision that arises during pipetting the serial dilutions of
samples is obviated by the incubation time method. Third, determination
of the titer in samples with high titers is considerably faster using the
incubation time method. As illustrated here, an inverse relationship exists
between the length of the incubation period and the titer of the inoculum.
To establish the endpoint of a titration for the scrapie agent, it is neces-
sary to wait until all the animals become sick at the highest positive dilu-
tion. Fourth, the incubation time interval assay will always give a quanti-
tative estimate of the concentration of scrapie prions in a given sample,
unlike the endpoint titration assay. Attempts to economize with endpoint
titrations will, at times, result in a series of dilutions that do not span the
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endpoint of the sample. In such cases, considerable time will have already
elapsed, and it would be necessary to begin a second titration.

An integral part of the incubation time interval assay for the scrapie
agent is a computerized database. Biweekly updating of titers has greatly
facilitated our research efforts. By 70 days after inoculation, samples with
high titers are already causing disease in animals. During the next 2—4
weeks, samples with substantially lower titers are just beginning to cause
disease. Frequent revisions of the database involving calculations of titers
and plotting of experimental determinations would not be practical with-
out the use of computers.

The development of an incubation time interval assay for measuring
scrapie prions has had a profound effect on the progress of studies on the
molecular biology of these infectious pathogens. Clearly, purification of
scrapie prions could never have advanced far enough to allow identifica-
tion of the prion protein, PrP 27-30, without the incubation time interval
assay (Prusiner et al. 1982a). The discovery of PrP 27-30 is the corner-
stone upon which considerable progress in understanding the molecular
structure of prions is based.

A comparison of the endpoint titration and incubation time interval
assays is shown in Table 6. The economics of both time and resources
afforded by the incubation time interval assay are highly significant. We
estimate that our research was accelerated more than 100-fold by the use
of the incubation time interval assay. It is doubtful that the purification and
characterization methods described below could have been developed if
the endpoint titration method had been used to assay samples.

TRANSGENIC MICE

Tg mice overexpressing PrP® from various species may prove to be of
considerable value in the development of more rapid incubation time
assays. For instance, Tg(SHaPrP"")7/Prnp®® mice overexpressing
SHaPrP® approximately 8-fold compared to Syrian hamsters display incu-
bation times of about 40 days when inoculated with ~10’ ID, units of
Sc237 prions previously passaged in Syrian hamsters (Scott et al. 1997a).
The Tg(SHaPrP**)/7Prnp”® mice are homozygous for the SHaPrP trans-
gene array and were crossed onto a mouse PrP-deficient background
(Biieler et al. 1992). Similarly, Tg(MoPrP-A) mice overexpressing
MoPrPC-A exhibit incubation times of about 45 days upon inoculation
with about 10° ID, ) units of RML prions previously passaged in CD-1
Swiss mice (Carlson et al. 1994; Telling et al. 1997).

With such abbreviated incubation times, Tg(SHaPrP**)7/Prnp”® mice
overexpressing SHaPrP¢ were used for a series of endpoint titrations. The
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Figure 6 Calibration curve for the Sc237 isolate of hamster scrapie prions in
Tg(SHaPrP"*)7/Prnp”® mice. (4) The correlation between incubation time and
injected prion dose was obtained from 12 independent endpoint titration experi-
ments (2 hamster brain homogenates and 2 sucrose gradient fractions in tripli-
cates) on 532 mice. The experiments were terminated 300 days after the inocula-
tion and the endpoint titer was calculated by the method of Spearman and Kéarber
(Dougherty 1964). The curve is the best fit of the data by nonlinear least-squares
regression analysis. Circles represent incubation time of each transgenic mouse.
(B) Detailed linear range of the calibration curve from 4 for Sc237 isolate of SHa
prions inoculated into Tg(SHaPrP**)7/Prnp®® mice. The incubation time cutoff
at 75 days was established from curve deflection point and from sensitivity limit
of endpoint prion assay (2 log LD, /ml). Circles represent incubation time of
each transgenic mouse; curve is the best fit of the data by linear least-squares
regression analysis.
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incubation times were plotted as a function of the dose of prions (Fig. 6A).
The data from the linear portion of the curve were replotted in Figure 6B. At
low doses of prions, the incubation times became greatly prolonged, which
makes the proof of sterility using bioassays difficult. Such results emphasize
the need for mice with highly abbreviated incubation times.

Although the Tg(MoPrP-A) mice offer a substantial advantage over
non-Tg mice, the advantage of Tg(SHaPrP"")Prnp®® mice compared to
Syrian hamsters is less clear. Because Tg mice are extremely expensive to
produce, the cost of maintaining a supply of such mice available for
bioassays on demand is considerable. Thus, the availability of Syrian
hamsters still makes them quite useful for many bioassays. When the
incubation times for bioassays in Tg mice become less than 20 days, the
advantage will be so great that it seems very likely that such animals will
become the system of choice for most basic studies.

Production of Transgenic Animals

Tg mice expressing a foreign or mutant PrP gene are generally produced
using eggs from donor animals in which the MoPrP gene was ablated
(Prnp"°) (Biieler et al. 1992). These Prnp®° mice were produced from an
embryonic stem cell line derived from a 129Sv line and backcrossed to
C57BL/6 before intercrossing to obtain the homozygous Prnp®° mice. In
our experience, this genetic background (129Sv and C56BL/6) was sub-
optimal for the production of Tg mice; therefore, we crossed the Prnp”°
mice onto the FVB background. FVB mice produce large eggs that can
be readily microinjected (Hogan et al. 1994). Typically, 20 superovulated
females are placed with males and sacrificed early the next morning for
embryo collection of 0.5-day embryos. From these, we obtain 10-15 fer-
tilized females, which generally provide 150-300 zygotes, of which
80-90% are amenable to microinjection. Embryos are cultured using
standard M2/M16 media (Hogan et al. 1994). Microinjection is per-
formed using an inverted Leica stereomicroscope and Nomarski illumi-
nation. Successfully microinjected embryos are selected after a few hours
of culture and implanted back into recipient CD-1 pseudopregnant
females (30 embryos/female).

Preparation of Transgenes and Vectors

The vector commonly used is cosmid-derived and contains 40 kbp from
the Syrian hamster PrP locus (CosSHa.tet) (Scott et al. 1992). The PrP
open reading frame was replaced by a convenient tetracycline cassette
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flanked by unique Sa/l sites, which facilitates the insertion of transgenes
in this otherwise cumbersome vector. This vector offers the advantage of
reliable copy-dependent transgene expression levels (Scott et al. 1989;
Prusiner et al. 1990).

Transgenes are excised from plasmid sequences, separated by agarose
gel electrophoresis, purified using [-agarase, extracted using
phenol/chloroform and ether, precipitated, dissolved in TE (10 mM Tris,
0.1 mm EDTA, pH 7.5), and dialyzed for 30 minutes against TE using a
Millipore membrane filter (0.025 pum). The DNA is diluted to 1.5-2.5
ng/pl using TE and freed from residual particulate contaminants using a
spin column (Spin-X, Costar).

With this protocol, we created 457 founder Tg mice over a 2-year
period. Using transgenes derived from the CosSHa.tet vector, the live
birth rate was 10.7% and the percentage of transgenics (over the total
number of eggs microinjected and transplanted) was 1.9%. Using plas-
mid-derived transgenes, the live birth rate was 12.9% and the transgenic
rate was not significantly different at 2.3%.

Breeding of Tg Mice

All information pertaining to the genealogy, inoculation, and health sta-
tus of animals is maintained on a custom-made animal database (based on
Paradox), and animal health status entry is facilitated by the use of bar
codes (LabelRight, Qbar) and handheld bar code readers (Telzon). All the
experimental information is uploaded on a central database and updated
daily to peripheral terminals for availability to all investigators.

Since we currently maintain 150-250 strains of Tg mice, production
of these animals for experimental studies can easily become a logistical
problem. To facilitate the breeding of animal strains, experimental
requests are entered on the central animal database, which generates a list
of Tg strains requested. Tg mice are produced and bred with Prup®° ani-
mals that have been backcrossed for 10 generations with FVB mice
(Prnp”® x FVB)N10F1. This offers a homogeneous background that is
suitable to both the production of new transgenic animals by microinjec-
tion and the maintenance of transgenic mouse lines by breeding.

Screening of Tg Mice

Some Tg lines are kept in the homozygous state and do not require con-
stant screening for the transgene. Unfortunately, problems such as infer-
tility, circling behavior, or embryonic death due to the transgene are not
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uncommon in homozygous lines. Therefore, most lines are maintained as
heterozygotes and the Tg status of every newborn mouse must be deter-
mined. Potential Tg mice are weaned at 3 weeks of age, at which time
they receive an individual identification number which is tattooed direct-
ly on their tail at 4 weeks. A small piece of tail is then cut off and frozen
for screening purposes. To handle large numbers of Tg mice, part of the
screening procedures such as DNA extraction and slot blotting were auto-
mated. A robotic workstation is used to decrease the labor costs, to elim-
inate human errors, and to strengthen the consistency of the results. The
system that we have adapted for our procedures is an automated pipetting
station, Biomek 2000 (Beckman Instruments). Potential contaminations
are avoided by the use of disposable materials. This workstation is easy to
customize and we have added a slot blot apparatus to facilitate our screen-
ing. On a weekly basis, more than 1000 samples can be typed by two
trained operators.

Genomic DNA is automatically extracted from the tail tissue with a
phenol/chloroform-free method (Laird et al. 1991). The tails are lysed and
digested with proteinase K; the DNA is directly precipitated in iso-
propanol, washed with 70% ethanol, dried, and dissolved in Tris-EDTA
buffer. Determination of the Tg status is performed by polymerase chain
reaction (PCR) with multiple primer pairs and/or slot blots of the genom-
ic DNA followed by hybridization with *?P-labeled probes. Although a
variety of screening probes are routinely used, most Tg lines have been
established using the CosSHa.tet cosmid vector (Scott et al. 1992) and are
screened using a probe that specifically recognizes the 3 -untranslated
region of the SHaPrP open reading frame. Use of a vector-specific probe
rather than a probe specific to the open reading frame to be expressed
facilitates the large-scale typing of the Tg mice. However, it also poses a
potential disadvantage because mixing of animals between different Tg
lines may remain undetected.

Besides the hybridization procedure and PCR reactions, most of the
screening is performed with a robotic workstation. Although human inter-
vention is still needed for the loading of the work surface and the mixing
and spinning steps, the system has been found to be reasonably flexible
and can be adapted to the constantly changing screening requirements
that are mandated by new scientific questions.

TRANSMISSION OF HUMAN AND BOVINE PRIONS TO Tg MICE

For many years, non-Tg mice were used in studies of human prions
derived from the brains of patients with Creutzfeldt-Jakob disease (CJD).
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In such studies, the incubation times usually exceeded 500 days, and a
minority of the animals developed prion disease (Tateishi et al. 1996).
This problem was overcome with the introduction of Tg mice expressing
either a chimeric Hu/Mo PrP gene or a HuPrP gene in the absence of
MoPrP (Telling et al. 1994, 1995). Typically, these Tg mice exhibit signs
of neurologic dysfunction in 200 days or less. Such abbreviated incuba-
tion times greatly facilitate experimental studies and drastically reduce
the possibility of artifacts.

Two recent studies on the transmission of bovine prions to mice illus-
trate the value of Tg(BoPrP)Prnp”® mice and demonstrate how ignoring
several fundamental concepts in prion biology can lead to erroneous con-
clusions. BSE prions were inoculated into non-Tg mice, and between 300
and 700 days later, the mice developed an illness characterized by “hind
limb paralysis, tremors, hypersensitivity to stimulation, apathy, and a
hunched posture” (Lasmézas et al. 1997). All of the mice were said to
have prion disease based on this constellation of clinical signs, yet only
about 50% showed the neuropathologic changes of prion disease, i.c.,
spongiform degeneration and reactive astrocytic gliosis. In those mice
with spongiform degeneration and reactive astrocytic gliosis, PrP was
found by immunoblotting, whereas the mice lacking these neuropatho-
logic changes did not have detectable PrP*°. Brain extracts prepared from
mice with spongiform degeneration, reactive astrocytic gliosis, and PrP%
transmitted disease to recipient mice in about 150 days, whereas those
without these features required >250 days for transmission to recipient
mice. Such results are consistent with the interpretation that the mice
lacking spongiform degeneration, reactive astrocytic gliosis, and PrP%
carried low titers of prions (Fig. 1). In the mice with low titers of prions,
clinical illness was not due to prion disease, a contention supported by the
lack of spongiform degeneration and reactive astrocytic gliosis. The
apparent absence of PrP% was expected since the prion titers were low;
PrP5¢ could not be detected by the relatively insensitive immunoassay that
was used (Lasmézas et al. 1996).

Why these investigators chose to equate seemingly apoptotic neurons
in mice lacking spongiform degeneration and gliosis with prion disease is
unclear. By doing so, they were faced with the mice that have a new form
of “prion disease” in which they could not find PrP%° (Lasmézas et al.
1997). As noted above, the absence of detectable PrP> would be expect-
ed since the mice did not have bona fide prion disease and the titers of
prions were low based on the prolonged incubation times for transmission
to recipient animals. In fact, the neuropathologic changes they depict can
be attributed to artifacts from immersion fixation in formalin, including
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the hyperchromatic Purkinje cells (so called “spiky” artifact) and the
pseudo-apoptotic appearance of the Purkinje cell nucleus by electron
microscopy.

A much different set of data was obtained when Tg(BoPrP)Prnp”°
mice were inoculated with extracts from BSE brains (Scott et al. 1997b).
We found transmission of BSE prions to one Tg(BoPrP)Prnp”° line that
exhibited incubation times of about 230 days. Like most cattle with BSE,
vacuolation and astrocytic gliosis were confined in the brain stems of
these Tg mice. Unexpectedly, mice expressing a chimeric Bo/Mo PrP
transgene were resistant to BSE prions, whereas mice expressing Hu or
Hu/Mo PrP transgenes were susceptible to Hu prions as noted above
(Telling et al. 1994, 1995). A comparison of differences in Mo, Bo, and
Hu residues within the carboxyl terminus of PrP defines an epitope that
modulates conversion of PrP¢ into PrP% and, as such, controls prion
transmission across species. Development of susceptible Tg(BoPrP) mice
provides a means of measuring bovine prions that may prove crucial in
minimizing future human exposure.

All of the Tg(BoPrP)Prnp®° mice inoculated with BSE prions that
developed clinical signs of neurologic dysfunction were found to have
protease-resistant BoPrP%¢. This contrasts with the results of the study
described above in which non-Tg mice inoculated with BSE prions were
thought to have developed neurologic deficits, yet the brains lacked
neuropathologic evidence of prion disease and were devoid of
detectable protease-resistant PrP5¢ (Lasmézas et al. 1997). Although a
credible explanation for these results is provided above, it is noteworthy
that the lack of protease-resistant PrP has been reported in ill Tg mice
expressing PrP with the P102L mutation of Gerstmann-Striussler-
Scheinker disease (GSS) at high levels (Hsiao et al. 1990). These find-
ings parallel the absence of protease-resistant PrP in the brain of GSS
patients. When these GSS mice develop progressive neurologic dys-
function, they lack protease-resistant PrP but do exhibit spongiform
degeneration, astrocytic gliosis, and PrP amyloid plaques. This constel-
lation of findings leaves no doubt about the diagnosis. Although prion
disease was transmitted to Tg mice expressing the mutant transgene at
low levels by inoculation of extracts from the foregoing Tg mice or from
patients with GSS, these ill, recipient Tg mice likewise do not exhibit
protease-resistant PrP (Hsiao et al. 1990, 1994; Telling et al. 1995,
1996). The recipient Tg mice did not develop prion disease sponta-
neously but did show spongiform degeneration, astrocytic gliosis, and
PrP amyloid plaques after inoculation.
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One of the most remarkable features of slow infections is the clockwork
precision with which the replication of prions occurs. Inoculation of
numerous animals with the same dose of prions results in illness at the
same time months later. The molecular mechanisms controlling this
extraordinarily precise process are unknown.

The term infection implies that a pathogen replicates during this
process. When the infectious pathogen has achieved a high titer, a disease
in the host often appears. Prior to the recognition of the existence of pri-
ons, all infectious pathogens contained a nucleic acid genome that encod-
ed their progeny. Copying of this genome by a polynucleotide polymerase
provided a means of replicating the pathogen; in the case of prions, anoth-
er mechanism functions.

GENERAL FEATURES OF PRION TRANSMISSION AND REPLICATION

As we learn more about prions, some general features and rules of prion
replication are beginning to emerge. Although many of the results
described here can be found in other chapters, we felt that it was impor-
tant to collect information on prion transmission and replication in one
place within this monograph.

Prion Replication and Incubation Times

When the titer of prions reaches a critical threshold level, the animals
develop signs of neurologic dysfunction. The length of the interval from
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inoculation to reach the threshold prion concentration, at which CNS dys-
function becomes evident, is referred to as the incubation time or incuba-
tion period.

The length of the incubation time can be modified by (1) the dose of
prions, (2) the route of inoculation, (3) the level of PrP¢ expression, (4)
the species of the prion (i.e., the sequence of PrP*), and (5) the strain of
prion. The higher the dose of prions, the shorter is the time required to
reach the threshold level for PrP%¢ at which signs of illness appear
(Prusiner et al. 1982b; Chapter 3). The intracerebral route of inoculation
is substantially more efficient than other routes (Prusiner et al. 1985). The
higher the level of PrP®, the more rapid is the accumulation of PrP*° and,
hence, the shorter the incubation time to reach the threshold level for
PrP5¢ at which the animals exhibit clinical signs of CNS dysfunction
(Prusiner et al. 1990). When the amino acid sequence of PrP5 in the
inoculum is the same as that of the PrP® expressed in the recipient, the
incubation times are generally the most abbreviated (Scott et al. 1989,
1997). At present, the mechanism by which strains modify the incubation
time is not well understood, but interactions between PrP%° and PrP‘¢
undoubtedly play a major role (DeArmond et al. 1997; Prusiner 1997;
Scott et al. 1997).

TRANSMISSION OF PRIONS AMONG MAMMALS

More than 170,000 cattle, primarily dairy cows, have died of bovine
spongiform encephalopathy (BSE) over the past decade (Anderson et al.
1996; Chapter 11). BSE is a massive common source epidemic caused by
prion-contaminated meat and bone meal (MBM) fed primarily to dairy
cows (Wilesmith et al. 1991). The MBM was prepared from the offal of
sheep, cattle, pigs, and chickens as a high-protein nutritional supplement.
In the late 1970s, the hydrocarbon-solvent extraction method used in the
rendering of offal began to be abandoned, resulting in MBM with a much
higher fat content (Wilesmith et al. 1991). It is now thought that this
change in the rendering process allowed scrapie prions from sheep to sur-
vive rendering and to be passed into cattle. The mean incubation time for
BSE is about 5 years. Most cattle therefore did not manifest disease
because they were slaughtered between 2 and 3 years of age (Stekel et al.
1996).

The natural route by which scrapie prions are transmitted among
sheep and goats is unknown. Some investigators have suggested that hor-
izontal spread occurs orally (Palsson 1979). The suggested source of
scrapie prions is placentae from infected sheep and goats (Pattison et al.
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1972). For many years, studies of experimental scrapie were performed
exclusively with sheep and goats. The disease was first transmitted by
intraocular inoculation (Cuillé and Chelle 1939) and later by intracere-
bral, 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 and Stamp 1969; Hadlow et al. 1980, 1982).
Different breeds of sheep exhibited markedly different susceptibilities to
scrapie prions inoculated subcutaneously, suggesting that the genetic
background might influence host permissiveness (Gordon 1966).

Routes of Transmission

Oral transmission has also been suggested as the means by which kuru
was spread among New Guinea natives (Gajdusek 1977; Alpers 1979).
Ritualistic cannibalism of dead relatives has been implicated in the epi-
demic spread of kuru. However, the role of cannibalism in the etiology of
kuru has been questioned because oral transmission of kuru to nonhuman
primates has been demonstrated in only a few instances (Gibbs et al.
1980). These experimental hosts regularly contracted a kuru-like illness
many months or years after intracerebral or peripheral inoculation
(Gajdusek 1977). The oral transmission results have prompted hypotheses
suggesting that the kuru agent might have entered only through abrasions
of mucous membranes within the oropharynx or conjunctivae as well as
through open wounds on the hands (Gajdusek 1977).

Hamsters have been used to study natural modes of transmission of
scrapie prions as described above (Prusiner et al. 1985). In the course of
studies on the molecular biology of scrapie prions, we noticed that scrapie
was regularly transmitted by cannibalism in hamsters. Because of the
putative role of ritualistic cannibalism in the spread of kuru, we investi-
gated the oral spread of scrapie among hamsters.

The natural mode of transmission of prions among animals remains
very poorly understood in the cases of sheep with scrapie as well as in the
cases of mule deer and elk with chronic wasting disease (Spraker et al.
1997). It seems unlikely that Creutzfeldt-Jakob disease (CJD) is spread
among humans by infection except in the cases of accidental inoculations;
indeed, most CJD cases are sporadic and are likely to be the result of a
somatic mutation or the spontaneous conversion of PrP€ into PrP5¢. Many
attempts to identify an infectious source of prions to explain sporadic
CJD have been unsuccessful (Brown et al. 1987; Harries-Jones et al.
1988; Cousens et al. 1990).



150 Prusiner et al.

KINETICS OF PRION REPLICATION

Studies of scrapie prion replication in mice showed that after subcuta-
neous inoculation the titers in systemic organs increased slowly (Table 1)
(Eklund et al. 1967). The most rapid increase in prion titer occurred in the
spleen, where it reached a maximum 1 month after inoculation and
remained constant. The titer in brain rose more slowly, but after 3 months
it began to exceed that of the spleen. By 4 months, the titer in brain was
at a maximum. It is the central nervous system (CNS) where physiologic
dysfunction and pathologic changes occur. The kinetics of scrapie prion
replication in murine spleen and brain after intracerebral inoculation are
similar to those described above for subcutaneous inoculation.

In Figure 1, the kinetics of scrapie prion replication in hamster brain
is shown. Hamsters were inoculated intracerebrally with about 10 ID,,
units; the animals were sacrificed at 1- to 2-week intervals and the prion
titers were measured by incubation time interval assays or endpoint titra-
tions. As shown, the prion titer in brain increases 10*-fold over 50 days
and then plateaus. Histopathologic changes were first seen in brain about
50 days after inoculation. By 70 days, widespread vacuolation of the neu-
ropil and extensive astrocytic proliferation were observed. Between 75
and 85 days, most of the animals died.

In Figure 2A, survival curves for 200 hamsters inoculated intracerebral-
ly with 107 ID ,, units are plotted. The remarkable synchrony of the disease
is well illustrated. All the animals were inoculated on day zero. Eighty per-
cent of the hamsters developed clinical signs of scrapie between 65 and 69
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Figure 1 Kinetics of prion replication. Circles indicate titers determined by inoc-
ulation time assays; triangles are titers by endpoint titrations. (Reprinted, with
permission, from Oesch et al. 1985 [copyright Cell Press].)



Table 1 Kinetics of prion replication in mice

Weeks after inoculation 1 4 8 12 16 20 24 28 29¢ 32 36 42

Percent of surviving 6.8 26 40 60 63 25
mice sick with scrapie

Percent of total 4.5 6.9 25 61 73
mice dead of scrapie

Tissues examined®
Spleen 4.5¢ 35 5.6 5.6 6.2 6.2 5.5 5.5 5.7 5.6 5.2 5.5
Peripheral lymph 34 5.6 4.7 4.7 5.2 4.5 4.8 5.4 5.5 5.6 4.6

nodes
Thymus 42 4.8 5.5 5.0 5.4 4.5 0.8¢ 5.2 5.6 4.5
Submaxillary salivary 5.8 5.5 6.5 52 6.2 6.0 6.4 5.6 34 2.5
gland

Lung 35 34 32 32 24 2.5 2.2 3.8
Intestine 2.2 2.2 34 53 5.5 4.6 5.4 5.2 4.5
Spinal cord 1.4 5.6 4.5 6.6 6.5 7.4 7.4 6.7 6.6
Brain 4.4 32 5.7 6.3 6.7 6.5 7.2 7.4
Bone marrow (femur) 1.7 2.8 4.8 3.5 5.0 3.6
Uterus +° + + +
Liver -not examined + + + + +
Kidney -not examined + +

Data from Eklund et al. (1967).

“From the 29th week on, only sick mice were examined.
®Blood clot, serum, and tests were also examined, but virus was never detected in them.

‘Negative log,  of dilution of tissue suspension that contained 1 LD, per 0.03 ml when inoculated intracerebrally into mice. Blank spaces indicate virus was not

detected in any dilution.
dQuestionable whether thymus was removed.

*Virus was detected in 10~ dilution only and not all mice were affected.
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Figure 2 Survival curves for Syrian hamsters and kinetics of scrapie prion repli-
cation. (4) Inoculated with ~107 ID 5, units of prions. Open circles indicate onset of
clinical signs of scrapie; filled squares indicate death of hamsters. (B) Inoculated
with ~10 ID,  units of prions. Four hamsters were sacrificed at times specified on
the lower x-axis, and titers of prions in brains were determined by bioassays.
Fraction of hamsters with detectable levels of brain prions denoted on the x-axis at
the top of the graph. (Reprinted, with permission, from Prusiner 1987.)

days after inoculation; more than 70% of the animals died between 78 and
86 days after inoculation. This remarkable synchrony of disease onset and
death after intracerebral inoculation with a given dose of prions is the basis
of the incubation time interval bioassay (Prusiner et al. 1980b, 1982b.).
When the intracerebral inoculum was reduced to <10 ID s units, the
incubation period was doubled (120-130 days). The kinetics of prion
replication in hamsters inoculated with <10 ID_ units is shown in Figure
2B. The titer rises more slowly and the scatter of data points is much
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greater when compared with Figure 1. However, as shown, the titer rises
10%-fold over 130 days. These studies clearly establish that prions can
increase their number by a factor of about 100 million.

PRION TRANSMISSION BETWEEN SPECIES

A prolongation of the incubation time upon passage of prions from one
species to another has often been referred to as the “species barrier”
(Pattison 1965). Once the first passage of prions in a new species
occurred, the reduction in incubation time on subsequent passage in the
same species was frequently called “adaptation” (Kimberlin and Walker
1977; Gibbs et al. 1979; Manuelidis and Manuelidis 1979b; Tateishi et al.
1979; Kingsbury et al. 1982). On second passage in the same host, an
additional, albeit small, decrement in the incubation time was sometimes
reported.

The incubation period for first passage of scrapie prions from sheep
to Swiss mice is typically 10—-12 months for a 10-fold dilution of 10%
(w/v) homogenates (W.J. Hadlow, unpubl.). When brain homogenates pre-
pared from goats with drowsy-type scrapie were inoculated into Swiss
mice, 6—7 months were required before the mice showed signs of experi-
mental scrapie (Chandler and Fisher 1963). On subsequent passage from
Swiss mouse to Swiss mouse, the incubation period was reduced to 4-5
months. In two subsequent Swiss mouse passages, the incubation period
remained unchanged. Passage from mouse to white rats prolonged the
incubation period to more than 16 months; however, subsequent passage
to rats reduced the incubation time to 7 months (Pattison and Jones 1968).
Passage from rats back to mice required an incubation period of 7
months. Subsequent passages of the mouse inoculum derived from rats
caused scrapie in mice in 4-5 months (Table 1).

Table 2 Human prion transmission to nontransgenic mice

Incubation times for transmission to mice

first passage second passage third passage

Case number (n) (days £ s.D.) (n) (days £s.D.) (n) (days £+ s.D.)

1 6 318£92 20 128 + 14

2 8 711 £ 115

3 11 665 + 122 18 111 +£10 13 125 £43

4 7 447 + 191 18 122+ 9 3 120+ 5

5 4 705 + 53 2 215

6 13 769 £ 71

Data from Tateishi et al. (1996).
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In studies on the transmission of CJD from humans to rodents, the
species barrier is quite apparent (Tateishi et al. 1996). Primary transmis-
sions from humans to mice required between 300 and 800 days (Table 2).
On the second passage from mouse to mouse the incubation period was
reduced to about 120 days; the same incubation period was seen on the
third passage from mouse to mouse. Purification protocols and studies on
the properties of CJD prions have been performed with mice. As with
studies on scrapie prions, investigations on CJD prions have been dra-
matically accelerated by the use of incubation time assays (Walker et al.
1983; Bendheim et al. 1985).

Hadlow observed that the scrapie agent when passaged in mink
retained its ability to infect goats but lost its ability to infect mice (W.J.
Hadlow, unpubl.). Interestingly, the infectious agent causing mink
encephalopathy has a similar host range (Marsh and Kimberlin 1975).
The transmissible mink agent can be passaged in goats but not in mice.
The molecular changes that distinguish the scrapie agent propagated in
mink from that found in goats and mice are undoubtedly due to the con-
formation adopted by PrP¢ as it is passaged from one host to another.
This scenario is similar to that described for the Me7 scrapie mouse prion
passaged directly into Syrian hamsters (Kimberlin et al. 1987) or through
Tg(MH2M) mice and subsequently into hamsters (Scott et al. 1997).

Transgenetics and Species Barriers

Prions synthesized de novo reflect the sequence of the host PrP gene and
not that of the PrP5¢ molecules in the inoculum (Bockman et al. 1987). On
subsequent passage in a homologous host, the incubation time shortens to
a constant length observed for all subsequent passages, and transmission
becomes a nonstochastic process. The species barrier is of practical
importance in assessing the risk for humans of acquiring CJD after con-
sumption of scrapie-infected lamb or BSE-infected beef.

To test the hypothesis that differences in PrP gene sequences might be
responsible for the species barrier, Tg mice expressing SHaPrP were con-
structed (Scott et al. 1989; Prusiner et al. 1990). The PrP genes of Syrian
hamsters and mice encode proteins differing at 16 residues. Incubation
times in four lines of transgenic mice inoculated with mouse scrapie pri-
ons were prolonged compared to those observed for nontransgenic, con-
trol mice (Fig. 3A). Transgenic mice inoculated with SHa prions showed
abbreviated incubation times in a nonstochastic process (Fig. 3B) (Scott
et al. 1989; Prusiner et al. 1990). The length of the incubation time after
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inoculation with SHa prions was inversely proportional to the level of
SHaPrP€ in the brains of the transgenic mice (Fig. 3B,C) (Scott et al. 1989;
Prusiner et al. 1990). SHaPrP5° concentrations in the brains of clinically ill
mice were similar in all four transgenic lines inoculated with hamster pri-
ons (Fig. 3D). Bioassays of brain extracts from clinically ill transgenic
mice inoculated with mouse prions revealed that only mouse prions but no
hamster prions were produced (Fig. 3E). Conversely, inoculation of trans-
genic mice with hamster prions led to the synthesis of only hamster prions
(Fig. 3F). Thus, the de novo synthesis of prions in transgenic mice is
species specific and reflects the genetic origin of the inoculated prions.
Similarly, the neuropathology of transgenic mice is determined by the
genetic origin of the prion inoculum. Mouse prions injected into trans-
genic mice produced neuropathologic changes characteristic of mice with
scrapie. A moderate degree of vacuolation in both the gray and white mat-
ter was found, but amyloid plaques were rarely detected (Fig. 3G).
Inoculation of transgenic mice with SHa prions produced intense vacuola-
tion of the gray matter, sparing of the white matter, and numerous SHaPrP
amyloid plaques, characteristic of Syrian hamsters with scrapie (Fig. 3H).

These studies with Tg mice established that the PrP gene influences
virtually all aspects of scrapie including the species barrier, replication of
prions, incubation times, synthesis of PrP%, and neuropathologic changes.

VARIATIONS IN PATTERNS OF DISEASE

The lengths of the incubation times have been used to distinguish prion
strains inoculated into sheep, goats, mice, and hamsters. Dickinson and
his colleagues developed a system for “strain typing” by which mice with
genetically determined short and long incubation times were used in com-
bination with the F, cross (Dickinson et al. 1968, 1984; Dickinson and
Meikle 1971). For example, C57BL mice exhibited short incubation
times of about 150 days when inoculated with either the Me7 or Chandler
isolates; VM mice inoculated with these same isolates had prolonged
incubation times of about 300 days. The mouse gene controlling incuba-
tion times was labeled Sinc and because of prolonged incubation times in
F, mice, long incubation times were said to be a dominant trait. Prion
strains were categorized into two groups based on their incubation times:
(1) those causing disease more rapidly in “short” incubation time C57BL
mice and (2) those causing disease more rapidly in “long” incubation time
VM mice. Noteworthy are the 22a and 87V prion strains, which can be
passaged in VM mice while maintaining their distinct characteristics.



More than a decade of studies was required to unravel the mechanism
responsible for the “dominance” of long incubation times; not unexpect-
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edly, long incubation times were found not to be dominant traits. Instead,
the apparent dominance of long incubation times is due to a gene dosage
effect (Carlson et al. 1994).

The identification of a widely available mouse strain with long incu-
bation times was a crucial step in elucidating the mechanism of incuba-
tion time control in mice. ILn/J mice inoculated with RML prions were
found to have incubation times exceeding 200 days (Kingsbury et al.
1983), a finding that was later confirmed by other investigators (Carp et
al. 1987). Once molecular clones of the PrP gene were available, a restric-
tion fragment length polymorphism (RFLP) of the PrP gene was used to
follow the segregation of MoPrP genes (Prnp) in the F, backcross and F,
progeny of short incubation period NZW or C57BL mice crossed with
long incubation period ILn/J mice. This approach demonstrated genetic
linkage between Prnp and a gene modulating incubation times (Prn-i)
(Carlson et al. 1986). Other investigators confirmed the genetic linkage,

Figure 3 Transgenic mice expressing Syrian hamster (SHa) PrP exhibit species-
specific scrapie incubation times, infectious prion synthesis, and neuropathology
(Prusiner et al. 1990). (4) Scrapie incubation times in nontransgenic mice (non-
Tg), four lines of transgenic mice expressing SHaPrP, and Syrian hamsters inocu-
lated intracerebrally with ~10° ID,, units of Chandler mouse prions serially pas-
saged in Swiss mice. The four lines of transgenic mice have different numbers of
transgene copies: Tg69 and 71 mice have 2—4 copies of the SHaPrP transgene
whereas Tg81 mice have 30-50 and Tg7 mice have >60. The incubation time is
number of days from inoculation to onset of neurologic dysfunction. (B) Scrapie
incubation times in mice and hamsters inoculated with ~107 ID, | units of Sc237
prions serially passaged in Syrian hamsters as described in 4. (C) Brain SHaPrP¢
in transgenic mice and hamsters. SHaPrP® levels were quantified by an enzyme-
linked immunoassay. (D) Brain SHaPrP in transgenic mice and hamsters.
Animals were sacrificed after exhibiting clinical signs of scrapie. SHaPrP*¢ levels
were determined by immunoassay. (£) Prion titers in brains of clinically ill animals
after inoculation with mouse prions. Brain extracts from non-Tg, Tg71, and Tg81
mice were bioassayed for prions in mice (leff) and hamsters (right). (F)) Prion titers
in brains of clinically ill animals after inoculation with SHa prions. Brain extracts
from Syrian hamsters as well as Tg71 and Tg81 mice were bioassayed for prions in
mice (leff) and hamsters (right). (G) Neuropathology in non-Tg mice and
Tg(SHaPrP) mice with clinical signs of scrapie after inoculation with Mo prions.
Vacuolation in gray (eff) and white matter (center); PrP amyloid plaques (right).
Vacuolation score: 0 = none, 1 = rare, 2 = modest, 3 = moderate, 4 = intense. PrP
amyloid plaque frequency: 0 = none, 1 = rare, 2 = few, 3 = many, 4 = numerous.
(H) Neuropathology in Syrian hamsters and transgenic mice inoculated with ham-
ster prions. Degree of vacuolation and frequency of PrP amyloid plaques as in G.
(Reprinted, with permission, from Prusiner 1991 [copyright AAAS].)
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and one group showed that the incubation time gene Sinc is also linked to
PrP (Hunter et al. 1987; Race et al. 1990). It now seems likely that the
genes for PrP, Prn-i and Sinc, are congruent (Moore et al. 1998); the term
Sinc is no longer used (Ziegler 1993). The PrP gene sequences of NZW
and I/Ln with short and long scrapie incubation times, respectively, differ
at codons 108 (L - F) and 189 (T - V) (Westaway et al. 1987).

Although the amino acid substitutions in PrP that distinguish Prap*
from Prnp® mice argued for the congruency of Prnp and Prn-i, experi-
ments with Prnp® mice expressing Prnp® transgenes demonstrated a
“paradoxical” shortening of incubation times (Westaway et al. 1991). We
had predicted that these Tg mice would exhibit a prolongation of the incu-
bation time after inoculation with RML prions based on (Prap® x Prup")
mice, which exhibit long incubation times. We described those findings
as paradoxical shortening because we and others had believed for many
years that long incubation times are dominant traits (Dickinson et al.
1968; Carlson et al. 1986). From studies of congenic and transgenic mice
expressing different numbers of the a and b alleles of Prnp (Table 3), we
now realize that these findings were not paradoxical; indeed, they result-
ed from increased PrP gene dosage (Carlson et al. 1994). When the RML
isolate was inoculated into congenic and transgenic mice, increasing the
number of copies of the a allele was found to be the major determinant in
reducing the incubation time; however, increasing the number of copies
of the b allele also reduced the incubation time, but not to the same extent
as that seen with the a allele (Table 3).

The discovery that incubation times are controlled by the relative
dosage of Prnp® and Prnp” alleles was foreshadowed by studies of
Tg(SHaPrP) mice in which the length of the incubation time after inocu-
lation with SHa prions was inversely proportional to the transgene prod-
uct, SHaPrP® (Prusiner et al. 1990). The PrP gene dose determines not
only the length of the incubation time but also the passage history of the
inoculum, particularly in Prnp® mice. The PrP% allotype in the inoculum
produced the shortest incubation times when it was the same as that of
PrP€ in the host (Carlson et al. 1989). The term “allotype” is used to
describe allelic variants of PrP. To address the issue of whether gene prod-
ucts other than PrP might be responsible for these findings, we inoculat-
ed B6 and B6.1-4 mice carrying Prnp®“ as well as I/Ln and B6.I-2 mice
(Carlson et al. 1993, 1994) with RML prions passaged in mice homozy-
gous for either the a or b allele of Prup. CD-1 and NZW/LacJ mice pro-
duced prions containing PrP%-A encoded by Prnp®, whereas 1/LnJ mice
produced PrP%-B prions. The incubation times in the congenic mice
reflected the PrP allotype of the previous host rather than other factors
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Table 3 MoPrP-A expression is a major determinant and MoPrP-B is a minor
determinant of incubation times in mice inoculated with the RML scrapie prions

Prnp Alleles Incubation

Prnp  transgenes a b time
Mice genotype  (copies) (copies) (days+S.EM.) n
Prup®° 0/0 0 0 >600 4
Prup™"° a/0 1 0 42618 9?
B6.I-1 b/b 0 2 360x16 7
B6.1-2 b/b 0 2 379+8  10°
B6.1-3 b/b 0 2 404+10 20
(B6 x B6.I-1)F1 a/b 1 1 268+4 7
B6.I-1 x Tg(MoPrP-B"))15  a/b 1 1 255+7 11°
B6.I-1 x Tg(MoPrP-B"))15  a/b 1 1 27443 94
B6.I-1 x Tg(MoPrP-B"%)15  a/b bbb/0 1 4 1662  1I°
B6.I-1 x Tg(MoPrP-B"%)15  a/b bbb/0 1 4  162+3 8¢
C57BL/6] (B6) ala 2 0 1434 8
B6.1-4 a/a 2 0 144+ 5 8
non-Tg(MoPrP-B"%)15 a/a 2 0 130+ 3 10
Tg(MoPrP-B™%)15 ala bbb/0 2 3 115+2 18
Tg(MoPrP-B7")15 a/la  bbbbbb 2 6 111£5 5
Tg(MoPrP-B*°)94 ala >30b 2 >30 75+£2 15¢
Tg(MoPrP-A"")B4053 ala >30a >30 0 50+2 16

*Data from Prusiner et al. (1993).

"Data from Carlson et al. (1993).

°The homozygous Tg(MoPrP-B”*)15 mice were maintained as a distinct subline selected for
transgene homozygosity two generations removed from the (B6 x LT/Sv) F, founder. Hemizygous
Tg(MoPrP-B"%)15 mice were produced by crossing the Tg(MoPrP-B”*)15 line with B6 mice.

4Tg(MoPrP-B™%)15 mice were maintained by repeated backcrossing to B6 mice.

‘Data from Westaway et al. (1991).

acquired during prion passage. The effect of the allotype barrier was
small when measured in Prup® mice but was clearly demonstrable in
Prup”® mice. B6.I-2 congenic mice inoculated with prions from I/Ln
mice had an incubation time of 237 + 8 days compared to times of 360 +
16 days and 404 + 4 days for mice inoculated with prions passaged in CD-
1 and NZW mice, respectively. Thus, previous passage of prions in Prnp”
mice shortened the incubation time by about 40% when assayed in Prnp”
mice, compared to those inoculated with prions passaged in Prup® mice
(Carlson et al. 1989).

Overdominance

The phenomenon of “overdominance,” in which incubation times in F,
hybrids are longer than those of either parent (Dickinson and Meikle
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1969), contributed to the confusion surrounding control of scrapie incu-
bation times. When the 22A scrapie isolate was inoculated into B6, B6.1-
1, and (B6 X B6.I-1)F , overdominance was observed: the scrapie incuba-
tion time in B6 mice was 405 + 2 days, in B6.I mice 194 + 10 days, and
in (B6 X B6.I-1) F, mice 508 +14 days (Table 4). Shorter incubation times
were observed in Tg(MoPrP-B)15 mice that were either homozygous or
hemizygous for the Prup® transgene. Hemizygous Tg(MoPrP-B7%)15
mice exhibited a scrapie incubation time of 395 + 12 days, whereas the
homozygous mice had an incubation time of 286 + 15 days.

As with the results with the RML isolate (Table 3), the findings with
the 22A isolate can be explained on the basis of gene dosage; however,
the relative effects of the a and b alleles differ in two respects. First, the
b allele is the major determinant of the scrapie incubation time with the
22 A isolate, not the a allele. Second, increasing the number of copies of
the a allele does not diminish the incubation time but prolongs it: The a
allele is inhibitory with the 22A isolate (Table 4). With the 87V prion iso-
late, the inhibitory effect of the Praup“ allele is even more pronounced,
since only a few Prnp® and (Prnp® X Prnp®) F mice develop scrapie after
>600 days post-inoculation (Carlson et al. 1994).

The most interesting feature of the incubation time profile for 22A is
the overdominance of the a allele of Prup in prolonging the incubation
period. On the basis of overdominance, Dickinson and Outram put forth
the replication site hypothesis postulating that dimers of the Sinc gene
product feature in the replication of the scrapie agent (Dickinson and
Outram 1979). The results in Table 4 are compatible with the interpreta-

Table 4 Influence of MoPrP-B transgene expression on incubation times in mice
inoculated with 22A scrapie prions

Prnp Alleles Incubation

Prnp  transgenes a b time

Mice genotype  (copies) (copies) (days+S.EM.) n
B6.I-1 b/b 0 2 194 £ 10 7
(B6 x B6.I-1)F1 a/b 1 1 508 £ 14 7
C57BL/6J (B6) a/a 2 0 405+ 2 8
non-Tg(MoPrP-B"%)15 a/a 2 0 378+8 3?
Tg(MoPrP-B7%)15 a/a bbb/0 2 3 318+14 15°
Tg(MoPrP-B7%)15 ala bbb/0 2 3 395+12 6°
Tg(MoPrP-B7")15 a/a  bbb/bbb 2 6 266+1 6
Tg(MoPrP-B7%)15 ala  bbbbbb 2 6 28615 s°

*The homozygous Tg(MoPrP-B"*)15 mice were maintained as a distinct subline selected for
transgene homozygosity two generations removed from the (B6 x LT/Sv) F, founder. Hemizygous
Tg(MoPrP-B*%)15 mice were produced by crossing the Tg(MoPrP-B”*)15 line with B6 mice.

"Tg(MoPrP-B*%)15 mice were maintained by repeated backcrossing to B6 mice.
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tion that the target for PrP% may be a PrP¢ dimer or multimer. The
assumptions under this model are that PrP°-B dimers are more readily
converted to PrP5 than are PrP-A dimers and that PrP-A:PrP¢-B het-
erodimers are even more resistant to conversion to PrP% than PrP“-A
dimers. Increasing the ratio of PrP-B to PrP-A would lead to shorter incu-
bation times by favoring the formation of PrP“-B homodimers (Table 4).
A similar mechanism may account for the relative paucity of individuals
heterozygous for the Met/Val polymorphism at codon 129 of the human
PrP gene in spontaneous and iatrogenic CJD (Palmer et al. 1991).
Alternatively, the PrP“~PrP¢ interaction can be broken down into two
distinct aspects: binding affinity and efficacy of conversion to PrP%. If
PrP-A has a higher affinity for 22A PrP*° than does PrP¢-B but is ineffi-
ciently converted to PrP%, the exceptionally long incubation time of
Prup™ heterozygotes might reflect a reduction in the supply of 22A pri-
ons available for interaction with the PrP°-B product of the single Prap®
allele. Additionally, PrP“-A may inhibit the interaction of 22A PrP*¢ with
PrP¢-B, leading to prolongation of the incubation time. This interpreta-
tion is supported by prolonged incubation times in Tg(SHaPrP) mice
inoculated with mouse prions in which SHaPrP® is thought to inhibit the
binding of MoPrP*° to the substrate MoPrP® (Prusiner et al. 1990).

STRAINS OF PRIONS

Experimental transmission of prion diseases to laboratory animals has
been extensively studied over the past three decades (Ridley and Baker
1996). The diversity of scrapie prions was first appreciated in goats inoc-
ulated with “hyper” and “drowsy” isolates (Pattison and Millson 1961Db).
Scrapie isolates or “strains” from goats with a drowsy syndrome trans-
mitted a similar syndrome to inoculated recipients, whereas those from
goats with a hyper or ataxic syndrome transmitted an ataxic form of
scrapie to recipient goats. Studies in mice also demonstrated the existence
of prion strains where extracts producing a particular pattern of disease
could be repeatedly passaged (Dickinson and Fraser 1979; Bruce and
Dickinson 1987; Kimberlin et al. 1987; Dickinson and Outram 1988).
Although the clinical signs of scrapie for different prion strains in mice
tended to be similar, the isolates could be distinguished by the incubation
times, the distribution of CNS vacuolation that they produced, and amy-
loid plaque formation.

The existence of prion strains raises the question of how heritable
biological information can be enciphered in any molecule other than
nucleic acid (Dickinson et al. 1968; Kimberlin 1982, 1990; Dickinson
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and Outram 1988; Bruce et al. 1991; Weissmann 1991; Ridley and Baker
1996). These strains or isolates bred true during propagation through mul-
tiple passages in mice and, thus, suggested that the scrapie pathogen has
a nucleic acid genome that encodes progeny prions (Dickinson et al.
1968; Bruce and Dickinson 1987). However, no evidence for a scrapie-
specific nucleic acid encoding information that specifies the incubation
time and the distribution of neuropathologic lesions has emerged from
considerable efforts using a variety of experimental approaches.

The typing of prion strains in C57BL, VM, and F, (C57BL X VM)
inbred mice began with isolates from sheep with scrapie. The prototypic
strains called Me7 and 22A gave incubation times of about 150 and about
400 days in C57BL mice, respectively (Dickinson et al. 1968; Dickinson
and Meikle 1969; Bruce and Dickinson 1987). The PrP genes of C57BL
and I/Ln (and later VM) mice encode proteins differing at two residues
and control scrapie incubation times (Carlson et al. 1986, 1988, 1994;
Hunter et al. 1987; Westaway et al. 1987; Moore et al. 1998).

Strains or varieties of prions were initially defined by incubation times
and the distribution of neuronal vacuolation (Dickinson et al. 1968; Fraser
and Dickinson 1973). Subsequently, the patterns of PrP5 deposition were
found to correlate with vacuolation profiles, and these patterns were also
used to characterize strains of prions (Bruce et al. 1989; Hecker et al. 1992;
DeArmond et al. 1993). Moreover, mice expressing PrP transgenes demon-
strated that the level of PrP expression is inversely related to the incubation
time (Prusiner et al. 1990). Furthermore, the distribution of CNS vacuola-
tion and attendant gliosis are a consequence of the pattern of PrP> deposi-
tion, which can be altered by both PrP genes and non-PrP genes (Prusiner
et al. 1990). These observations taken together began to build an argument
for PrP as the information molecule in which prion “strain”-specific
information is encrypted (Prusiner 1991; Cohen et al. 1994).

In retrospect, another important clue to the mechanism of prion
strains lay in studies on the passage of prions to a host of a different
species. New strains of prions were isolated when inocula from mice were
passaged into hamsters (Kimberlin and Walker 1978). With the isolation
of PrP 27-30 and subsequently PrP%, it became clear that each species
encodes a different PrP. Tg mouse studies showed that the “species barri-
er” for transmission between mice and hamsters could be abrogated by
expression of the hamster PrP gene (Scott et al. 1989). Recently, passage
of mouse prions into mice expressing chimeric SHa/Mo PrP transgenes
has resulted in the isolation of new strains with novel features that
become evident when passaged in hamsters (Scott et al. 1993, 1997). For
example, Me7 prions that had been passaged and cloned by limiting dilu-
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tion in C57BL mice gave rise to a strain designated Me7H with an incu-
bation time of about 260 days when passaged directly into Syrian ham-
sters (Kimberlin et al. 1987). When Me7 prions from C57BL mice were
passaged into Tg mice expressing chimeric MHu2M PrP and then into
Syrian hamsters, a new strain with an incubation time of about 80 days
was isolated. By changing the PrP gene during the initial passage from
non-Tg mice to a new host, different strains of prions were isolated, which
argues that prion diversity resides in PrP (Scott et al. 1997).

Until recently, support for the hypothesis that the tertiary structure of
PrP5¢ enciphers strain-specific information (Prusiner 1991) was minimal
except for the DY strain isolated from mink with transmissible
encephalopathy (Marsh et al. 1991; Bessen and Marsh 1992, 1994). PrP*
in DY prions showed diminished resistance to proteinase K digestion, as
well as a peculiar site of cleavage. The DY strain presented a puzzling
anomaly since other prion strains exhibiting similar incubation times did
not show this altered susceptibility to proteinase K digestion of PrP%
(Scott et al. 1997). For example, the 139H and Me7H strains of prions pas-
saged in hamsters also exhibit prolonged incubation times like DY prions
but the protease resistance of PrP% is similar to that of the Sc237 strain
(McKinley et al. 1983; Hecker et al. 1992; Scott et al. 1997). Indeed, such
comparisons argue for an auxiliary molecule such as a scrapie-specific
nucleic acid (Dickinson and Outram 1979, 1988; Kimberlin 1990;
Weissmann 1991). Although the binding of radiolabeled PrP® to PrP** iso-
lated from DY-infected hamster brain provides additional evidence for the
specificity of binding, conversion of PrP¢ into PrP%¢ was not demonstrable
(Bessen et al. 1995). Although the binding of PrP¢ in register with DY
PrP% is of interest, the inability to isolate the bound PrP® and to measure
its physical and biological properties severely limits the conclusions that
can be legitimately drawn. Also notable are studies on the variations in
PrP%¢ structure when one strain of hamster prions and two strains of mouse
prions were compared (Kascsak et al. 1985). However, the results were
confusing because hamster and mouse PrP have different sequences and
thus, the interpretation was inconclusive (Merz et al. 1984a,b; Carp et al.
1985, 1994, 1997; Ozel and Diringer 1994).

PrPS¢ Conformation Enciphers Diversity

Persuasive evidence that strain-specific information is enciphered in the ter-
tiary structure of PrP>° comes from transmission of two different inherited
human prion diseases to mice expressing a chimeric MHu2M PrP transgene
(Telling et al. 1996). In fatal familial insomnia (FFI), the protease-resistant
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Table 5 Distinct prion strains generated in humans with inherited prion dis-
eases and transmitted to transgenic mice

Host Host PrP Incubation time PrpPS°
Inoculum species  genotype (days + s.EM.) (n/n ) (kD)
None human FFI(D178N,M129) 19
FFI mouse Tg(MHu2M) 206 £ 7 7/7) 19
FFI-Tg(MHu2M) mouse Tg(MHu2M) 136 £ 1 (6/6) 19
None human fCJD(E200K) 21
fCID mouse Tg(MHu2M) 170 £ 2 (10/10) 21
fCID - Tg(MHu2M) mouse Tg(MHu2M) 167 +3 (15/15) 21

Data from Telling et al. (1996 and in prep.).

fragment of PrP%° after deglycosylation has an M_of 19 kD, whereas in
fCJD(E200K) and most sporadic prion diseases, it is 21 kD (Table 5)
(Monari et al. 1994; Parchi et al. 1996). This difference in molecular size
was shown to be due to different sites of proteolytic cleavage at the amino
termini of the two human PrPS° molecules, which reflects different tertiary
structures (Monari et al. 1994). These distinct conformations were under-
standable since the amino acid sequences of the PrPs differ.

Extracts from the brains of FFI patients transmitted disease to mice
expressing a chimeric MHu2M PrP gene about 200 days after inoculation
and induced formation of the 19-kD PrP%, whereas fCID(E200K) and
sCJID produced the 21-kD PrP%° in mice expressing the same transgene
(Telling et al. 1996). On second passage, Tg(MHu2M) mice inoculated
with FFI prions showed an incubation time of about 130 days and a 19-
kD PrP5¢, whereas those inoculated with fCJD(E200K) prions exhibited
an incubation time of about 170 days and a 21-kD PrP5¢ (Prusiner 1997).
The experimental data demonstrate that MHu2M PrP*° can exist in two
different conformations based on the sizes of the protease-resistant frag-
ments; yet, the amino acid sequence of MHu2M PrP*° is invariant.

The results of our studies argue that PrP> acts as a template for the
conversion of PrP® into nascent PrP%°. Imparting the size of the protease-
resistant fragment of PrP5¢ through conformational templating provides a
mechanism for both the generation and propagation of prion strains.

Interestingly, the protease-resistant fragment of PrP% after deglyco-
sylation with an M_of 19 kD has been found in a patient who developed
a sporadic case of prion disease similar to FFI but with no family history.
Since both PrP alleles encoded the wild-type sequence and a methionine
at position 129, we labeled this case fatal sporadic insomnia (FSI). At
autopsy, the spongiform degeneration, reactive astrogliosis, and PrP%
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deposition were confined to the thalamus (Mastrianni et al. 1997). These
findings argue that the clinicopathologic phenotype is determined by the
conformation of PrP%, in accord with the results of the transmission of
human prions from patients with FFI to Tg mice (Telling et al. 1996).

Selective Neuronal Targeting

Besides incubation times, profiles of spongiform change (Fig. 4) have
been used to characterize prion strains (Fraser and Dickinson 1968), but
recent studies argue that such profiles are not an intrinsic feature of
strains (Carp et al. 1997; DeArmond et al. 1997). The mechanism by
which prion strains modify the pattern of spongiform degeneration was
perplexing since earlier investigations had shown that PrP¢ deposition
precedes neuronal vacuolation and reactive gliosis (Jendroska et al. 1991;
Hecker et al. 1992). When FFI prions were inoculated into Tg(MHu2M)
mice, PrP% was confined largely to the thalamus (Fig. 5A), as is the case
for FFI in humans (Medori et al. 1992; Telling et al. 1996). In contrast,
fCJD(E200K) prions inoculated into Tg(MHu2M) mice produced wide-
spread deposition of PrP%° throughout the cortical mantle and many of the
deep structures of the CNS (Fig. 5B), as is seen in fCID(E200K) of
humans. To examine whether the diverse patterns of PrP5 deposition are
influenced by asparagine-linked glycosylation of PrP®, we constructed Tg
mice expressing PrPs mutated at one or both of the asparagine-linked gly-
cosylation consensus sites (DeArmond et al. 1997). These mutations
resulted in aberrant neuroanatomic topologies of PrP¢ within the CNS,
whereas pathologic point mutations adjacent to the consensus sites did
not alter the distribution of PrP®. Tg mice with mutation of the second PrP
glycosylation site exhibited prion incubation times of >500 days and
unusual patterns of PrP5 deposition. These findings raise the possibility
that glycosylation can modify the conformation of PrP and affect either
the turnover of PrP® or the clearance of PrP%. Regional differences in the
rate of deposition or clearance would result in specific patterns of PrP%
accumulation.

SPREAD OF PRIONS AMONG CELLS AND ORGANS

It is not known how prions spread from one cell to another. It seems most
likely that PrP© on the surface of cells acts as a receptor for PrP, Recent
studies suggest that PrP is converted into a metastable state (PrP*) that
is then capable of interacting with PrP%¢. PrP* has been generated in vitro
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by exposure of PrP€ to 3 M guanidine hydrochloride (GdnHCI) and sub-
sequent dilution to 0.3 M GdnHCI (Kocisko et al. 1994, 1995; Kaneko et
al. 1995, 1997a). It appears that PrP* formation can be prevented in cul-
tured cells by compounds that stabilize protein conformation such as
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glycerol and dimethylsulfoxide (DMSO) (Tatzelt et al. 1996a). The for-
mation of PrP* in vivo probably occurs as a consequence of the binding
of PrP€ to protein X; the PrP*/protein X complex is then capable of bind-
ing PrP%° (Telling et al. 1995; Kaneko et al. 1997b). Protein X is likely to
be a chaperone-like macromolecule that facilitates PrP5 formation.
Prions have been found in blood in both scrapie and CJD. Studies
with the buffy coat from rodents have shown the presence of CJD prions
within white blood cells (Manuelidis et al. 1978; Tateishi 1985; Chapter
12). Low levels of scrapie prions have been found in the blood of ham-
sters through the course of infection (Diringer 1984; Casaccia et al.
1989). Both scrapie and CJD prions have also been detected in cere-
brospinal fluid (Pattison et al. 1959, 1964; Gajdusek et al. 1977).
Peripheral inoculation studies suggest that prions may also spread
along neural tracts within both the central and peripheral nervous systems

Figure 4 Neuroanatomic distribution of spongiform degeneration in the gray and
white matter is specified by prion strains. Three scrapie prion strains were pas-
saged in Syrian hamsters (SHa) and were inoculated intrathalamically with 30 pl
of brain extracts prepared from animals infected with different strains of prions
designated Me7H (4—C), the RML(SHa) (D-F), and Sc237 (G-I). The Me7H
strain was generated by passage of mouse Me7 prions into SHa (Kimberlin et al.
1989). The RML(SHa) prion strain was generated by passage of RML mouse pri-
ons through Tg(MH2M)92/Prnp®° mice and then into SHa (Scott et al. 1997).
Semiquantitative estimates of the intensity of vacuolation as a function of brain
region are displayed as histograms (4,D,G) (Fraser and Dickinson 1968).
Vacuolation score is an estimate of the area of a hematoxylin and eosin (H&E)
stained brain section occupied by vacuoles (N is the number of animals exam-
ined) (Carlson et al. 1994). H&E stained histological sections of layers 1 and 2
of the outer cerebral cortex (C-O) and layer 5 of the inner cerebral cortex (C-I)
are presented for each of the three strains. (4) With Me7H, there is a character-
istic intense vacuolation of all layers of the cerebral cortex as shown in B, layers
1 and 2 of the outer cerebral cortex (labeled / and 2 in white), and in C, layer 5
of the inner cortex. The vacuolation score for RML(SHa) is similar to that for
Sc237 (compare D and G); however, there are notable differences. For example,
there is significant vacuolation of layer 1 of the C-O layers that is characteristic
of RML(SHa) and none with Sc237 (compare E and H). Mild but definitive vac-
uolation occurred in layer 5 of the C-I with both RML(SHa) and Sc237 (compare
F and ]). Bar in 7 is 25 um and applies to all H&E stained sections. (C-O) Outer
half of cerebral cortex; (C-I) inner half of cerebral cortex; (Cg) cingulate gyrus;
(Hp) hippocampus; (Th) thalamus; (Hy) hypothalamus; (Cd) caudate nucleus;
(S) septal nuclei; (Cb) cerebellum; and (WM) white matter. (Photomicrographs
and bar graphs prepared by Stephen J. DeArmond.)
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Figure 5 Regional distribution of PrP%° deposition in Tg(MHu2M)Prnp®° mice
inoculated with prions from humans who died of inherited prion diseases.
Histoblot of PrP%° deposition in a coronal section of a Tg(MHu2M)Prnp”® mouse
through the hippocampus and thalamus (Telling et al. 1996). (4) The Tg mouse
was inoculated with brain extract prepared from a patient who died of FFI. (B)
The Tg mouse was inoculated with extract from a patient with fCID(E200K).
Cryostat sections were mounted on nitrocellulose and treated with proteinase K
to eliminate PrP¢ (Taraboulos et al. 1992). To enhance the antigenicity of PrP5¢,
the histoblots were exposed to 3 M guanidinium isothiocyanate before immuno-
staining using O-PrP 3F4 monoclonal antibody (Kascsak et al. 1987). (C)
Labeled diagram of a coronal section of the hippocampus/thalamus region. (NC)
Neocortex; (Hp) hippocampus; (Hb) habenula; (Th) thalamus; (vpl) ventral pos-
terior lateral thalamic nucleus; (Hy) hypothalamus; (Am) amygdala. (Reprinted,
with permission, from Prusiner et al. 1998 [copyright Cell Press].)
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(Fraser 1982; Kimberlin et al. 1983; Fraser and Dickinson 1985; Beekes
et al. 1996). Presumably, prions are transported by axonal retrograde
transport systems (Borchelt et al. 1994). The retrograde transport of
rabies virus through the nervous system is well documented.

Studies with immunodeficient SCID mice have shown that incuba-
tion times are prolonged after intraperitoneal but not intracerebral inocu-
lation with scrapie prions compared to control immunocompetent mice
(O’Rourke et al. 1994; K.L. Brown et al. 1996b; Fraser et al. 1996;
Lasmézas et al. 1996). In studies with immunocompromised mice in
which genes required for T- or B-cell function were ablated, B-lympho-
cytes were found to play an important role in neuroinvasiveness (Klein et
al. 1997). In other studies, follicular dendritic cells in the spleens of mice
were found to accumulate PrP% early after intraperitoneal inoculation
with CJD prions (Kitamoto et al. 1991).

In cell culture studies, prions have been found in the media. The pri-
ons in the media have been shown to be capable of infecting cells in cul-
ture that were previously not infected. Both N2a and GT1 cells have been
used in such studies (Schitzl et al. 1997).

ROLE OF PrP IN PRION INFECTION

An absolute requirement for PrP€ in prion replication was surmised from
the large body of evidence showing that PrP%° is a major component of the
infectious prion particle (Prusiner 1991, 1992). That view was elegantly
confirmed by experiments with mice in which the PrP gene had been
genetically ablated (Prnp”°) (Biieler et al. 1992). Prnp®° mice were found
to be resistant to prion disease and not to replicate prions. In two initial
studies, no evidence of prion disease could be found many months after
inoculation of Prnp”® mice with RML prions (Biieler et al. 1993; Prusiner
et al. 1993; Chapter 7).

The brain of the Syrian hamster contains the highest levels of PrP
poly(A)" RNA, whereas other organs have lower levels (Oesch et al.
1985). In the CNS, PrP mRNA is found primarily in neuronal cells
(Kretzschmar et al. 1986). During scrapie infection, the highest final
titers of prions in both hamsters and mice are found in the CNS. All other
organs have lower prion titers (Table 1) (Eklund et al. 1967; Kimberlin
and Walker 1977). These observations suggested that the accumulation of
prions might be regulated by the level of PrP mRNA in cells; subse-
quently, studies of Tg(SHaPrP) mice showed that the length of the incu-
bation time was inversely proportional to the level of PrP¢ expression
(Prusiner et al. 1990). Moreover, the level of PrP*° at the time of clinical
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illness was independent of the incubation time. These findings argued
that the rate of PrPS° formation is proportional to the level of PrP¢ expres-
sion and that signs of neurologic dysfunction appear when PrP%¢ levels
reach a threshold.

Since the extracellular accumulation of PrP% in the form of amyloid
plaques was shown to be a nonobligatory feature of prion disease in
humans and mice, it was postulated that intracellular PrP5 must be
required for neuronal vacuolation to develop (Prusiner et al. 1990). This
hypothesis is supported by the findings with prion-infected grafts of CNS
tissue in Prup”® mice that develop vacuolar changes while the surround-
ing PrP-deficient neurons remain healthy (Brandner et al. 1996).
Interestingly, primary cultures of neurons from Prnp®° mice do not exhib-
it neurotoxicity when exposed to PrP peptides, whereas those from nor-
mal mice do, under these conditions (D.R. Brown et al. 1994, 1996).
While the neurons undergo degeneration during scrapie infection, the sur-
rounding astrocytes become hypertrophic and exhibit high levels of GFAP
mRNA and protein (Mackenzie 1983). Genetic ablation of the GFAP gene
in mice did not alter the incubation time, which indicates that GFAP does
not play a primary role in the neuronal degeneration found in prion dis-
ease (Gomi et al. 1995; Tatzelt et al. 1996b).

Consistent with the foregoing studies are results with newborn ham-
sters that do not have any detectable brain PrP mRNA as measured by
Northern analysis and by immunoprecipitation of cell-free translation
products. Detectable levels of PrP poly(A)" RNA appear about 1 day after
birth and stay very low until 8 days after birth; PrP mRNA reaches a max-
imum level by 10 days of age (McKinley et al. 1987). After 10 days of age
the level of PrP mRNA in brain remains constant. These observations are
of interest with respect to scrapie infection in newborn mice. Inoculation
of newborn mice resulted in a delay of prion replication for almost 1 year
(Hotchin and Buckley 1977).

NATURAL AND EXPERIMENTAL SCRAPIE

Although scrapie was recognized as a distinct disorder of sheep as early
as 1738, the disease remained enigmatic even with respect to its patholo-
gy for more than two centuries (Parry 1983). Some veterinarians thought
that scrapie was a disease of muscle caused by parasites, while others
thought that it was a dystrophic process (M’Gowan 1914).

Scrapie of sheep and goats appears to be unique among the prion dis-
eases in that it is communicable within flocks. Although the transmissi-
bility of scrapie seems to be well established, the mechanism of the nat-
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ural spread of scrapie among sheep is so puzzling that it bears close
scrutiny. The placenta has been implicated as one source of prions, which
accounts for the horizontal spread of scrapie within flocks (Pattison and
Millson 1961a; Pattison 1964; Pattison et al. 1972; Onodera et al. 1993).
Whether or not this view is correct remains to be established. In Iceland,
scrapied flocks of sheep were destroyed and the pastures left vacant for
several years; however, reintroduction of sheep from flocks known to be
free of scrapie for many years eventually resulted in scrapie (Palsson
1979). The source of prions that infected the sheep from flocks without a
history of scrapie is unknown.

Parry argued that host genes were responsible for the development of
scrapie in sheep. He was convinced that natural scrapie is a genetic dis-
ease that could be eradicated by proper breeding protocols (Parry 1962,
1983). He considered its transmission by inoculation of importance pri-
marily for laboratory studies and communicable infection of little conse-
quence in nature. Other investigators viewed natural scrapie as an infec-
tious disease and argued that host genetics only modulates susceptibility
to an endemic infectious agent (Dickinson et al. 1965). The incubation
time gene for experimental scrapie in Cheviot sheep, called Sip, is said to
be linked to a PrP gene RFLP (Hunter et al. 1989); however, the null
hypothesis of non-linkage has yet to be tested and this is important, espe-
cially in view of earlier studies that argue that susceptibility of sheep to
scrapie is governed by a recessive gene (Parry 1962, 1983).

Polymorphisms that produce amino acid substitutions at codons 136
and 171 of the PrP gene in sheep have been studied with respect to the
occurrence of scrapie (Clousard et al. 1995). In Romanov and Ile-de-
France breeds of sheep, a polymorphism in the PrP open reading frame
(ORF) was found at codon 136 (A - V), which seems to correlate with
scrapie (Laplanche et al. 1993b). Sheep homozygous or heterozygous for
valine at codon 136 were susceptible to scrapie, whereas those that were
homozygous for alanine were resistant. Unexpectedly, only one of 74
scrapied autochthonous sheep had a valine at codon 136; these sheep were
from three breeds denoted Lacaune, Manech, and Presalpes (Laplanche et
al. 1993a).

In Suffolk sheep, a polymorphism in the PrP ORF was found at codon
171 (Q - R) (Goldmann et al. 1990a,b). Studies of natural scrapie in the
United States have shown that about 85% of the afflicted sheep are of the
Suffolk breed. Scrapie was limited to Suffolk sheep homozygous for glu-
tamine (Q) at codon 171, although healthy controls with QQ, QR, and RR
genotypes were found (Westaway et al. 1994). These results argue that
susceptibility in Suffolk sheep is governed by the PrP codon-171 poly-
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morphism. Other studies of Suffolk sheep and some other breeds support
this finding (Hunter et al. 1993, 1997a,b; Goldmann et al. 1994; Belt et
al. 1995; Clousard et al. 1995; Ikeda et al. 1995; Bossers et al. 1996;
O’Rourke et al. 1997). Recent studies mapping the site on PrP that inter-
acts with protein X have shown that an R at sheep PrP residue 171 acts as
a dominant negative by increasing the affinity of PrP¢ for protein X
(Kaneko et al. 1997b). The dominant negative explanation is consistent
with the data showing that QR heterozygous sheep rarely develop scrapie.
An attempt to explain the resistance of QR heterozygotes to scrapie by
decreased binding of PrP with an R at position 171 to PrP5° appears fal-
lacious (Bossers et al. 1997), since the PrP(Q171) would be expected to
be readily converted to PrP% in heterozygotes and to cause disease.

HUMAN PRION DISEASES

Although transmission of prions to humans features in a small minority
of cases, such instances continue to receive considerable attention. Less
than 1% of human prion diseases seem to have an infectious etiology
whereas about 85% are sporadic and the remainder are dominantly inher-
ited through germ-line mutations of the PrP gene.

Kuru and Cannibalism

Cannibalism is one of the most fascinating and macabre of all human
activities. Cannibalism was a common but by no means universal practice
among the groups of people inhabiting Papua New Guinea in the recent
past (Alpers 1979). Among the Fore and their neighbors in the Eastern
Highlands, the practice was that of endocannibalism, in which members
of the group were eaten after death by their relatives.

The transmissibility of kuru and its disappearance in those born since
the cessation of cannibalism strongly implicate cannibalism in the spread
of this disorder (Alpers 1979). Cannibalism also explains the sex and age
distribution of kuru in the past, since women and young children of both
sexes, who ate the internal organs of their relatives, were the ones primar-
ily afflicted (Table 6). Only 2% of the cases were found in adult males.
Cannibalism also explains the clustering of cases in space and time that
has been noted in multiple epidemiological studies of kuru (Alpers 1987).

Numerous attempts to transmit kuru by feeding nonhuman primates
kuru-infected tissues have been unsuccessful, with a few exceptions
(Gajdusek 1979; Gibbs et al. 1980). This contrasts with the rather uniform
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Table 6 Infectious prion diseases of humans

Diseases No. of cases
Kuru (1957-1982)
Adult females 1739
Adult males 248
Children and adolescents 597
Total 2584

Iatrogenic Creutzfeldt-Jakob disease
Depth electrodes

Corneal transplants 1
Human pituitary growth hormone 90
Human pituitary gonadotropin 5
Dura mater grafts 66
Neurosurgical procedures 4
Total 169

References cited in text.

susceptibility of these animals to kuru after intracerebral or peripheral
inoculation (Gajdusek 1977). Our observations in hamsters may explain
these puzzling results with apes and monkeys since intracerebral inocula-
tion is 10° times more efficient than oral ingestion in hamsters (Prusiner
et al. 1985).

Incubation Periods Exceeding Three Decades

No individual born in the South Fore after 1959, when cannibalism
ceased, has developed kuru (Alpers 1987, 1979; Klitzman et al. 1984).
Kuru has progressively disappeared, first among children and thereafter
among adolescents. The number of deaths in adult females has decreased
steadily and adult male deaths have remained almost invariant. Each year
the youngest new patients are older than those of the previous year.

Of several hundred kuru orphans born since 1957 to mothers who
later died of kuru, none has yet developed the disease. Thus, the many
children with kuru seen in the 1950s were not infected prenatally, perina-
tally, or neonatally by their mothers, despite evidence for prions in the
placenta and colostrum of a pregnant woman who died of CJD (Tamai et
al. 1992). Attempts to demonstrate consistent transmission of prion dis-
ease from mother to offspring in experimental animals have been unsuc-
cessful (Morris et al. 1965; Pattison et al. 1972; Manuelidis and
Manuelidis 1979a; Amyx et al. 1981; Taguchi et al. 1993).
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Whereas patients currently afflicted with kuru exhibit greatly pro-
longed incubation periods, children with kuru who were observed 30 years
ago provide some information on the minimum incubation period. The
youngest patient with kuru was 4 years old at the onset of the disease and
died at age 5, but it is not known at what age young children were infect-
ed. CJD accidentally transmitted to humans has required only 18 months
after intracerebral or intraoptic inoculation (Bernouilli et al. 1977; Duffy
et al. 1974) to manifest. An incubation period of 18 months has also been
found in chimpanzees inoculated intracerebrally with kuru prions.

The regular disappearance of kuru is inconsistent with the existence
of any natural reservoirs for kuru besides humans. Indeed, there is no evi-
dence for animal or insect reservoirs. Thus, patients dying of kuru over
the past decade seem to have incubation periods exceeding 2 or even 3
decades (Prusiner et al. 1982a; Klitzman et al. 1984; Alpers 1987).

latrogenic Creutzfeldt-Jakob Disease

Accidental transmission of CJD to humans appears to have occurred by
corneal transplantation (Duffy et al. 1974), contaminated electroencephalo-
gram (EEQG) electrode implantation (Bernouilli et al. 1977), and surgical
operations using contaminated instruments or apparatus (Table 6) (Masters
and Richardson 1978; Kondo and Kuroina 1981; Will and Matthews 1982;
Davanipour et al. 1984). A cornea unknowingly removed from a donor with
CJD was transplanted to an apparently healthy recipient who developed
CJD after a prolonged incubation period. Corneas of animals have signifi-
cant levels of prions (Buyukmihci et al. 1980), making this scenario seem
quite probable. The same improperly decontaminated EEG electrodes that
caused CJD in two young patients with intractable epilepsy were found to
cause CJD in a chimpanzee 18 months after being experimentally implant-
ed (Bernouilli et al. 1979; Gibbs et al. 1994).

Surgical procedures may have resulted in accidental inoculation of
patients with prions during their operations (Gajdusek 1977; Will and
Matthews 1982; Brown et al. 1992), presumably because some instrument
or apparatus in the operating theater became contaminated when a CJD
patient underwent surgery. Although the epidemiology of these studies is
highly suggestive, no proof of transmission exists.

Dura Mater Grafts

Since 1988, more than 60 cases of CJD occurring after implantation of
dura mater grafts have been recorded (Otto 1987; Thadani et al. 1988;
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Masullo et al. 1989; Nisbet et al. 1989; Miyashita et al. 1991; Willison et
al. 1991; Brown et al. 1992; Martinez-Lage et al. 1993; CDC 1997). All
of the grafts were thought to have been acquired from a single manufac-
turer whose preparative procedures were inadequate to inactivate human
prions (Brown et al. 1992). One case of CJD occurred after repair of an
eardrum perforation with a pericardium graft (Tange et al. 1989).

Thirty cases of CJD in physicians and health care workers have been
reported (Berger and David 1993); however, no occupational link has
been established (Ridley and Baker 1993). Whether any of these cases
represent infectious prion diseases contracted during care of patients with
CJD or processing specimens from these patients remains uncertain.

Human Growth Hormone Therapy

The likelihood of transmission of CJD from contaminated human growth
hormone (HGH) preparations derived from human pituitaries has been
raised by the occurrence of fatal cerebellar disorders with dementia in more
than 90 patients ranging in age from 10 to 41 years (Table 6) (Brown 1985;
Buchanan et al. 1991; Fradkin et al. 1991; Brown et al. 1992; Billette de
Villemeur et al. 1996; Public Health Service Interagency Coordinating
Committee 1997). One case of spontaneous CJD in a 20-year-old woman
has been reported (Gibbs et al. 1985; Brown 1985; Packer et al. 1980), CJD
in patients under 40 years of age is very rare. These patients received injec-
tions of HGH every 2—4 days for 4-12 years (Gibbs et al. 1985; Koch et al.
1985; Powell-Jackson et al. 1985; Titner et al. 1986; Croxson et al. 1988;
Marzewski et al. 1988; New et al. 1988; Anderson et al. 1990; Billette de
Villemeur et al. 1991; Macario et al. 1991; Ellis et al. 1992). Interestingly,
most of the patients presented with cerebellar syndromes that progressed
over periods varying from 6 to 18 months (Brown et al. 1992). Some
patients became demented during the terminal phase of illness. In some
respects, this clinical course resembles kuru more than ataxic CJD
(Prusiner et al. 1982a). Assuming these patients developed CJD from injec-
tions of prion-contaminated HGH preparations, the possible incubation
periods range from 4 to 30 years (Brown et al. 1992). The longest incuba-
tion periods are similar to those (20-30 years) associated with recent cases
of kuru (Gajdusek et al. 1977; Prusiner et al. 1982a; Klitzman et al. 1984).
Many patients received several common lots of HGH at various times dur-
ing their prolonged therapies, but no single lot was administered to all the
American patients. An aliquot of one lot of HGH has been reported to trans-
mit CNS disease to a squirrel monkey after a prolonged incubation period
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(Gibbs et al. 1993). How many lots of HGH might have been contaminat-
ed with prions is unknown.

Although CJD is a rare disease with an annual incidence of approxi-
mately one per million population (Masters and Richardson 1978), it is
reasonable to assume that CJD is present with a proportional frequency
among dead people. About 1% of the population dies each year and most
CJD patients die within 1 year of developing symptoms. Thus, we esti-
mate that one per 10* dead people have CJD. Since 10,000 human pitu-
itaries were typically processed in a single HGH preparation, the possi-
bility of hormone preparations contaminated with CJD prions is not
remote (P. Brown et al. 1985, 1994; Brown 1988).

The concentration of CJD prions within infected human pituitaries is
unknown; it is interesting that widespread degenerative changes have
been observed in both the hypothalamus and pituitary of sheep with
scrapie (Beck et al. 1964). Forebrains from scrapie-infected mice have
been added to human pituitary suspensions to determine whether prions
and HGH copurify (Lumley Jones et al. 1979). Bioassays in mice suggest
that prions and HGH do not copurify with currently used protocols
(Taylor et al. 1985). Although these results seem reassuring, especially for
patients treated with HGH over much of the last decade, the relatively low
titers of the murine scrapie prions used in these studies may not have pro-
vided an adequate test (Brown 1985). The extremely small size and
charge heterogeneity exhibited by scrapie (Alper et al. 1966; Prusiner et
al. 1978, 1980a, 1983; Bolton et al. 1985) and presumably CJD prions
(Bendheim et al. 1985; Bockman et al. 1985) may complicate procedures
designed to separate pituitary hormones from these slow infectious
pathogens. Although additional investigations argue for the efficacy of
inactivating prions in HGH fractions prepared from human pituitaries
using 6 M urea (Pocchiari et al. 1991), it seems doubtful that such proto-
cols will be used for purifying HGH since recombinant HGH is available.

Molecular genetic studies have shown that most patients developing
iatrogenic CJD after receiving pituitary-derived HGH are homozygous
for either methionine or valine at codon 129 of the PrP gene (Collinge et
al. 1991; P. Brown et al. 1994; Deslys et al. 1994). Homozygosity at the
codon 129 polymorphism has also been shown to predispose individuals
to sporadic CJD (Palmer et al. 1991). Interestingly, valine homozygosity
seems to be overrepresented in these HGH cases compared to the gener-
al population.

Five cases of CJD have occurred in women receiving human pituitary
gonadotropin (Cochius et al. 1990, 1992; Healy and Evans 1993).
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CONCLUDING REMARKS

Many principles of prion replication are so unprecedented that some
investigators have difficulty embracing these mechanisms. Although
prion replication resembles viral replication superficially, the underlying
principles are quite different. For example, in prion replication, the sub-
strate is a host-encoded protein, PrP®, which undergoes modification to
form PrP%, the only known component of the infectious prion particle. In
contrast, viruses carry a DNA or RNA genome that is copied and directs
the synthesis of most, if not all, of the viral proteins. The mature virus
consists of a nucleic acid genome surrounded by a protein coat, whereas
a prion appears to be composed of a dimer of PrP*,

When viruses pass from one species to another, they often replicate
without any structural modification, whereas prions undergo a profound
change. The prion adopts a new PrP sequence that is encoded by the PrP
gene of the current host. Differences in the amino acid sequences can result
in a restriction of transmission for some species, while making the new
prion permissive for others. In viruses, the different properties exhibited by
distinct strains are encoded in the viral genome, but in prions, strain-spe-
cific properties seem to be enciphered in the conformation of PrP°,

As the body of data on prions continues to grow, changes in our
understanding of how prions replicate and cause disease will undoubted-
ly emerge. However, we hasten to add that many of the basic principles of
prion biology are becoming well understood.
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Although many aspects of prion disease biology are unorthodox, perhaps
the most fundamental paradox is posed by the coexistence of inherited,
sporadic, and infectious forms of these diseases. Sensible molecular
mechanisms for prion propagation must explain all three forms of prion
diseases in a manner that is compatible with the formidable array of
experimental data derived from histopathologic, biochemical, biophysi-
cal, human genetic, and transgenetic studies. In this chapter, we explore
the phenomenologic constraints on models of prion replication with a
specific emphasis on biophysical studies of prion protein structures. We
examine how an inherited disease can also present as a sporadic or infec-
tious illness in the context of the structural data on PrPs that are current-
ly available.

THEORY OF PRION DISEASES

The inherited prion diseases include Gerstmann-Straussler-Scheinker dis-
ease (GSS), familial Creutzfeldt-Jakob disease (fCJD), and fatal familial
insomnia (FFI). These patients present with characteristic clinical and
neuropathologic findings as early as their third or fourth decade of life,
and their family histories are compatible with an autosomal dominant
pattern of inheritance (Chapter 13). Molecular genetic studies argue that
these diseases are caused by mutations in the prion protein (PrP) gene
based on high LOD scores for 5 of the 20 known mutations (Hsiao et al.
1989; Dlouhy et al. 1992; Petersen et al. 1992; Poulter et al. 1992;
Gabizon et al. 1993). As with many inherited disorders, the pathogenesis
of the inherited prion disease is due to the aberrant behavior of the pro-
tein encoded by the mutant PrP gene. The altered physical properties of
mutant PrP probably result from a change in the conformation of the
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mutant protein akin to an allosteric effect; the magnitude of this confor-
mational change can be quite variable. For example, the conformational
change in sickle cell hemoglobin or in transthyretin mutants associated
with familial amyloid neuropathy (FAP) is largely at the level of quater-
nary structure, whereas there is evidence that the conformational reorga-
nization of the Alzheimer’s BAPP fragment occurs at both the tertiary and
quaternary structure levels (Lee et al. 1995; Colon et al. 1996; Kelly
1997). Unfortunately, these multimers are long-lived, exhibit pathologic
properties, and have a histopathologic record of their existence.
Considered in this context, it is not surprising that the conformation of the
normal cellular isoform of the wild-type (wt) prion protein (PrP¢) is distinct
from the disease-causing isoform of the mutant prion protein (PrPS™'P,
PrPSFFL PrPS¢OSS) in both conformation and oligomerization states.
However, the magnitude of the conformational rearrangement owing to a
point mutation is unexpected.

To explain inherited prion diseases, one need only postulate that the
protein can exist in two distinct conformations, one that prefers a
monomeric state and a second that multimerizes where the wild type
exhibits a dramatic preference for the monomeric state and the mutant
preferentially adopts the multimeric state. The origin of this distinction
could be kinetic or thermodynamic. Either the differential stability of the
wild-type and mutant proteins in the monomeric and multimeric states is
large, or a kinetic barrier that essentially precludes the conversion of the
wild-type monomer is abrogated by the disease-causing mutations. These
two scenarios are contrasted in Figure 1.

Results from a variety of site-directed mutagenesis studies of protein
stability suggest that the impact of a single point mutation on the free
energy of folding is unlikely to exceed 2—3 kcal (Matthews 1996). If the
simple thermodynamic model were operative and the conversion of mul-
timeric PrP® into monomeric were controlled by the differences in the free
energies of the ground state, one would expect that wild-type PrP*° pro-
duction would be approximately 1% as efficient as mutant PrP% forma-
tion. Given the resistance of the core of wild-type PrP% to proteolytic
digestion, PrP% would accumulate in the wild-type setting due to the dif-
ficulties associated with the metabolic clearance of this molecule. This
scenario is at odds with neuropathologic and epidemiologic data on the
incidence of sporadic CJD (sCJD). lonizing irradiation experiments have
suggested that the minimally infectious PrP5¢ particle is a dimer
(Bellinger-Kawahara et al. 1988). If the energetics of dimer formation is
simply the sum of the monomeric terms, then wild-type PrP5 formation
would be 0.01% as likely as mutant PrP5° production. This level of infec-
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Figure 1 An illustration of the distinction between thermodynamic and kinetic
models for the energetics of the conversion of PrP¢ carrying the wild type (WT)
and mutant (MUT) sequences into PrP. AG* is the free-energy difference
between the PrP¢ and PrP*° states and AG is the activation energy barrier sepa-
rating these two states. AAGYT™UT s the difference between AGVT and AGMYT,
The free-energy diagrams for the wild-type sequences are shown in solid lines
and the mutant sequences in broken lines.

tivity would be detectable using a variety of immunoassays and is in con-
trast to experimental results. Sensibly, the cooperativity component of
dimer formation is unlikely to be substantially different for the wild-type
and mutant forms, because disease-causing mutations exist in several dis-
tinct regions of the sequence and are distributed throughout the core of
the structure (Huang et al. 1994; Riek et al. 1996; James et al. 1997).
Thus, the cooperativity component of the free-energy difference between
the cellular and scrapie isoforms of the wild-type and mutant proteins
(AAGY™UT) s unlikely to exceed 2.0-3.0 kcal/mole. Under these
extreme assumptions, wild-type PrP¢ in normal cohorts should be 107 as
common as mutant PrP%° in carriers from affected families. This level of
wild-type PrP5¢ would be detected in bioassays of infectivity, a prediction
that is at odds with a number of inoculation studies of PrP derived from
natural and recombinant sources (Mehlhorn et al. 1996; Kaneko et al.
1997a). In contrast, kinetic control over the conversion of PrP¢ to PrP*
provides a simple explanation for the observed clinical and experimental
results. PrP5° would need to be only marginally more stable than PrP¢ (AG
= 2.0 to 3.0 kcal/mole). To explain the normal absence of PrP%¢, the
energetic barriers separating the two states would need to be quite large
(AG*= 36 to 38 kcal/mole assuming a transition-state argument). In this
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setting, a small change in the activation barrier (e.g., AAG1WT aur = 2-0 to
3.0 kcal) would result in approximately 100-fold slowing of the rate of
conversion. Thus, the 30- to 40-year prodromal period for inherited prion
disease in the mutant setting would become 3000—4000 years with the
wild-type protein if this were the rate-limiting step in disease progression.
Cooperative effects could further amplify the distinction between the nor-
mal cellular and disease-associated isoforms. For example, if the disease-
associated isoform were a dimer, then interactions between the monomeric
components could provide additional stability from the thermodynamic
perspective. The disease-associated isoform could also impact the kinetic
aspects of the conversion process by acting as a template that lowers the
activation barrier (AG¥) for the conformational change in a manner remi-
niscent of the way an enzyme’s active site orchestrates the positioning of
substrates to speed the rate of a reaction. In this setting, the disease-asso-
ciated isoform would also be disease-causing because its presence would
dramatically enhance the likelihood of conversion of the normal cellular
isoform.

In this context, the sporadic occurrence of CJD could arise for two
reasons. First, a somatic cell mutation could give rise to a mutant PrP that
would prefer the conformation of the disease-causing isoform (Prusiner
1989). Initially, propagation of the mutant PrP%°-like conformer would be
limited to the cell in which the somatic mutation had occurred. Either
within that cell or within surrounding cells, this mutant PrP*-like con-
former would have to be capable of triggering the conversion of wild-type
PrP€ into PrP%¢. If the particular somatic mutation produces a PrP>-like
conformer that cannot interact with wild-type PrP€, then prion propaga-
tion will not occur and disease will not develop. This scenario of sporadic
disease caused by a somatic mutation differs from the inherited prion dis-
eases where mutant PrPs with the characteristics of PrP% accumulate.
Because extracts from the brains of patients carrying the D178N, E200K,
or V210I point mutation have transmitted to mice expressing the wt
chimeric MHu2M transgene (Telling et al. 1996b; J.A. Mastrianni and
S.B. Prusiner, in prep.), it seems likely that any of these point mutations
could initiate sporadic prion disease. In contrast, human prions carrying
the P102L mutation could not be transmitted to Tg(MHu2M) mice, which
argues that this mutation could not initiate sporadic prion disease.
Although expression of the P102L mutation in either humans or mice
causes neurodegeneration, detection of these prions was greatly facilitat-
ed when mice expressing PrPs carrying the same mutation were used as
recipients of inocula from ill humans or Tg mice (Hsiao et al. 1994;
Telling et al. 1995, 1996a). A second explanation for sporadic disease is
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a corollary of the kinetic ideas advanced in the discussion of inherited dis-
ease. The kinetic barrier separating the cellular and disease-causing con-
formers of PrP provides only a stochastic barrier that will be crossed
given a sufficient time. Although this event will be vanishingly rare in any
individual human lifetime, following the logic of the ergodic theorem, the
likelihood of a rare event will increase as the size of the population
enlarges. In the case of sporadic CJD with an incidence of one per mil-
lion people, a barrier height of 36 to 38 kcal/mole would be required fol-
lowing a transition-state argument. Once this misfolded conformer is
formed, it would be available to act as a template to direct the rapid repli-
cation of the disease-causing conformer. If the infectious efficiency of an
individual PrPS¢ oligomer were small, then this would act as a prefactor
in the rate equation that would lower the expected AG* for a single PrP5°
formation event.

From the perspective of inherited and sporadic neurodegenerative dis-
eases, Alzheimer’s and the prion diseases could share similar pathogenic
mechanisms. However, a fundamental point of departure arises from the
transmissibility of the prion diseases, which has not been demonstrated
for Alzheimer’s disease (Goudsmit et al. 1980; Godec et al. 1994).
Inoculation of tissues from animals suffering from prion disease causes
disease in the recipient host. The infectious pathogen can be purified and
treated with reagents that modify or hydrolyze polynucleotides without
loss of infectivity. Although prions are remarkably resistant to proteolyt-
ic degradation, they can be inactivated by prolonged digestion with pro-
teases or by exposure to high concentrations of salts known to denature
proteins, such as guanidinium thiocyanate (Prusiner et al. 1981a,b,
1993b). Although these initial biochemical results were viewed with great
skepticism, it has become increasingly clear how this protein could repli-
cate. The mechanism of infectious prion disease follows from the second
explanation for sporadic disease with the minor modification that the ini-
tiation of the process is not truly stochastic at a molecular level but relates
to facilitated industrial or ritualistic cannibalism (Gajdusek 1977;
Wilesmith et al. 1991). The efficiency of the infection relates to the titer
of the inoculum, the mode of entry, and the frequency of exposure; intra-
cerebral inoculation of a large dose of prions most efficiently initiates
prion replication (Prusiner et al. 1985). In contrast, a single ingestion of
foodstuffs containing a small dose of prions is likely to be exceedingly
inefficient. The efficiency of this process is also governed by the strength
of the interaction of PrP® with PrPS°. When both isoforms contain the
same sequence (homotypic interaction), experimental data confirm that
conversion is most likely (Prusiner et al. 1990). When the sequences are



196 FE. Cohen and S.B. Prusiner

different, especially in certain regions of the structure, conversion is less
likely (Scott et al. 1993; Kocisko et al. 1995). The inefficiency of het-
erotypic conversion is commonly referred to as the “species barrier” and
has been used to explain why humans have not contracted scrapie from
sheep and why nontransgenic mice are largely resistant to human
PrPSY“I® inocula (Telling et al. 1995; Prusiner 1997).

A REPLICATION CYCLE FOR PrPS°

A simple replication cycle for PrP% can be constructed. PrP® exists in
equilibrium with a second state, PrP*, which is best viewed as a transient
intermediate that participates in PrP% formation either through an
encounter with PrP%¢ or with another PrP* molecule. Under normal cir-
cumstances, PrP¢ dominates the conformational equilibrium. With infec-
tious diseases, PrP%° specified here minimally as a PrPS/PrP® dimer is
supplied exogenously. It can bind PrP” to create a heteromultimer that can
be converted into a homomultimer of PrP* (see Fig. 2A). Genetic evi-
dence points to the existence of an auxiliary factor (protein X) in this con-
version (Telling et al. 1995; Kaneko et al. 1997b). Protein X preferential-
ly binds PrP¢ and is liberated upon the conversion of PrP* to PrP%°. Protein
X can then be recycled and join another heteromultimeric complex (see
Fig. 2B). The homomultimer can dissociate to form two replication-com-
petent templates creating exponential growth of the PrP%° concentration. In
inherited disease, the concentration of PrP” rises due to either the destabi-

Figure 2 Initiation and replication of PrP* synthesis. (4) Exogenous PrP5¢ initi-
ates PrP% synthesis by binding to a PrP“"/X complex. Facilitated by protein X
and directed by the PrP> template, PrP” changes conformation and forms PrP,
PrP* no longer binds protein X and so the heteromultimeric complex dissociates,
yielding recycled protein X and endogenous PrP¢. (B) A replication cycle for
PrP*° synthesis following the creation of endogenous PrP%°. Again PrP*¢ binds to
the PrP“"/X complex to form the activated template for conversion of PrP* to
PrP%. When PrP*° forms, protein X dissociates and is recycled. The newly gen-
erated PrP5 can then facilitate two replication cycles leading to an exponential
rise in PrP% formation. (C) In inherited disease and perhaps with spontaneous
disease in the presence of a somatic cell mutation, mutant PrP® can bind protein
X and form the PrP"/X/PrP"/X encounter complex, which can then form
PrP5/Mut in the absence of a PrP5° template. Once this event occurs, replication
follows the pattern in B. (D) In spontaneous disease, the rare formation of the
PrP*/X/PrP"/X complex could lead to de novo PrP5 formation. Once this rare
event occurs, replication would follow the outline in B.
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lizing effect of the mutation on PrP® or the increased stability of a PrP¢ or
PrP* dimer (multimer). This increases the likelihood of the presence of a
PrP’/PrP* complex that can form PrP5¢/PrP% (see Fig. 2C) and initiate the
replication cycle. Sporadic disease requires merely a rare molecular event,
formation of the PrP*/PrP* complex (see Fig. 2D), or a somatic cell muta-
tion that follows the mechanism for the initiation of inherited disease.
Once formed, the replication cycle is primed for subsequent conversion.
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Figure 2 (See facing page for legend.)
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From an analysis of the thermodynamics and kinetics of prion repli-

cation and the replication cycle for the inherited, sporadic, and infectious
scenarios, several inferences can be made about the biophysical proper-
ties of the normal cellular and disease-carrying PrP isoforms.

1.

PrP*° replication requires the presence of the PrP gene in the host cell
to direct PrP¢ synthesis (Biieler et al. 1993; Prusiner et al. 1993b;
Manson et al. 1994; Sakaguchi et al. 1995) . However, although PrP%
replication requires a PrP gene in the host cell, it does not need to be
carried by the infectious pathogen (Oesch et al. 1985).

PrP5¢ must be more stable than PrP®, and a sensible origin for this dis-
tinction is an extensive network of intermolecular interactions
between PrP monomers in a PrP multimer (Bellinger-Kawahara et
al. 1988). Protease resistance could be a corollary of this increased
stability and not necessarily the origin of the increased metabolic sta-
bility of PrP% (Prusiner et al. 1982; McKinley et al. 1983).

A large conformational distinction between PrP¢ and PrP% would
create a substantial kinetic barrier rendering prion disease extremely
uncommon in the wild-type setting. As a corollary, some region or
regions of PrP must exhibit extreme conformational plasticity
(Nguyen et al. 1995; Zhang et al. 1995, 1997).

For PrP* to provide a useful and efficient template to facilitate PrP©
conversion, the molecular interaction between PrP5 and PrP® must be
quite specific (Prusiner et al. 1990; Scott et al. 1993; Kocisko et al.
1995). Thus, differences in the sequences of PrP¢ and PrP> should
disrupt or attenuate conversion.

When the PrP gene carries amino acid substitutions that destabilize
the protein in the PrP¢ isoform or stabilize PrP*, the incidence of
inherited disease should rise (Chapman et al. 1994; Spudich et al.
1995). Other amino acid substitutions that do not alter the stability of
PrP€ or PrP” significantly will provide sites for polymorphisms
between or within species (for review, see Prusiner and Scott 1997).

If conformational conversion provides the rate-limiting step for prion
replication, disease progression should depend on the concentration
of PrP (Prusiner et al. 1993b; Biieler et al. 1994; Carlson et al. 1994;
Manson et al. 1994). As this is most logically a first order process,
halving the concentration of PrP should double the time to disease
and doubling the concentration of PrP should halve the time to dis-
ease. The standard deviation of measurements of time to disease ()
should be "2,

Small molecules that stabilize the PrP isoform could act as thera-
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peutic agents by decreasing the concentration of PrP", thereby slow-
ing PrP%° replication (Cohen et al. 1994). Similarly, molecules that
abrogate the PrP/protein X interaction or stabilize it sufficiently to
prevent protein X recycling could have therapeutic potential (Kaneko
et al. 1997b; Prusiner 1997).

We return to these inferences in the context of the experimental results
that follow.

EXPERIMENTAL AND COMPUTATIONAL STUDIES OF PrP® AND PrP%°

The failure to detect a polynucleotide associated with the infectious prion
particle created a “replication” conundrum (Prusiner 1982, 1984, 1991).
Purification of PrP 27-30 (Prusiner et al. 1982, 1983), the 27- to 30-kD
protease-resistant core of PrP5, and subsequent microsequencing provid-
ed sufficient partial sequence information (Prusiner et al. 1984) to dis-
cover the endogenous PrP gene (Chesebro et al. 1985; Oesch et al. 1985).
This gene resides on chromosome 20 in man and on the syntenic chro-
mosome 2 of mouse (Sparkes et al. 1986). This is consistent with infer-
ence 1 on the requirements of prion replication. Genomic DNA sequenc-
ing revealed that the entire PrP coding region was contained in a single
open reading frame (Basler et al. 1986). The sequence revealed many
well-known features, including a signal sequence and two sites for N-
linked glycosylation. In addition, several unusual features were noted,
including an eight-residue repeating sequence (octarepeat) P-H-G-G-G-
W-G-Q that is unlike any known protein structural motif and an alanine-
rich region A-G-A-A-A-A-G-A for residues 113 to 120. Until recently, no
extended regions of the PrP sequence were recognizably analogous to
non-PrP gene products (Bamborough et al. 1996).

Although PrP¢ and PrP%° share a common sequence and pattern of
posttranslational modification as judged by a variety of biochemical and
mass spectroscopic studies, substantial differences at a structural level
have been demonstrated between these two conformers. These are sum-
marized in Table 1. Although the magnitude of these conformational dis-
tinctions was unexpected by most, it is clear that this feature is an essen-
tial aspect of prion biology.

Biochemical Characterization

PrP 27-30 was purified as the protease-resistant core of the major, and
probably the only, component of the infectious prion particle (Prusiner et
al. 1982, 1983). PrP 27-30 aggregates into rod-shaped polymers that are
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Table 1 Structural differences between PrPC and PrP

Property PrP¢ PrPS¢

Protease resistance no stable core containing
residues 90-231

Disulfide bridge yes yes

Molecular mass after 16 kD [rPrP(90-231)] 16 kD (PrP 27-30)

deglycosylation
Glycosylation 2 N-linked sugars 2 N-linked sugars
Glycoforms multiple multiple

Secondary structure
Sedimentation rate

Accessible epitopes®

Free energy of
stabilization

Predicted secondary
structure

dominated by a-helices

consistent with mono-
meric species

109-112

138-165

225-231

AG = "6—8 kcal/mole

a: 109-122; 129-141;
179-191; 200-217

rich in (-structure

multimeric aggregated
species

225-231

at pH 4.5°
o: 144-154; 179-193; 200-217
B: 128-131; 161-164

at pH 5.2°
a: 144-157; 172-193; 200-227
B: 129-131; 161-163

Experimental data

*Peretz et al. (1997).
"Riek et al. (1996),
“James et al. (1997).

insoluble in aqueous and organic solvents as well as nonionic detergents.
These purified prion rods exhibit the tinctorial and ultrastructural proper-
ties of amyloid (Prusiner et al. 1983). PrP 27-30 is stable at high temper-
atures for extended periods of time, consistent with its unusual stability
of prion infectivity by comparison to globular proteins from mesophiles.
Protein denaturants (e.g., 3 M GdnSCN) that modify the structure of PrP
27-30 also inactivate prion infectivity (Prusiner et al. 1993a). In contrast,
prion infectivity resists inactivation by reagents that disrupt nucleic acid
polymers including nucleases, psoralens, and UV irradiation (Alper et al.
1967; Latarjet et al. 1970; Diener et al. 1982; Prusiner 1982; Bellinger-
Kawahara et al. 1987a,b). Microsequencing of the amino terminus of PrP
27-30 (Prusiner et al. 1984) led to the cloning and sequencing of the PrP
gene (Chesebro et al. 1985; Oesch et al. 1985). The amino terminus of
PrP 27-30 corresponds to approximately codon 90 in the full-length cod-
ing sequence (Basler et al. 1986; Locht et al. 1986).
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Under physiologic conditions, cells synthesize PrP in the endoplas-
mic reticulum (ER) with the cleavage of a hydrophobic leader sequence
(residues 1-22). Asparagine-linked carbohydrates that were attached to
residues 181 and 197 in the ER are remodeled in the Golgi as PrP transits
to the cell surface (Endo et al. 1989). A glycosyl phosphatidylinositol
(GPI) moiety is attached to residue 231 as 23 carboxy-terminal residues
are removed in the ER (Stahl et al. 1990). The biogenesis of PrP is com-
plicated by the presence of a stop transfer signal contained within
residues 95-110 (Yost et al. 1990). Whereas the majority of PrP biosyn-
thesis leads to a GPI-anchored form, the channel for PrP export into the
ER may disassemble during biogenesis, resulting in a transmembrane
form of PrP (De Fea et al. 1994; Hegde et al. 1998).

PrP secreted to the cell surface under normal conditions is known as
PrPC, a soluble, monomeric protein containing a single disulfide bridge
between residues 179 and 214. This protein was initially purified from
hamster brain in its glycosylated form (Pan et al. 1992, 1993; Turk et al.
1988) and subsequently produced by recombinant (r) sources as either the
truncated 142-residue molecule SHa rPrP (90-231) corresponding to PrP
27-30 or, more recently, the nearly full-length molecule SHa rPrP (29-
231) (Mehlhorn et al. 1996; Donne et al. 1997; Riek et al. 1997). The
recombinant protein can be oxidized and solubilized in GdnHCI between
pH 5 and pH 8. Dilution of the denaturant and incubation at room tem-
perature for 2—12 hours yields a folded material that shares the spectral
and immunologic properties of PrP¢ purified from SHa brain (Mehlhorn
et al. 1996; Peretz et al. 1997; Zhang et al. 1997). Thermal and GdnHCI
denaturation of rPrP (90-231) indicates a three-state process with a well-
defined intermediate (Zhang et al. 1997). The free-energy change
between the folded and intermediate states was calculated to be 1.9 + 0.4
kcal/mole. The second transition to the unfolded state was associated with
a free-energy change of 6.5 £ 1.2 kcal/mole. PrP® unfolds with a T of
50-55°C, substantially lower than PrP%¢. Analytical ultracentr1fugat10n
studies reveal that rPrP (90-231) is monomeric with a monomer-dimer
equilibrium association constant of 5.4 x 10°M'. rPrP (90-231) refolded
under acidic conditions yields a molecule with less helicity as judged by
circular dichroism spectroscopy. This form has a greater tendency to
aggregate (Zhang et al. 1997).

In contrast, PrP%, the full-length infectious conformer of PrP¢, has a
tendency to form aggregates but not amyloid fibrils (McKinley et al.
1991). Attempts to identify a covalent distinction between PrP¢ and PrP*
have been unsuccessful (Stahl et al. 1993). In both PrP¢ and PrP*°, the two
cysteines form a disulfide bridge that is needed for PrP* formation (Turk
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et al. 1988; Muramoto et al. 1996). PrP5¢ can be denatured with GdnSCN,
but refolding conditions that permit recovery of prion infectivity have not
been identified (Prusiner et al. 1993a). In the absence of conditions for
reversible unfolding of PrP, it has not been possible to establish the rel-
ative stability of PrP%, PrP¢, and the unfolded state. However, the differ-
ence in 7 values between the molecules suggests that PrP5¢is more sta-
ble than PrPC. This is consistent with inference 2. rPrP (90-231), when
refolded at high concentration, forms a B-rich structure that melts at high-
er temperatures than rPrP (90-231) in the O-helical state. However, the
melting curves for 3 rPrP (90-231) are not reversible, and so realistic free-
energy estimates cannot be derived for this transition (Zhang et al. 1997).
Analytic ultracentrifugation reveals a multimer containing 6—7 [-rPrP
molecules. Although these recombinant molecules folded into a B-rich
form share many spectroscopic and biochemical features of PrP%, they
are not infectious. This limits the conclusions that one can reach from a
study of these molecules.

CD and FTIR Spectroscopy

Studies of purified PrP 27-30 showed that it assembled into polymers
with the properties of amyloid (Prusiner et al. 1983), whereas earlier
investigations had shown that other amyloids have a high B-sheet content
(Glenner et al. 1972; Glenner 1980). In the prion diseases, the amyloid
deposits were subsequently shown to contain large amounts of the PrP
gene product (Bendheim et al. 1984; DeArmond et al. 1985; Kitamoto et
al. 1986; Roberts et al. 1988). Subsequently, Fourier transform infrared
(FTIR) spectroscopy was used to measure the high B-sheet content of PrP
27-30 (Caughey et al. 1991; Pan et al. 1993). FTIR and circular dichro-
ism (CD) studies showed that PrP> contains about 30% O-helical struc-
ture and about 40% [3-sheet (Pan et al. 1993; Safar et al. 1993). These data
are in marked contrast to the structural studies of PrP¢ purified from nor-
mal brain (Pan et al. 1993; Pergami et al. 1996) and of rPrP(90-231)
(Mehlhorn et al. 1996), which are soluble molecules with substantial O-
helical structure (40%) and little B-structure (~3%) by CD and FTIR
spectroscopy. Taken together, these studies confirm inference 3 concern-
ing a large conformational distinction between PrP® and PrP%¢.,

Computational Studies

With experimental evidence of two distinct conformational isoforms in
hand, efforts were made to predict the secondary and tertiary structures of
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PrP€ and PrP*° (see Fig. 3) (Huang et al. 1994, 1996). A series of sec-
ondary structure prediction algorithms were applied to a collection of PrP
sequences ranging from species as divergent as chicken and human. No
regular secondary structure was identified for the octarepeat region from
residues 23 to 90. Four or five putative structural regions were identified,
but there was a relative lack of consistency in the designation of these
regions as O-helices or B-strands (Huang et al. 1994). In an effort to fit
the spectroscopic data, four of the regions were identified as structured.
We presumed that all of these regions adopted a-helical conformation in
PrP¢ and two of these regions formed the component strands of a [3-sheet
in the PrP% isoform (Huang et al. 1996). Combinatorial packing algo-
rithms were applied to obtain plausible models of the tertiary structures
of PrP¢ and PrP%¢. Each alternative structure was examined for inconsis-
tencies with experimental data from peptide studies, with mutation infor-
mation derived from patients with inherited prion diseases, and with
sequence polymorphism data derived from an extensive effort to
sequence PrP genes from a variety of species. The result was low-resolu-
tion models of the structures of PrP® and PrP that facilitated the design
of a variety of peptides and transgenic constructs.

Antibody Studies

Early studies of distinctions in the antigenic surface of PrP¢ and PrP*
were hampered by the limited antigenicity of PrP%¢ (Prusiner et al. 1993b;
Williamson et al. 1996). Operationally, only two monoclonal antibodies

Figure 3 Ribbon diagram of a predicted structure for PrP5°. The two carboxy-ter-
minal helices correspond to helices B and C in PrP¢. The red and green strands
correspond to the region between residues 90 and 145 that are predicted to adopt
a B structure in PrP%°. Side chains of some residues implicated in the species bar-
rier are also included and noted to cluster on one face of the putative B-sheet.
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have been developed that recognize PrP: 13A5 and 3F4 (Barry and
Prusiner 1986; Kascsak et al. 1987). Although both bind to PrP¢ and
denatured PrP%°, neither binds to folded PrP%° effectively (see Fig. 4).
Recently, we have surveyed a diverse set of Fab fragments of recombinant
origin (Peretz et al. 1997). Seven Fabs were identified that bind to distinct
linear PrP epitopes: D4, R10, D13, R72, R1, R2, and D2. The last three
of these can reliably recognize active PrP%¢ as well as PrPC. Epitope-map-
ping studies demonstrate that 3F4, D4, R10, and D13 bind to an epitope
bounded by residues 94-112 (I) whereas 13A5 and R72 recognize a dis-
tinct epitope formed by residues 138—165 (II). The extreme carboxyl ter-
minus of the molecule, residues 225-231, contains a binding site for R1,
R2, and D2 (1II). The large conformational rearrangement between PrP¢
and PrP%° demonstrated spectroscopically is supported by a clearly differ-
entiable antibody-binding pattern. From epitope-mapping studies, we can
now localize the conformationally flexible region to include residues
90-112. This region could extend to residue 138. In contrast, the region
between residues 225 and 231 is likely to adopt a similar structure in PrP¢
and PrP% based on the relatively uniform binding of rFabs R1, R2, and
D2 to both isoforms. Whether this conformationally rigid zone extends to
include residues 166—224 remains to be determined. This evaluation will

"IH e bl
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Figure 4 Schematic diagram of the secondary structure of PrP¢ (residues 90-
231) and a model of PrP*°. The distinct epitopes A, B, and C have been identified
and the boundaries of these linear epitopes mapped. Antibodies 3F4, D4, R10,
and D13 recognize epitope A in PrP® but this epitope is cryptic in PrPS.
Antibodies 13A5 and R72 recognize epitope B in PrP® and to a lesser extent, epi-
tope B in PrP%. Finally, antibodies R1, R2, and D2 recognize epitope C in PrP®
and PrP.
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require the identification of monoclonal antibodies or Fab fragments that
recognize this region. Recent work by Oesch and colleagues has identi-
fied an IgM that appears to recognize PrP%° specifically (Korth et al.
1997). These results are consistent with the conformational dimorphism
of PrP¢ and PrP* and support a model for the structure of PrP5° similar
to that proposed by Huang et al. (1996).

PrP° BINDS PrPS° DURING SCRAPIE PRION FORMATION

A cardinal feature of prion transmission studies is the existence of a
“species barrier” (Pattison 1965). That is, prions derived from a particu-
lar host species are more effective in transmitting disease upon inocula-
tion into an animal of the same species than into one of a more evolu-
tionarily distant species. This concept can be explicitly tested by creating
mice expressing a Syrian hamster (SHa) PrP transgene (Scott et al. 1989).
When inoculated with mouse PrP5¢ (MoPrP*°), this transgenic animal pro-
duces MoPrP*. In contrast, when transgenic (Tg) mice expressing
SHaPrP were inoculated with SHa prions containing SHaPrP*, the Tg
animals produced SHaPrP> (Prusiner et al. 1990). Thus, the transgene
product SHaPrP® must recognize and bind SHaPrP*° to template a
sequence-specific conversion. A similar situation is obtained with the
MoPrP¢/MoPrP%° interaction. Thus, homotypic interactions between
identical PrP sequences in the PrP® and PrP*¢ isoforms are more favorable
than the heterotypic alternatives (Prusiner 1991). This principle of prion
replication was extended using chimeric SHa/Mo PrP transgenes in which
only the central domain (residues 96—167) rendered the mice susceptible
to SHa prions (Scott et al. 1992, 1993). Subsequent biochemical studies
demonstrated that PrPC binds PrP%° respecting sequence-specific prefer-
ences (Kocisko et al. 1994, 1995; Kaneko et al. 1995). These studies pro-
vide evidence in support of inference 4 concerning the specificity of the
PrP¢/PrP5® heterodimer interface.

PROTEIN X IN PrPS® FORMATION

On the basis of the results with chimeric SHa/MoPrP transgenes, mice
expressing chimeric Hu/MoPrP transgenes (MHu2M) were created.
These Tg mice that coexpressed MHu2M and MoPrP® were susceptible
to Hu prions from the brains of patients who had died of inherited, spo-
radic, and infectious prion diseases, whereas mice coexpressing Hu and
MoPrP¢ were resistant to Hu prions (Telling et al. 1995). Only when
Tg(HuPrP) mice were crossed onto the Prnp”® background did they



206 F.E. Cohen and S.B. Prusiner

become susceptible to Hu prions. To achieve comparable incubation
times, the expression of HuPrP needed to be at least 10-fold higher than
that in Tg(MHu2M)Prnp®® mice. These findings were interpreted in
terms of an auxiliary macromolecule that facilitates the conversion of
PrP5¢ formation. Since this molecule is most likely a protein, it was pro-
visionally designated “protein X.” To explain the resistance of Tg mice
expressing both MoPrP and HuPrP to Hu prions, MoPrP® must bind to
protein X with a higher avidity than does HuPrP®. Because the conversion
of MHu2M PrP€ into PrP*° was only weakly inhibited by MoPrP€, it was
surmised that either the amino- or carboxy-terminal domain of PrP, but
not the central domain, binds to protein X (Telling et al. 1995). Since the
amino terminus of PrP is not required for either transmission or propaga-
tion of prions (Rogers et al. 1993; Fischer et al. 1996; Muramoto et al.
1996), it was then postulated that the binding site for protein X lies at the
carboxyl terminus (Telling et al. 1995). To test this hypothesis, a chimeric
Hu/Mo gene was constructed in which the amino-terminal and central
domains were composed of MoPrP and the carboxy-terminal region of
HuPrP. This construct (M3Hu PrP) did not support PrP% formation in
scrapie-infected mouse neuroblastoma (ScN2a) cells, which suggests that
its carboxyl terminus carrying the HuPrP sequence did not bind to Mo
protein X. Subsequent studies of the PrP /protein X interaction in ScN2a
cells have shown that MoPrP residues 167, 171, 214, and 218 are essen-
tial for protein X binding (Kaneko et al. 1997b). Biochemical efforts to
purify protein X are under way.

NMR SPECTROSCOPY

Solution phase nuclear magnetic resonance (NMR) spectroscopic studies
have been completed on three nonglycosylated fragments of PrP derived
from synthetic or recombinant sources and refolded in an effort to repli-
cate the conformation of the native glycosylated membrane-anchored
PrP€. These fragments are (1) SHaPrP(90-145), a synthetic peptide that
begins with the residues at the amino terminus of PrP 27-30 (Prusiner et
al. 1984) and ends at a position corresponding to a truncation mutation
observed in a Japanese patient diagnosed with a prion disease (Kitamoto
et al. 1993; Zhang et al. 1995); (2) MoPrP(121-231), a recombinant mol-
ecule found to form a stable folding domain (Hornemann and Glockshuber
1996) and corresponding to most of PrP®-II, a normal degradation product
of PrP¢ (Haraguchi et al. 1989; Pan et al. 1992; Chen et al. 1995;
Taraboulos et al. 1995); and (3) SHaPrP(90-231), a recombinant protein
corresponding to the sequence of PrP 27-30 (Mehlhorn et al. 1996).
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In an effort to investigate the structural basis of the conversion of O-
helical structure in PrP€ into B-sheet structure in PrP%, chemically syn-
thesized peptide fragments corresponding to the SHaPrP(90-145) and the
subfragment 109-141 were studied. These peptides include regions of the
PrP sequence that, from an evolutionary perspective, are most conserved
(Bamborough et al. 1996) as well as regions previously shown to be con-
formationally plastic (Nguyen et al. 1995). A shorter PrP peptide com-
posed of residues 109—121 corresponding to the first putative a-helix was
unexpectedly found to adopt a B-sheet conformation (Gasset et al. 1992),
the structure of which has been examined by solid-state NMR (Heller et
al. 1996). A slightly larger peptide composed of residues 106—126 has
been studied with respect to both its structure and neurotoxicity using pri-
mary cultures of hippocampal neurons (Forloni et al. 1993; De Gioia et al.
1994; Brown et al. 1996). The longer SHaPrP(90-145) and SHaPrP(109-
141) peptides could be induced to form a-helical structures in some organ-
ic solvents (e.g., trifluoroethanol) and detergents (e.g., sodium dodecyl
sulfate) (Zhang et al. 1995). In contrast, acetonitrile or physiologic con-
centrations of NaCl facilitated the formation of a (3-sheet-rich structure.
Ultrastructurally, the [-sheet-rich form assembled into rod-shaped poly-
mers. Stabilized by the hydrophobic support of detergent micelles, the
peptide forms one stable and one more transient helix as judged by NMR
spectroscopy. Chemical shift data on PrP 90-145 in 20 mM sodium acetate
and 100 mm SDS collected at pH 3.7 and 25°C suggested a stable a-helix
in residues 113—122 and a more transient helical structure from 128 to
139. Although it was possible to assign all the proton resonances, only
short-range nuclear Overhauser effects (NOEs) were identified, suggest-
ing that this PrP fragment has only transient long-range organization, at
best. At pH 5.0, and to a lesser extent at pH 7.2, PrP(90-145) will form a
B-sheet-rich structure as measured by FTIR.

In efforts to identify a conformationally stable PrP fragment for NMR
characterization, some investigators chose a MoPrP fragment of 111
residues (Hornemann and Glockshuber 1996) that is approximately 8
residues smaller than PrPC-II (Chen et al. 1995). Using this Escherichia
coli-derived MoPrP(121-231) fragment, a three-dimensional structure
was obtained using standard heteronuclear spectroscopic methods (Riek
et al. 1996). At pH 4.5 and 20°C in the absence of any buffer, three a-heli-
cal and two [(-strand regions were identified. As anticipated by the com-
putational and biochemical studies, a disulfide bridge joined the two car-
boxy-terminal helices. Several regions of the chain were judged to be too
flexible to locate specifically in the three-dimensional structure of this
fragment, including residues 121-128, 167-176, and 220-231.
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The structure of SHaPrP(90-231), a recombinant protein derived
from E. coli with a sequence corresponding to PrP 27-30 isolated from
scrapie-infected Syrian hamsters (Mehlhorn et al. 1996), has been deter-
mined (James et al. 1997). Biochemical and immunologic studies of
SHaPrP(90-231), also designated rPrP or rPrP(90-231) (Mehlhorn et al.
1996), suggest a pH-labile structure below pH 5.2. As rPrP retains much
if not all of its secondary structure at low pH, it is likely that rPrP adopts
an acid-induced “A-state” reminiscent of that observed in apomyoglobin.
Fortunately, the James et al. studies were carried out at pH 5.2 and 30°C
in 20 mM sodium acetate.

From the NOE cross-peaks, 2401 experimental distance restraints
were used to generate low-resolution structures via standard constrained
refinement calculations (Giintert et al. 1991). A best-fit superposition of
backbone atoms for residues 113-228 of rPrP is shown in Figure 5A
(James et al. 1997). The helices and [-sheet are fairly well defined, and
loop regions can also be defined, although with less precision. Helix A
spans residues 144—157 with the last turn quite distorted, corresponding
to helix 144—154 found for MoPrP 121-231. Helix B includes residues
172—-193, with the first turn irregular at the present stage of structure
refinement. This is about two turns longer than the 179—-193 helix found
for MoPrP(121-231) (Riek et al. 1996), which agrees well with predicted
helix H3 (179-191) (Huang et al. 1994). Helix C extends from residue
200 to 227 with the 225-227 turn irregular. This is substantially longer
than the helix corresponding to residues 200-217 in MoPrP(121-231)
(Riek et al. 1996). It is notable that predicted helix H4 (residues 202-218)
(Huang et al. 1994) corresponds well with that found in MoPrP(121-231).
Two 4-residue B-strands (128—131 and 161-164) were identified in the
MoPrP(121-231) structure (Huang et al. 1994). In rPrP(90-231), a simi-
lar antiparallel B-sheet, with S2 spanning residues 161-163 and S1 span-
ning 129-131 possessing B-sheet characteristics, was found, but the two
strands do not manifest standard 3-sheet geometry (James et al. 1997). In
fact, a B-bridge occurs only between Leu-130 and Tyr-162, and there are
extensive cross-strand connectivities of residues in segment 129—134 with
proximate residues on the antiparallel segment 159—165.

The loop between S2 and helix B (i.e., residues 165—171) yields reso-
nances clearly exhibiting long-range as well as medium-range restraints in
rPrP (James et al. 1997); this contrasts with the absence of resonances for
the backbone atoms of residues 167—176 in the shorter MoPrP(121-231)
(Riek et al. 1996). The results of studies on rPrP(90-231) indicate that the
loop is reasonably ordered (James et al. 1997), whereas it was concluded
that this region is disordered in MoPrP(121-231) (Riek et al. 1996).
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The NMR results for rPrP(90-231) (James et al. 1997), compared
with the structure reported for MoPrP(121-231)(Riek et al. 1996), sup-
port the notion that the core of the PrP® structure is formed by parts of
helices B and C, which correspond largely to the predicted H3 and H4

A

Figure 5 (See following pages for rest of figure and legend.)
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regions (Huang et al. 1994), and is stabilized by the disulfide, which is
essential for a-helical folding (Mehlhorn et al. 1996; Muramoto et al.
1996). As seen in Figure 5, helices B and C essentially form one side of
the protein structure (James et al. 1997). This core is further stabilized by

Figure 5 (Continued, see facing page for legend.)
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helix A, which lies across helix C with side chains between the two
helices interacting (Fig. 5B). Strand S2 also lies on this side of the pro-
tein and interacts predominantly with helices B and C as well as S1. With
or without S2 and S1, we presume this relatively stable folding core is
associated with the second unfolding transition.

Under the conditions used for NMR studies, it appears that rPrP(90-
231) forms dimers a measurable fraction of the time (James et al. 1997).
Recent unfolding experiments on rPrP(90-231) as a function of concen-
tration suggest that unfolding follows a two-state regime at low protein
concentrations; thus, it is likely that the initial unfolding transition at high
protein concentration represents the disruption of a dimer interface (S.
Marqusee, pers. comm.). Since MoPrP(121-231) exhibits biphasic
unfolding at high protein concentration (Hornemann and Glockshuber

Figure 5 NMR structure of SHa rPrP(90-231). (4) Comparison of the 15 best-
scoring structures of rPrP shown with a best-fit superposition of backbone atoms
for residues 113-227 (stereo view). In all figures except B, the color scheme is:
disulfide between Cys-179 and Cys-214, yellow; sites of glycosidation in PrP®,
i.e., Asn-181 and Asn-197, gold; hydrophobic cluster composed of residues
113-126, red; helices, pink; loops, gray; residues 129-134, green, encompassing
strand S1 and residues 159-165, blue, encompassing strand S2; the arrows span
residues 129-131 and 161-163, as these show a closer resemblance to (-sheet.
The structures were generated with the program DIANA (Giintert et al. 1991),
followed by energy minimization with AMBER 4.1 (Pearlman et al. 1995).
Structure generation parameters are as follows: 2401 distance restraints
(intraresidue, 858; sequential (i — i +1), 753; (i - i +2), 195; (i — i+3),233;(
- i+4), 109; and (i — i+ =5), 253 for amino acid i); hydrogen bond restraints,
44; distance restraint violations >0.5 A per structure, 30; AMBER energy, -1443
+ 111 kcal/mole. Precision of structures: atomic RMSD for all backbone heavy
atoms of residues 128-227, <1.9 A. The distance restraint violations and preci-
sion in some molecular moieties reflect the conformational heterogeneity of rPrP.
(B) van der Waals surface of rPrP turned approximately 180° from 4, illustrating
the interaction of helix A with helix C. Helices A, B, and C are respectively col-
ored magenta, cyan, and gold. (C) Residues 113—132 illustrating (stereo view) in
one representative structure the interaction of the hydrophobic cluster, with van
der Waals rendering of atoms in residues 113—127, with the first (3 strand. (D)
Stereo view, highlighting in white the residues corresponding to point mutations
that lead to human prion diseases. (£) Stereo view, using ribbonjr, illustrating the
proximity of helix C to the 165-171 loop and the end of helix B, where residues
GIn-168 and GIn-172 are depicted with a low-density van der Waals rendering
and helix C residues Thr-215 and GIn-219 are depicted with a high-density van
der Waals rendering. Illustrations were generated with Midasplus.
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1996), we believe that an essential component of the PrP":PrP”* dimer
interface will include residues 90-120. This segment is sequentially and
spatially distinct from the protein-X-binding site and includes some of the
species polymorphisms that are likely contributors to the PrP":PrP” inter-
face and may be part of the molecular basis of the species barrier (Schétzl
et al. 1995; Bamborough et al. 1996). Figure 6 highlights the side chains
that are polymorphic in the 90-120 segment. In addition, other polymor-
phic residues that are spatially adjacent to this subgroup are presented.
We hypothesize that this interface is the PrP* portion of the dimerization
interface that is essential for PrP* replication and that small molecules
that bind to this region will disrupt PrP> replication. In contrast, polypep-
tides including antibodies that mimic this interface could act as templates
to facilitate PrPS replication.

Presence of the additional 31 amino-terminal residues of rPrP(90-
231), relative to MoPrP(121-231), induces substantial changes in the
structure of PrP including alterations in the carboxyl terminus (James et
al. 1997). Helix C is extended by at least 9 residues, helix B is up to 7

Figure 6 The NMR structure of SHaPrP (90-231) with the conformation of
residues 107—112 constrained to follow the structure of this peptide as seen in an
X-ray structure of the peptide bond to a Fab fragment of the 3F4 antibody (Z.
Kanyo, pers. comm.). Residues with substantial polymorphisms across known
sequences (Schitzl et al. 1995) that are not part of the protein X binding inter-
face are shown. These residues form a likely site for the PrP“:PrP> interaction.
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residues longer, and the loop comprising residues 165—171 is sufficiently
ordered that many long-range restraints can be observed. A hydrophobic
region without regular secondary structure (residues 113—125) predomi-
nantly interacts with S1 in the -sheet (Fig. 5C). This may serve to stabi-
lize the observed extension of helix B from 179 in MoPrP 121-231 to 172
in rPrP(90-231). Stability may also be conferred by hydrophobic interac-
tions of Tyr-128 with Tyr-163 in the -sheet, which, in turn, interacts with
Val-176. The relative stability of the 165—171 loop and the three addi-
tional helical turns in helix C are presumably connected to stabilization of
the other structural elements.

Within the irregular hydrophobic cluster (James et al. 1997) is a
palindromic sequence, A'*GAAAAGA, that, together with surrounding
residues, is conserved in all species examined to date (Bamborough et al.
1996). In humans, the A117V mutation causes GSS (Doh-ura et al. 1989;
Hsiao et al. 1991; Mastrianni et al. 1995), whereas an artificial set of
mutations consisting of A113V, A115V, and A118V in Tg mice causes
spontaneous neurodegeneration and promotes [-sheet formation in
recombinant PrP (Scott et al. 1997b; Hegde et al. 1998). Residues where
point mutations lead to human diseases (for review, see Prusiner and Scott
1997) are highlighted in Figure 5D. A point mutation in the PrP gene that
changes Asp-178 to Asn-178 causes FFI if residue 129 is methionine
(Medori et al. 1992); the double mutation with Met-129 changed to valine
results in a subtype of CJD instead (Goldfarb et al. 1992). Residue 178,
which is in the extension of helix B seen in rPrP(90-231) (James et al.
1997) but not in MoPrP(121-231) (Riek et al. 1996), and residue 129 are
located opposite one another with strand S2 partially intervening (Fig.
SE). If the mutation D178N destabilizes the structure, part of helix B
could unravel. This part of helix B is near Arg-164 in S2, which in turn is
adjacent to Met-129. Depending on the identity of residue 129, the struc-
ture of the codon 178 mutants may vary in a fashion anticipated by
Gambetti and co-workers (Petersen et al. 1996).

Studies on the transmission of Hu prions to Tg mice suggest that a
species-specific non-PrP protein designated protein X as noted above acts
to facilitate PrP¢ formation (Telling et al. 1995). Information gained from
mutagenesis and NMR studies performed in concert suggests the side
chains of MoPrP residues GIn-167, GIn-171, Thr-214, and GIn-218,
which correspond to SHaPrP residues GIn-168, Gln-172, Thr-215, and
GIn-219, respectively, form the site at which protein X binds to PrP®
(James et al. 1997; Kaneko et al. 1997b). Although sequentially distant,
these residues cluster on one face of the molecule (James et al. 1997). The
glycosylation sites, Asn-181 and Asn-197, are evidently not very near this
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putative binding site (Fig. SE). A comparison of the structure of rPrP(90-
231) with MoPrP(121-231) (Riek et al. 1996) suggests that omission of
residues 90—120 destabilizes helix C, resulting in its truncation and con-
sequent disordering of residues 167—176. Perhaps this explains why
MoPrP(121-231) is ineligible for conversion into PrP% and does not
appear to be able to bind to protein X (Muramoto et al. 1996; L. Zulia-
nello et al., in prep.). As seen in Figure 5D, Thr-215 and GIn-219 lie in
register one turn apart on helix C and interact with the loop containing
residues 167 and 171. This information also allows us to understand the
structural basis of genetic resistance to scrapie. Residue 171 is a gluta-
mine in most species. Studies of Suffolk sheep in the US revealed codon
171 to be polymorphic, encoding either glutamine or arginine. All Suffolk
sheep with scrapie were found to be GIn/Gln, which indicates that argi-
nine conferred resistance (Westaway et al. 1994). These data suggest that
the basic side chain of arginine acts to increase the affinity of PrP¢(R171)
for protein X such that PrP° is not readily released from the complex.
Such a scenario where R171 acts through a negative dominant mechanism
seems likely, since heterozygous Arg/Gln sheep are also resistant to
scrapie. Susceptibility to scrapie in other breeds of sheep is also deter-
mined largely by the nature of residue 171 (Hunter et al. 1993, 1997a,b;
Goldmann et al. 1994; Belt et al. 1995; Clousard et al. 1995; Ikeda et al.
1995; O’Rourke et al. 1997). Equally important is the observation that
about 12% of the Japanese population encode lysine instead of glutamic
acid at position 219 (Kitamoto and Tateishi 1994). No cases of CJD have
been found in people with Lys-219 which, like arginine, is basic (Shibuya
et al. 1998).

Recently, the NMR structures of MoPrP(23-231) and SHaPrP(29-
231) have been characterized (Donne et al. 1997; Riek et al. 1997). This
work suggests that the amino-terminal residues from 23 or 29 to 124 are
flexible, under the experimental conditions chosen as judged by the neg-
ative NOEs and patterns of chemical shift data. Despite this flexibility in
SHaPrP(29-231), the octarepeat region makes transient interactions with
the carboxy-terminal end of helix B as judged by changes in the C, chem-
ical shifts for these residues in SHaPrP(29-231) compared with rPrP(90-
231). However, it is unlikely that the octarepeat region is truly flexible and
disordered under biologically relevant conditions given that full-length
and not truncated PrP® is normally purified from animal brain prepara-
tions and that the addition of a sixth octarepeat gives rise to an inherited
prion disease in humans.

It now seems clear that PrP¢ is a metalloprotein and that the highly
flexible octarepeat region seen in the NMR experiments may be much
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more structured in the presence of copper. Each SHaPrP(29-231) mole-
cule has been shown to bind copper preferentially over other divalent
cations following a 4:1 stoichiometry with spectroscopic evidence of
tryptophan burial upon metal binding (Stockel et al. 1998). This work
extends earlier work on the binding of copper to synthetic peptides con-
taining the octarepeat sequence (Hornshaw et al. 1995a,b; Miura et al.
1996). The biological relevance of these findings is supported by the
recent findings of alterations of copper levels in Cu/Zn superoxide dis-
mutase activity in PrP-deficient (Prnp”°) mice (Brown et al. 1997). The
paramagnetic properties of Cu(Il) will delay NMR characterization of the
complete structure of this metalloprotein.

PRION STRAINS

The existence of prion strains has been considered difficult to reconcile
with the protein-only model and the evidence that prion diseases involved
protein folding and distinct folded conformations (Bruce and Dickinson
1987; Dickinson and Outram 1988; Prusiner 1991; Ridley and Baker
1996). However, recent results on the creation of new prion strains and
their subsequent biochemical characterization have shown how the strain
phenomenon is entirely compatible with the protein-only conformational
conversion model (Telling et al. 1996b). Prion strains were initially iso-
lated on the basis of different clinical syndromes in goats with scrapie
(Pattison and Millson 1961); subsequently, strains were isolated in
rodents on the basis of different incubation times and neuropathologic
profiles (Fraser and Dickinson 1973; Dickinson and Fraser 1977). New
strains have been produced upon passage from one species to another
(Kimberlin et al. 1987) or passage from non-Tg mice to mice expressing
a foreign or artificial PrP transgene (Scott et al. 1997a).

Studies of the drowsy (DY) and hyper (HY) prion strains isolated
from mink by passage in Syrian hamsters showed that two strains pro-
duced PrP* molecules with protease-resistant cores (PrP 27-30) of dif-
ferent molecular sizes as judged by gel electrophoresis (Bessen and
Marsh 1994). Since the smaller size of the protease-resistant fragment of
the DY strain did not correlate with a particular phenotype, the signifi-
cance of these findings was unclear (Scott et al. 1997a). In seemingly
unrelated studies, brain extracts from patients who died of FFI exhibited
a deglycosylated, protease-resistant core of PrPS*™! of 19 kD, whereas
that found in extracts from patients with fCJD(E200K) and sCJD was 21
kD (Monari et al. 1994). The smaller size of the PrPS*! fragment was
attributed to the distinct sequence of the PrPS™! protein. Studies on the
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transmission of prions from patients with FFI, f{CID(E200K), or sCJD to
Tg(MHu2M)Prnp”® mice have shown that different sequences were not
required to maintain the structural distinctions as judged by the molecu-
lar sizes of the deglycosylated, protease-resistant core of PrPS° molecules
(Telling et al. 1996b). The Tg(MHu2M)Prnp®° mice inoculated with
extracts from FFI patients developed signs of CNS dysfunction about 200
days later and exhibited a deglycosylated, protease-resistant core of PrP*
that was 19 kD in size, whereas mice inoculated with extracts from
fCJD(E200K) patients developed signs at about 170 days and exhibited a
PrP5¢ of 21 kD. On second passage in Tg(MHu2M)Prnp”° mice, the ani-
mals receiving the mouse FFI extract developed neurologic disease after
about 130 days and displayed a 19-kD PrP5 molecule, and those injected
with the mouse fCJD extract exhibited disease after about 170 days and
showed a 21-kD PrP% molecule. The second passage of these distinct
prion strains with identical PrP amino acid sequences demonstrates that
the size of the protease-resistant core is a stable feature of the strain. Thus,
the two prion strains represent distinct PrP structures that can be enci-
phered on a proteinaceous template that is stable in passaging experi-
ments.

What is the structural basis of these alternative PrP%° conformers?
Work on diphtheria toxin identified distinct crystal forms that displayed
different tertiary and quaternary structures for a single polypeptide
sequence (Bennett et al. 1995). To describe this observation, the notion of
domain swapping was introduced, where a region of one monomer dis-
placed the corresponding region in another monomer to create an inter-
locking molecular handshake (Bennett et al. 1995). This phenomenon has
now been observed in a variety of other protein structures with the
swapped elements as small as an isolated O-helix or -strand and as large
as an entire folded domain. We suspect that a similar phenomenon is
responsible for prion strains.

Imagine that the protease core of PrP* has two subdomains joined by
a linking region and that PrP%° exists as a dimer. Figure 7 shows a
schematic of the fCJD-derived strain that shields a cleavage site near
residue 105 but retains the cleavage site near residue 90. In the FFI-
derived strain, the smaller subdomain of one monomer would swap with
its partner in the dimer in a manner reminiscent of alternative ribonucle-
ase A structures. In this way, the heterosubdomain interface (90-105:110-
231) and the homosubdomain interface (90-105: 90-105) are maintained,
but the proteolytic remnant is quite different. Moreover, the templates
provided by each protease-resistant core would present a distinct interface
for the conversion of PrP® to PrP*¢ during prion replication. Many lines
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of evidence suggest that the residues between 90 and 120 play a major
role in the creation of the PrP“/PrP*° interface.

In addition to a structure for PrP¢ that is distinct from PrP>, these
results on prion strains suggest that there are multiple approximately
isoenergetic PrP% conformers. This is an obvious point of departure from
earlier work demonstrating that for most proteins, there was a single fold-
ed structure that was uniquely encoded in the sequence (Anfinsen 1973).
In an effort to probe the limits of this conformational pluralism for PrP,
we have explored this phenomenon on a thermodynamically well under-
stood model of protein structure, the H-P model on a square and cubic lat-
tice (Chan and Dill 1996). In this model, two amino acid types are
allowed, hydrophobic (H) and hydrophilic (P) residues, and the confor-
mations of the chain are limited to those that can be exactly embedded
upon the lattice. The energetics of this system are equally discrete, H-H
interactions are worth one favorable energy unit, and all other interactions
are negligible. Although this model lacks many features of real polypep-
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Figure 7 A cartoon of two strains of PrP formed by domain swapping. The two
schematic structures are approximately isoenergetic but are expected to have dis-
tinct proteolytic cleavage patterns.
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tide chains, for relatively short chains it is possible to enumerate all chain
conformations and to identify all sequences with a unique lowest energy
monomeric structure.

For H-P sequences of length 27 on a cubic lattice, one could ask how
many sequences that have a unique monomeric structure would prefer a dif-
ferent conformation upon forming a symmetric dimer. With this simplified
system, we found that about 5% of all sequences are prion-like in that the
lowest energy structure for the monomer is unlike the most stable dimeric
structures (Harrison et al. 1999). Taking this analogy one step further, it is
possible to identify domain swaps between the amino- or carboxy-terminal
regions of each monomeric member of the dimer that are isoenergetic with
the new interleaved dimeric arrangement. This is reminiscent of the exper-
imental work on strains. In this lattice limit, it is easy to see how the strains
could act as templates to direct the formation of distinct “scrapie” mole-
cules. It would also follow that proteolysis experiments could reveal differ-
ent resistant cores. One could also ask how often a mutation to the 27-mer
sequence would differentially affect the stability of the dimeric structures.
Our preliminary calculations document that this is a relatively common
phenomenon holding true for 20-30% of the residues, especially when
residues are mutated from Ps to Hs.

CONCLUSIONS

A wide array of biochemical and biophysical experimental results indi-
cate that a dramatic change in protein conformation is a central feature of
the prion diseases. Although the transmissible aspect of prion biology has
led to a variety of quite disparate hypotheses about the molecular basis of
prion diseases, these mechanistic issues are more easily understood when
one begins with the tenet that these diseases are fundamentally autosomal
dominant inherited diseases. From a historical perspective, the inherited
prion diseases are likely to have been the first to arise, because the sto-
chastic nature of sCJD would seem to require a substantial population of
individuals over the age of 60, and cannibalism could lead only to infec-
tious CJD if the victim had preexisting familial or sporadic CJD.

Many autosomal dominant inherited diseases act by distorting the
structure of a protein. The experimental results on the prion diseases are
entirely compatible with this notion. In general, the change in protein
structure could be under kinetic or thermodynamic control. For the prion
diseases, the evidence points toward kinetic control. A special feature of
the prion diseases is that the disease-causing isoform, PrP%¢, appears to be
capable of acting as a template to lower the kinetic barriers that normally
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separate PrP¢ from PrP*. This provides a simple explanation for the
inherited prion diseases that can be easily adapted to explain sporadic and
infectious prion diseases.

To date, the majority of structural studies have focused on the soluble
cellular isoform PrP€. If we are truly to understand this disease process at
a molecular level, we must endeavor to find routes to solubilize the PrP*
isoform or to identify polypeptides with PrP%-like structures (Muramoto
et al. 1996).
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