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1. INTRODUCTION

Although the central paradigm of protein folding (Anfinsen, 1973), that the unique
three-dimensional structure of a protein is encoded in its amino acid sequence, is well
established, its generality has been questioned due to two recent developments in molecular
biology, the “prion” and “molecular chaperone”. Biochemical characterization of infectious
scrapie material causing central nervous system (CNS) degeneration indicates that the
necessary component for disease propagation is proteinaceous (Prusiner, 1982), as first outlined
by Griffith (1967) in general terms, and involves a conversion from a cellular prion protein,
denoted PrPC, into a toxic scrapie form, PrPS¢, which is facilitated by PrpS¢ acting as a template
for PrPC to form new PrPS¢ molecules (Prusiner, 1987). The “protein-only” hypothesis implies
that the same polypeptide sequence, in the absence of any posttranslational modifications, can
adopt two considerably different stable protein conformations (Fig. 1). Thus, in the case of
prions it is possible, although not proven, that they violate the central paradigm of protein
folding. There is some indirect evidence that another factor, provisionally named “protein X”,
might be involved in the conformational conversion process (Prusiner et al., 1998), which
includes a dramatic change from a-helical into [3-sheet secondary structure (Fig. 1). This factor
has not been identified yet, but it has been proposed that protein X may act as a molecular
chaperone. The idea that molecular chaperones play a critical role in the generation of PrPS° is
appealing also from a theoretical point of view, because PrPS° formation involves changes in
protein folding and possibly intermolecular aggregation (Fig. 1), processes in which chaperones
are known to participate (Musgrove & Ellis, 1986). The discovery and functional analysis of
more than a dozen molecular chaperones made it clear that these proteins do not complement
folding information that is not already contained in the genetic code (Ellis et al., 1989), rather
they facilitate the folding and assembly of proteins by preventing misfolding and refolding
misfolded proteins (Hartl, 1996). Whether a molecular chaperone or another type of
macromolecule is identified as the conversion factor, therefore, the molecular chaperone
concept is likely to contribute to the understanding of the molecular nature of the PrPC to PrPS°
conversion.

In this review I consider the prion concept from the view of a structural biologist whose main
interest focuses on spontaneous and chaperone-mediated conformational changes in proteins.
As a starting point for those who are not prion experts section 2 summarizes some of the key
experiments leading to the prion concept and the main arguments supporting the protein-only
hypothesis. A more comprehensive discussion of this issue can be found in the Nobel Lecture
of Prusiner (1998). Although historically scrapie isoforms of PrP were the first to be described,
they have been only marginally been characterized. The lack of structural information on PrpS¢
originates from its tendency to form detergent-insoluble aggregates of different types which
makes a characterization difficult (section 3). For the cellular isoform, solution structures have
been defined using nuclear magnetic resonance (NMR) spectroscopy for monomeric forms of
recombinant PrP of the two most widely used laboratory animals in prion research, the mouse
and the hamster. Recently, our lab determined the NMR structure of the human prion protein to
provide a direct basis for future structure based arguments on the propagation of human prions
(section 4). So far, the biological role of the cellular prion protein remains an enigma, but the
situation might change in the near future due to the recent discovery of a gene encoding a
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Fig. 1. Proposed mechanism for the propagation of prions causing TSE (Prusiner, 1987). The host encoded PrP®
is a monomeric protein which contains mainly O-helical secondary structure. The detergent-insoluble PrpS¢
isoform contains large amounts of [3-sheet secondary structure, and tends to form fibrillar protein aggregates.
Prion propagation includes a PrPC to PrPSC conformational conversion, which is promoted by the PrPS¢ isoform.
The conversion reaction is also facilitated by genomic or somatic mutations in the PrP gene leading to inherited or
spontaneous forms of TSE, respectively. Transmission of exogenous PrPS¢ into humans or animals causes
infectious TSE forms.

PrP-like protein designed “doppel” (Dpl) with about 25% identity with all known prion
proteins. The conversion of PrPC into PrPS¢ has been the focus on intense research and although
it is still not clear how the conversion occurs, the characteristics and minimal requirements have
been defined as described in section 5. One of the striking features of prion diseases is the
existence of species barriers and prion strains. It appears now well established that the species
barrier is due to differences in the amino acid sequence between PrPS¢ and PrPC, and that
different prion strains within a given species are invariant in amino acid sequence but exist in
different conformations. There is accumulating evidence that the prion strain found in “new
variant” Creutzfeldt-Jakob disease (nvCJID) patients originates from transmission of the bovine
spongiform encephalopathy (BSE) agent to humans. These phenomena are also reviewed in
section 5. To better understand the conversion process numerous mutants of the PrP gene
(Prnp) leading to familial transmissible spongiform encephalopathy (TSE) have been
recombinantly expressed and their consequence defined (section 6). From these results it has
been concluded that other molecular mechanisms are important in facilitating the structural
conversion of PrP isoforms during familial TSE besides thermodynamical destabilization of the
PrPC isoform. Synthetic peptide fragments of PrP defined as crucial from genetic analysis have
been investigated by biophysical methods. Although there is so far no evidence that synthetic
PrP fragments can spontaneously transform into infectious PrPS¢, many of them do tend to form
B-sheet structure and aggregate into amyloid fibrils. These results are reviewed in section 7.
Various lines of evidence indicate that the cofactor protein X participates in prion propagation
as described in section 8. The partially mapped protein X epitope on PrPC coincidences with the
location of species variations observed when comparing the three-dimensional structures of
human, mouse, and hamster PrP¢ C-terminal domain and with the epitopes for immune
reactions with PrP isoform-specific antibody. The possibility that protein X is a molecular
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chaperone is reviewed in section 9, where the discussion focuses on the chaperonin Hsp60 as
this is the only chaperone for which there is evidence suggesting a specific interaction with the
prion protein involving a conformational change. Fortuitously, the chaperonins probably
represent the best understood family of molecular chaperones in terms of structure-function
relationships. This section closes with the arguments that support the hypothesis that prion
propagation is mediated by chaperonin (Table 1). In section 10 I propose a connection between
the prion and molecular chaperone concepts on the basis of proposed molecular mechanisms for
PrP conversion.

2. PROTEIN-ONLY HYPOTHESIS

The protein-only hypothesis evolved from a collection of radiobiological data on the agent
causing scrapie disease in sheep (Alper et al., 1966; 1967; Latarjet ef al., 1970). The agent was
found to be extremely resistant to inactivation by ultra-violet and ionizing radiation, as was later
shown for the agent causing Creutzfeldt-Jakob disease (CJD) in humans (Gibbs et al., 1978),
excluding the possibility that a scrapie-specific nucleic acid containing virus or viroid is the
infectious component of prions. The availability of the prion protein gene Prnp facilitated
testing the model that the scrapie agent contains a PrP-related nucleic acid by using
hybridization techniques (Oesch et al., 1985). Purified preparations of hamster prions were
found to contain less than 0.004 single-stranded DNA or RNA molecules per infectious unit,
and return refocusing gel electrophoresis limited the size of homogeneous nucleic acid
molecules to less than 80 nucleotides in length per infectious unit (Kellings ef al., 1992; 1994).

Conclusive evidence that the agent was associated with protein was shown by demonstrating
that the activity of partially purified scrapie agent was sensitive to proteinase digestion and was
inactivated by chemical reagents that are known to denature protein, including sodium dodecyl
sulfate, urea, guanidinium thiocyanate, and phenol (Prusiner et al., 1980; 1981b; McKinley et
al., 1981). As will be outlined in the following section, highly purified protein was identified to
purify with the scrapie agent, and was not found in a similar fraction from uninfected brain.

Ablation of the PrP gene in knockout mice (PrnpO/ O) was found to prevent both prion disease
and prion propagation after intracerebral inoculation of prions, whereas reintroduction of PrP
transgenes restored susceptibility to prion (Biieler et al., 1993; Sailer et al., 1994). Conversely,
overexpression of PrPC increased the rate of PrPS¢ formation and shortened the incubation time
of prions (Prusiner ef al., 1990). Mutations in the open reading frame of Prnp are genetically
linked to inherited prion disease and are associated with formation of PrPS¢ (Carlson et al.,
1986). The P102L mutation was the first PrP mutation to be genetically linked to CNS in
Gerstmann-Straussler-Scheinker (GSS) syndrome (Doh-ura et al., 1989; Goldgaber et al., 1989;
Hsiao et al., 1989), and has since been found in many GSS families throughout the world
(Kretzschmar et al., 1991). Transgenic mice expressing the P102L mutation at high levels
develop spontaneous disease of the CNS similar to that seen in the brains of human who die as
a consequence of the mutation (Hsiao et al., 1990).

Many lines of evidence converge on the thesis that prions are composed of PrPS¢ molecules
and devoid of nucleic acid (Prusiner, 1998). Although each individual piece of evidence
described above could be explained in several ways, the conjunction of the data strongly
supports the proposal that the prion is composed partly or entirely of PrPS¢ and that
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protein-encoding nucleic acid is not an essential component (Weissmann, 1999). The final
proof, however, would be the demonstration that biosynthetic, pure PrPC can be converted to
infectious scrapie agent under defined conditions.

3. THE SCRAPIE PRION PROTEIN PRPSC
3.1 Purification of PrP 27-30

The development of a purification protocol for the scrapie agent and its biochemical and
biophysical characterization not only support the protein-only hypothesis, but also forms the
platform from which many other branches in prion research have emerged. A biochemical
purification method requires the ability to follow biological activity during single purification
steps. An efficient bioassay for the detection of scrapie activity has been originally described by
Prusiner and colleagues. The assay is based on the length of the incubation period after
intracerebral inoculation of prions into hamster, where the incubation period is defined as the
time interval from inoculation to the onset of clinically detectable neurological illness or as the
interval from inoculation to death (Prusiner et al., 1980). Both of these intervals are inversely
proportional to the size of the dose injected, and are a linear function of the logarithm of the
inoculum size over a wide range of dosages (Prusiner et al., 1981a). The development of the
incubation time assay substantially reduced the number of animals needed for quantitating the
agent in a given sample by a factor of fifteen when compared to the end point titration method
(Chandler, 1963) and reduced the time required to measure prions in samples with high titers.
Employment of hamsters or genetically manipulated Tg20 mice (Fisher et al., 1996) further
reduced the assay time to 70 days instead of 360 days for non-manipulated mice.

Initial attempts to purify the scrapie agent were unsuccessful because of the difficulty to
separate the agent from cellular membranes. Prusiner ef al. (1977) were able to study the
sedimentation characteristics of the scrapie agent in fixed angle rotors using the technique of
analytical differential centrifugation. These studies indicated that the scrapie agent is a discrete
infectious particle which can be sedimented at a particular w?t value. A significant purification
of the scrapie agent could be achieved by using a combination of low-speed centrifugation,
polyethylene glycol precipitation, limited proteinase K (PK) digestion, ammonium sulfate
precipitation, and discontinuous sucrose gradient sedimentation (Bolton et al., 1982; Prusiner
et al., 1982). Infectivity analysis of the discontinuous sucrose gradients by the incubation time
bioassay showed that approximately half of the agent sedimented in a fraction near the bottom
of the gradient, but infectivity was also found in fractions at the top of the gradient. Analyses of
125]_labeled sucrose gradient fractions by gel electrophoresis revealed a diffuse protein band
with a molecular size of 27 to 30 kDa in those fractions enriched for the infectious agent.
Because of this size heterogeneity the purified protein was designed PrP 27-30 (Bolton et
al.,1984; Prusiner et al., 1984). This was the first time that the prion protein became “visible”
— from a biochemist’s point of view. The distribution of infectivity in various sucrose gradient
fractions indicated the tendency of PrP 27-30 to form detergent-insoluble aggregates.
Employment of zonal rotor centrifugation (Prusiner et al., 1983) allowed large scale purification
of extensively purified prions containing only one major protein, whose concentration
correlated with the titer of the scrapie agent over a 10%-fold range (McKinley et al., 1983).
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3.2 Proteinase K resistance

When the Prup was identified by Oesch and Weissmann in 1985 they demonstrated by
immunostaining of brain extracts that PrP 27-30 is in fact a proteolytic product of a larger prion
protein, initially termed PrP 33-35C. The index “Sc” was used to distinguish the scrapie form
of the prion protein from the cellular form, PrP 33-35€, which was detected in both infected
and uninfected brain. Hence, the protease-resistance of the scrapie isoform is traditionally
linked to the presence of prion infectivity (McKinley ef al., 1983; Bolton et al., 1984), making
it a good marker for disease, although in some experimental setups PrP 27-30 can not be
detected in samples that contain prion infectivity. Transgenic mice overexpressing the mouse
prion protein gene carrying the P102L mutation of GSS spontaneously develop disease which
is not derived from protease-resistant PrPS¢ molecules (Hsiao et al., 1990; Telling et al., 1996a).
Moreover, after inoculation of infectious brain extracts from these mice into healthy mice no
PK resistance protein can be detected. Conversely, protease-resistant PrP is not necessarily
infectious. The organic solvent dimethyl sulfoxide inhibits the accumulation of PrPS¢ in
scrapie-infected neuroblastoma (ScN,a) cells presumably by stabilizing a soluble protein
conformation (Tatzelt et al., 1996). When membranes prepared from brains of hamsters
terminally ill with scrapie are incubated in the presence of dimethyl sulfoxide and detergents,
part of the PK-resistant PrP 27-30 molecules can no longer be precipitated by high speed
centrifugation nor do they aggregate into very large structures (Shaked et al., 1999). When
inoculated into hamster brains, only traces of scrapie infectivity are associated with these
soluble PrP 27-30 molecules. Infectivity is also not regained upon amorphic aggregation and
removal of dimethyl sulfoxide from the protease-resistant protein. In agreement with these
studies, different solvent conditions abolish PK resistance in PrP 27-30 equally well but have
different effects on scrapie infectivity. These results suggest that the conversion of PrPC into
protease-resistant PrP molecules is not a crucial step in prion replication.

3.3 Scrapie associated fibrils

The scrapie isoform of the prion protein appears to contain an intrinsic tendency to form
fibrillary-organized protein aggregates. Merz and co-workers discovered that subfractions of
brains from scrapie-infected animals contain abnormal fibrillary structures, designated
"scrapie-associated fibrils" (SAF), when examining negative stain electron microscope
preparations (Merz et al., 1981). They observed SAF in all combinations of scrapie agent
species and host examined, regardless of their histopathology, in particular the presence or
absence of amyloid plaques. The fibrils consist of either two or four filaments, and they were
morphologically dissimilar to the normal brain fibrils — microtubules, neurofilaments, glial
filaments, and actin filaments. Similar SAF were observed in sucrose gradient enriched
fractions of brains and spleens infected with CJD or scrapie in humans or animals (Merz ef al.,
1983, Diringer et al., 1983). Ultrastructurally purified SAF appear as short, straight, unbranched
fibrils. They disperse freely as single fibrils, or in clusters, sometimes associated with
proteinaceous or membrane-like structures. Two types of SAF have been identified in a variety
of preparations from scrapie-infected animals. Type I SAF are composed of two 4 to 6 nm
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diameter filaments, each of which is apparently supercoiled with a periodicity of 40 to 80 nm,
yielding a 11 to 14 nm diameter fiber. The length of the fibrils range from 100 to 500 nm in
length. The more rare type II SAF, observed in only some of the scrapie strains, are composed
of four helically wound filaments, but with a periodicity of 100 to 200 nm. The morphology of
the SAF is the same in naturally occurring, or in experimentally transmitted disease, and is
different from those of “amyloid fibrils” in size and periodicity (Merz et al., 1984).

Prusiner and co-workers determined that the higher molecular weight fraction of their
PrP 27-30 preparations forms rod-shaped particles 10 to 20 nm in diameter and 100 to 200 nm
in length in the electron microscope (Prusiner et al., 1983). They estimated that about one
thousand PrP molecules with a molecular weight of 27 to 30 kDa are packed in a single prion
“rod”, which resemble in morphology purified amyloid as confirmed by the green birefringence
observed in samples stained with Congo red dye under a polarisation microscope. It was
concluded that prion rods represent a polymeric form of the scrapie prion, and that the amyloid
plaques observed in TSEs might consist of prion rods. However, in new purification protocols
for PrpS¢ including proteinase inhibitors no prion rods were found in the purified fractions
(McKinley et al., 1991a). The absence of prion rods was puzzling, since it was previously
reported that the detergent extraction of microsomal membrane alone resulted in the formation
of prion rods (Meyer et al., 1986). To determine whether both detergent extraction and limited
proteolysis are required for the formation of prion rods, microsomal membranes were
detergent-extracted as well as protease-digested. Neither detergent-extraction with sarkosyl nor
limited PK digestion alone produced prion rods. Only after combining both purification steps
were prion rods observed, indicating that the prion rods represent an artificial protein aggregate
generated by the purification procedure.

The development of an efficient protocol for preparing PrP 27-30 made it possible to
produce rabbit antiserum and localize the scrapie protein in hamster brains (Bendheim et al.,
1984). The structures observed, especially in the hippocampus of hamster brain stained with PrP
antiserum, were discrete, measured up to 40 pm in diameter and had a fluffy, cotton-like
appearance. When adjacent sections were stained with Congo red dye, these same structures
exhibited green birefringence with polarized light, suggesting that the structures staining with
PrP antiserum are composed of paracrystalline arrays of prion proteins that exhibit the staining
characteristics of amyloid plaques. The same antiserum to hamster scrapie PrP 27-30 also
reacted with proteins purified from the brains of mice with experimental CJD - that is mice
infected with the CJD agent — indicating that these two diseases share antigenic determinants
(Bendheim et al., 1985). In the brains of such mice extracellular prion “filaments” of up to
1500 nm in length and with a diameter of 16 nm that occasionally narrow to 8§ nm have been
identified by using immunocytochemical techniques and affinity-purified antibodies
(DeArmond ef al., 1985). The prion filaments were reported to form the major element of the
plaques in the brain of scrapie-infected hamsters, and to be morphologically identical with
purified prion rods and amyloid fibrils (Barry et al., 1985). The antiserum directed against prion
filaments also decorates SAF in scrapie-infected brain and reacts with a broad protein band at
33 to 35 kDa in Western blot analysis of scrapie preparations (Merz et al., 1987).

In conclusion, both SAF and prion rods copurify with infectivity and are biochemically and
antigenically related, although they differ in morphology. It seems that the protein fibrils
observed under different conditions represent different aggregation states of the same protein,
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and that their morphology is dependent on the preparation and purification procedure. Whether
natural prion protein aggregates in amyloid plaques contain fibrillar or amorphic structure and
whether amyloid plaques or fibrils are a necessary and sufficient prerequisite of pathogenicity
remain to be established.

3.4 Smallest infectious unit

The reversible dissociation of prion rods into detergent-lipid-protein complexes (DLPC) and
liposomes with full retention of scrapie infectivity (Gabizon et al., 1987) raises the question
about the size of the smallest infectious unit for prions. Incorporation of prion rods into
liposomes can be achieved by removal of cholate from mixtures of the detergent and
phospholipid, which have been found to solubilize purified PrP 27-30 in the form of DLPC.
Infectious liposomes contain, on average, between two and four PrP 27-30 molecules.
Inactivation of scrapie activity by ionizing radiation exhibits single-hit kinetics and gives a
target size of 55 + 9 kDa (Bellinger-Kawahara et al., 1988), where the inactivation profile is
independent of the form of the prion: samples containing purified amyloid rods yield the same
inactivation profile as brain homogenates, microsomal fractions, detergent-extracted
microsomes, and liposomes. These data are consistent with earlier radiation studies on brain
homogenates estimating the molecular size of the scrapie and CJD agent to be less than 100 kDa
(Alper et al., 1966; Latarjet et al., 1970; Gibbs et al., 1978). They also agree with the
identification of low molecular size prion forms during size exclusion chromatography (Bolton
et al., 1982), and the finding that “miniprions”, although they are soluble in detergent, contain
the propensity for transmission of infectivity (Muramoto et al., 1996; see also section 5.3).
Together, these studies argue that the smallest infectious particle causing TSE contains only a
few PrP molecules.

3.5 Conformational properties

Clearly defining the conformational properties of different forms of PrP is crucial to defining
the transition and disease mechanisms. In the case of prions this proves challenging because the
most powerful methods for determining protein conformation rely on soluble homogenous
samples precluding the investigation of aggregates. Fourier transform infrared (FTIR)
spectroscopy permits the determination of the relative amounts of different types of secondary
structure for proteins in aqueous media. The advantage of this technique is that it does not
require that a molecule is in solution. Second-derivative analysis of the infrared spectra reveals
that PrP 27-30, purified from highly infectious hamster brain fibril preparations (Bolton et al.,
1987) and suspended in phosphate-buffered saline by sonication, contains 47% [-sheet, 31%
turn, and 17% a-helix secondary structure — curiously, the amount of secondary structure in
non-proteinase-treated PrPS° could initially not be determined, because of the tendency of PrpS¢
to aggregate into particles too large to be introduced into short pathlength measuring cells
(Caughey et al., 1991a). The high content of [B-sheet secondary structure in PrP 27-30 is
consistent with its amyloid-like properties (Prusiner et al., 1983), and similar to but not identical
with data obtained from attenuated total reflection FTIR (Gasset et al., 1993). The major
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that the analyte is manipulated as a thin hydrated film (Goormaghtigh et al., 1990). Prion rods
analysed by attenuated total reflection FTIR consist of 54% [-sheet, 10% turn, and 25%
a-helix. In spectra the low frequency [B-sheet component that maximizes at 1621.5 cm’!
accounts for one-third of the overall secondary structure and presumably reflects the presence
of intermolecular B-sheet. Perturbations in the secondary structure of PrP 27-30 correlate well
with changes in scrapie infectivity (Gasset ez al., 1993). Conditions that reduce 3-sheet structure
are accompanied by disassembly of the prion rods and a diminution of infectivity. Similar
results are obtained when PrP 27-30 is analysed by circular dichroism (CD) spectroscopy in the
solid state in dried films (Safar et al., 1993b). Acidic pH induces a reversible change in
secondary structure under conditions that do not destroy infectivity, whereas basic conditions
produce an irreversible structural change and a loss of infectivity. The most profound alterations
are associated with sodium dodecyl sulfate, which increases 0-helix- and turn-content at the
expense of [B-sheet structure and infectivity. Conversely, disruption of the prion rods by
dispersion into infectious DLPC occurs without a change in either secondary structure or prion
infectivity. These results suggest that the additional B-sheet secondary structure contained in the
scrapie isoform of PrP is a necessary prerequisite for its pathogenicity.

PrPSC has a slightly lower content of [3-sheet (43%) and a higher content of a-helix (30%),
when compared with the proteinase-resistant core form measured under similar conditions
using FTIR (Gasset et al., 1993; Pan et al., 1993). A similar behavior is observed when
measurements are carried out on proteins reconstituted into liposomes (Safar et al., 1993a): the
secondary structure of PrPS in liposomes deduced from analysis of CD spectra contains 34%
B-sheet, 20% a-helix, and 46% B-turn and random coil; N-terminal truncation generating
PrP 27-30 gives 43% [-sheet, no a-helix, and 57% B-turn and random coil. Hence, independent
of the environment, the removal of the N-terminus seems to induce a structural rearrangement
in the prion protein that is accompanied by a conversion of a-helical into [-sheet secondary
structure.

The polymerization of PrP 27-30 into ordered arrays offers opportunities to determine
additional structural features of the scrapie isoform by X-ray diffraction. The preparation of PrP
27-30 samples is confounded by the tendency of the rods to lose morphology in water solutions
(Nguyen et al., 1995b), but samples of prion rods dried from water give circular reflections that
are indexed by an orthogonal unit cell with the dimensions @ =9.25 A, b=6.45 A, c=7.99 A.
The relatively strong reflection at 4.63 A is broad, indicating that only a few B-strands are
hydrogen bonded to each other in this state. A very weak reflection at 8.00 A indicates the

Fig. 2. (A) Amino acid sequence comparisons of the PrP segment 20-230 of the bovine, mouse and Syrian
hamster prion proteins, with the human sequence as a reference (Schitzl et al., 1995). The following color code
was used to identify the known species-specific PrPC epitopes: red, residues of the protein X epitope of mouse
PrP involved in the human/mouse species barrier (Kaneko et al., 1997¢); cyan, residues of the PrpS¢ epitope of
hamster PrP involved in the hamster/mouse species-barrier (Kocisko et al., 1995); magenta, residues of the PrpSe
epitope of mouse PrP involved in the mouse/hamster species barrier (Priola & Chesebro, 1995). (B) Alignment of
the fragments 190—300 of the human, mouse, and hamster Hsp60 amino acid sequences, with the E. coli GroEL
sequence as a reference. The residues indicated in red form the peptide binding site of GroEL (Fenton et al., 1994;
Buckle et al., 1997; Kobayashi ef al., 1999; Tanaka & Fersht, 1999). At the top in (A) and (B) the locations of the
regular secondary structures of human PrP and GroEL are indicated, respectively. Potential phosphorylation sites
in human PrP and human Hsp60 are indicated in green (Edelman ef al., 1987).
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intersheet spacing. Diffraction patterns obtained from prion rods in sucrose solution, which
preserves the morphology of rods, show a sharp but weak spacing at 4.72 A, and a broad
intersheet band at 8.82 A, indicating a larger domain and a uniform geometric distribution in the
hydrogen bonding direction. The relatively small intersheet spacing of PrP 27-30 in prion rods
argues that small side chains are involved in the [3-sheet structure formation. The region of PrP
between residues 113 and 124 is the only region entirely devoid of bulky aliphatic and aromatic
residues (see Fig. 2A).

Discovering conditions for functional solubilization of PrPS¢ with retention of associated
scrapie infectivity would greatly facilitate studies defining the molecular structure of the
infectious particle. Unfortunately, the solubilization of PrP 27-30 in DLPC interferes with
crystallization so that the use of phospholipids to solubilize scrapie proteins has not been helpful
in structural studies of the prion protein. Intermediate levels of guanidine hydrochloride
moderately solubilize prion aggregates (Safar et al., 1993b), but again do not permit
crystallographic studies. The use of 0.2% sodium dodecyl sulfate and sonication leads to
disaggregation of PrP 27-30 into non-infectious, spherical particles with a relatively
homogeneous size distribution of about 10 nm (Riesner et al., 1996). In these studies sodium
dodecyl sulfate denaturation causes prion infectivity to diminish and PrP 27-30 to become
sensitive to protease digestion. More recently, biochemical studies have been initiated
employing organic solvents in combination with a variety of nondenaturing detergents for
solubilization of PrP 27-30 prion rods (Wille & Prusiner, 1999). Through a process of
liquid-liquid extraction via reverse micelles and an organic phase, PrP 27-30 could be
solubilized into predominantly monomers and dimers. The best conditions for production of
reverse micelles turned out to be in the presence of the solvents trifluoropropanol or
hexafluorophenylpropanol and the detergent dioctysulfosuccinate. Only the combination of
solvents and detergents leads to a complete disappearance of rod-shaped aggregates in the
electron microscope. Organic solvents alone only slightly reduce the aggregate size, and
detergents alone barely change the rod shape and ultra structure. Although solubilization is not
accompanied by any recognizable change in secondary structure, it unfortunately results in a
loss of prion infectivity. However, examination of some negatively stained preparations of
solubilized PrP 27-30 by electron microscopy revealed conditions under which PrP crystallized
into two- and three-dimensional crystals (Wille & Prusiner, 1999). Formation of these crystals
required uranyl salts containing acetate, formate, or nitrate. Lattice spacings of various crystal
forms could be determined from electron micrographs and by electron diffraction. The PrP
crystals were described as suitable for structural analysis by electron crystallography or by
X-ray crystallography.

3.6 Dissociation and stability

Characterizing folding intermediates of PrPS¢ iscritical for understanding prion propagation as
they are direct thermodynamic and conformational precursors of the infectious scrapie isoform.
With increasing guanidine hydrochloride concentration, the turbidity, fluorescence emission
maxima, and circular dichroism of PrPS¢ undergoes complex changes (Safar e al., 1993a). The
non-overlapping midpoints of transitions from associated to dissociated states and from folded
to unfolded states suggests the existence of stable intermediates with different conformational
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stability of protein domains. Aggregated PrPS¢ dissociates initially into monomers or oligomers,
designed intermediates 1y (Safar et al., 1994), with substantial secondary structure, partially
denatured tertiary structure, and with solvent exposed Trp residues. The transition midpoint for
conversion from PrPS° to I; is at 1.5 M guanidine hydrochloride concentration when measured
by CD spectroscopy (Safar et al., 1993a). With increasing denaturant concentration, oligomeric
PrP¢ unfolds to a stable intermediate I, with a transition midpoint at about 3.2 M guanidine
hydrochloride. An additional increase in denaturant concentration causes complete unfolding of
I, into random coil conformation. The transitions between apparent folding intermediates of
PrP 27-30 are sharper than in PrPS¢, and the transition midpoint for the conversion of
intermediate I, to fully unfolded protein is shifted to a guanidine hydrochloride concentration
between 4.5 and 5.5 M, suggesting a higher thermodynamic stability of the truncated scrapie
isoform. The dissociation of PrP 27-30 is fully reversible up to 2.5 M guanidine hydrochloride,
and the irreversible loss of infectivity at higher denaturant concentration correlates with
irreversible unfolding and rapid formation of amorphous misfolded aggregates upon dilution
(Safar ef al., 1993b). The equilibrium intermediate I; of PrP 27-30 has multiple high-affinity
hydrophobic binding sites for 8-anilino-1-naphthalenesulfonate (ANS), some close to the Trp
residues (Safar ef al., 1994). The far-UV circular dichroism of an acid-induced intermediate is
similar to the guanidine hydrochloride-induced intermediate and suggests the presence of a
molten globule-like conformation (Kuwajima, 1989) with a significant portion of a-helical and
B-turn secondary structure.

An important characteristic of agents causing TSEs is their exceptional thermal resistance.
Under some circumstances a portion of scrapie or CJD infectivity is heat resistant for more than
one hour at 132 °C (Brown et al., 1990). This heat resistance of infectivity implies reversibility
of protein conformation upon thermal unfolding or a very unusual conformational heat
resistance. Experiments with purified PrP 27-30 indicate no change of infectivity upon heating
to 100 °C and only a minor drop upon heating to 132 °C in dehydrated thin films (Safar et al.,
19935b). During heating the secondary structure of this protein is heat-resistant in the solid state
with no significant changes after exposure to 132 °C. The slightly diminished infectivity at
132 °C correlates with the formation of higher molecular weight aggregates, and is most likely
explained by side chain cross-linking (Jaenicke & Rudolph, 1986). The secondary structure of
PrP 27-30 apparently has the necessary thermal stability to be a carrier of infectivity, in
agreement with the protein-only hypothesis.

4. THE CELLULAR PRION PROTEIN PRPC
4.1 Prnp expression

The unexpected finding by Weissmann and colleagues that mRNA transcribed from Prnp is
present in normal and scrapie-infected brain at similar levels (Oesch ef al., 1985; Basler et al.,
1986) suggested that PrPS¢ constitutes a posttranslationally modified isoform of a host encoded
cellular precursor protein, PrPC. The single-copy chromosomal Prnp contains a single exon and
is highly conserved among mammals (Schétzl et al., 1995). The prion protein is synthesized
with an N-terminal signal sequence that targets the protein to the endoplasmic reticulum (ER)
where the peptide is removed, leaving Lys23 as the N-terminal residue (Hope et al., 1986; Turk
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et al., 1988). At the C-terminus the Prnp encodes a 23 residue signal sequence for attachment
of a glycosyl phosphatidylinositol (GPI) anchor on the external surface of the plasma membrane
(Stahl et al., 1987; 1990a). As shown in figure 3A, the mature human protein of 208 amino acids
contains two cysteine residues at position 179 and 214 forming an intramolecular disulfide bond
(Turk et al., 1988), and two consensus acceptor sites at positions Asnl81-Thr183 and
Asn197-Thr199 for the addition of N-linked sugars (Fig. 2A), both of which are glycosylated
at Asn in the majority of protein molecules (Endo ef al., 1989; Haraguchi et al., 1989; Rogers
et al., 1990). Striking features of the amino acid sequence are the four adjacent octapeptide
repeats PHGGGWGQ of residues 60 to 91 (Fig. 3A), with an analogues nonapeptide on the
adjacent N-terminal side (positions 51 to 59), and a transmembrane region comprising residues
110 to 135 containing a completely conserved AGAAAAGA palindrome sequence (Figs. 2A
and 3A). The prion protein is primarily expressed in cells of the central nervous system
(Kretzschmar ef al., 1986) and abundantly in several peripheral tissues (Mobley et al., 1988;
Manson et al., 1992). Expression regionally increases during ontogenesis, with regional
differences persisting into adulthood.

Recently, a gene encoding a PrP-like protein has been discovered (Moore et al., 1999). The
novel locus Prnd is 16 kb downstream of the mouse Prup and encodes a 179 residue protein
designed “doppel” with about 25% identity with all known prion proteins. Mouse and human
Dpl proteins share 76% identity, where most of the sequence differences are conservative amino
acid replacements. A comparative model based on the sequence similarity with PrP suggests
that Dpl shares many structural features with PrPC including an N-terminal signal sequence, a
cluster of basic residues adjacent to the signal sequence, and a structured C-terminal domain
containing two Asn-linked glycosylation sites and a GPI anchor attached to the C-terminus. The
octapeptide repeats and the transmembrane region are missing in the doppel protein. Like the
prion protein, Dpl is expressed during embryogenesis but, in contrast to PrP, it is expressed
minimally in the central nervous system.

Initial studies of knockout mice deficient for functional Prnp were not able to clarify the
biological role of the prion protein (Biieler et al., 1993; Collinge et al., 1994; Lledo et al., 1996).
Subsequent studies with other PrnpO/ 0 lines, however, suggested that PrP may play a role in the
maintenance of cerebellar Purkinje neurons (Sakaguchi et al., 1996; Moore, 1997) and in sleep
regulation (Tobler et al., 1996). This controversy could be explained after the discovery of the
Prn gene structure. The two PrnpO/ 0 Jines which developed late-onset ataxia and Purkinje cell
degeneration were found to express chimeric mRNAs derived from splicing of Prup to Prnd,
suggesting that overexpression of Dpl provokes neurodegeneration. The PrnpO/ O lines with
intact splice acceptor expressing low levels of Prnd mRNA do not develop dysfunction
presumably because Dpl can complement functional PrP. Healthy Prnp®° lines expressing
mouse PrP(121-231) develop cerebellar astrophy during neonatal development (Shmerling et
al., 1998), whereas addition of either residues 95—-107 or 108—121 to the gene product renders
the transgene non-lethal (Muramoto et al., 1997). From these findings it is tempting to speculate
that the C-terminal part of PrP avidly binds to a receptor protein (e.g. Martins ef al., 1997,
Rieger et al., 1997), which must be activated by amino acids located within the N-terminal PrP
polypeptide chain.
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Fig. 3. (A) Primary structure of the mature human prion protein. At the top are indicated the known amino acid
replacements related to inherited human prion diseases: CJD and FFI mutations in plain letters, GSS mutations in
italic letters. Regular secondary structure elements are represented in black. The dark grey and light grey boxes
show respectively the octapeptide repeats and the transmembrane region. The disulfide bond between Cys179 and
Cys214 is indicated with a grey line. (B) Minimal PrP sequence required for prion propagation in mice and mouse
neuroblastoma cell line (Fisher et al., 1996; Muramoto ef al., 1996; Supattapone et al., 1999). Residue numbering
is according to the human sequence. (C) Epitopes on PrPC for binding to PrpS¢ (residues 97 to 168) and protein X
(residues 169 to 230) as evaluated from transgenic mice experiments (Telling ef al., 1994; 1995). Residue
numbering is according to the human sequence. (D) Epitopes on PrPC for binding of GroEL as determined from
immunoblotting (residues 180—210; Edenhofer et al., 1996) or predicted from the consensus sequence of peptides
binding to GroEL and Hsp60 (other segments shown; Chatellier et al., 1999). (E) PrpS¢ isoform-specific epitopes
on Prp¢ recognized by monoclonal antibody 15B3 (Korth et al., 1997). (F) Polypeptide regions of PrP where
synthetic peptides form amyloid fibrils as indicated from electron microscopy and observation of green-gold
birefringence by polarized microscopy after Congo red staining (Gasset et al., 1992; Come et al., 1993; Forloni et
al., 1993; Goldfarb et al., 1993; Selvaggini et al., 1993; Tagliavini et al., 1993; De Gioia et al., 1994; Kaneko et
al., 1995; 1997b; Nguyen et al., 1995a,b; Zhang et al., 1995; Heller et al., 1996; Inouye & Kirschner, 1997; 1998;
Pillot et al, 1997; Chabry et al., 1998; Sharman et al., 1998; Liu et al., 1999b; Salmona et al., 1999).
(G) Secondary structure prediction was performed using the hierarchal neuronal network method (Guermeur,
1997; available at http://pbil.ibcp.fi/NPSA/npsa_hnn.html).
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4.2 Biosynthetic pathway

Biosynthesis of mammalian PrP has been studied in mouse neuroblastoma cell clones (Caughey
et al., 1989). Biosynthetic processing begins within the lumen of the rough ER, where the GPI
anchor and high mannose glycans are added to the polypeptide chain concurrent with or soon
after translation and translocation, and the signal peptide is removed by a signal peptidase.
Presumably during passage through the Golgi apparatus, the high-mannose glycans are
processed to yield complex hybrid glycans on PrP, which is then shuttled to the plasma
membrane and GPI-anchored. The transport through the rough ER and Golgi to the cell surface
takes about 60 minutes, and has a half-life on the plasma membrane of approximately three to
six hours (Borchelt et al., 1990).

Harris and colleagues have used chicken (ch) PrP as a model system to demonstrate that PrP
is constitutively endocytosed from the plasma membrane and recycles back to the cell surface
(Shyng et al., 1993; 1994; 1995). Electron microscopy and biochemical evidence suggest that
chPrP is internalized via coated pits when expressed in cultured neuroblastoma cells:
immunogold-labeled particles can be seen in coated vesicles and deeply invaginated coated pits
that are in the progress of pinching off from the plasma membrane. Internalization of chPrP is
blocked by incubation of cells in hypertonic medium, a treatment which causes inhibition of
clathrin-mediated endocytosis. The half-time for cycling of chPrP between plasma membrane
and the endosome is about 60 minutes, and at steady-state the protein is equally divided between
surface and internal compartments (Shyng et al., 1993). More than 95% of the molecules
returning to the cell surface after one cycle are intact, but the remainder are intracellularly
cleaved between residues Thr114 and Met137, corresponding to residues Thr107 and Met129
in the human protein (Fig. 2A). Interestingly, the cleavage site is located in the transmembrane
region of PrP, where amino acid sequences are largely identical in the chicken and mammalian
prion protein. Because chPrP lacks a cytoplasmic domain and thus cannot interact directly with
components of the clathrin coat, Shyng et al. (1994) proposed a model according to which the
polypeptide chain of chPrP binds to the extracellular domain of a transmembrane protein that
contains a coated pit localization signal in its cytoplasmic domain. Investigation of structural
features of the chPrP molecule revealed that sequences in the N-terminal half are essential for
this process (Shyng et al., 1995). Progressive deletions between residues 25 and 91 of chPrP
caused graded reductions of internalization and concentration in coated pits. Furthermore, two
deletions within the hexapeptide region NPGYPH corresponding to the octapeptide repeat
region in mammalian PrP, and one within the conserved segment comprising residues 117 to
135 are about equally effective in reducing endocytosis. The fact that mouse PrP, as well as two
mouse/chicken chimeras, are internalized as efficiently as chPrP, argues that conserved
structural features are involved in interaction with the endocytic machinery.

On the other hand there is evidence that endogenous PrPC is associated with
detergent-insoluble membrane domains generally rich in cholesterol, glycosphingolipids, and
GPI-anchored protein, termed caveolae, originally identified with electron microscopy as
flask-shaped membrane invaginations 50 to 100 nm in diameter on the surface of endothelial
and epithelial cells (Anderson, 1998). The striped coats that characterize caveolae are easily
distinguished from the polygonal lattices of clathrin-coated pits under the electron microscope.
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Subsequent studies of endothelial cells suggested that the caveolae form plasmalemmal vesicles
that move across the cell during transcytosis. Recently, caveolae have been identified as the
vehicle for receptor-mediated internalization of small molecules and proteins by a process
called potocytosis (Anderson et al., 1992). Potocytosis and receptor-mediated endocytosis are
parallel, but not redundant, endocytic pathways, with caveolae and clathrin-coated pits being
specialized to internalize different types of molecules (Anderson, 1998). GPI anchored PrPC has
been localized to invaginated caveolae in both fibroblasts and neuronal cells (Ying ef al., 1992)
and has been demonstrated to fractionate with caveolae and its marker protein caveolin during
purification (Harmey et al., 1995; Vey et al., 1996; Naslavsky et al., 1997; Wu et al., 1997),
although caveolae have not been found in cultured neuroblastoma cells (Shyng et al., 1994).

4.3 NMR structures

Considering that the protein-only hypothesis suggests a change of protein conformation as a
possible cause of the onset of TSEs, the three-dimensional prion protein structures have
attracted keen interest. So far, nuclear magnetic resonance solution studies have been described
for monomeric forms of recombinant PrP of the two most widely used laboratory animals in
prion research, the mouse (m) and the Syrian hamster (sh), using the constructs mPrP(121-231)
(Riek et al., 1996; 1998), shPrP(90-231) (James et al., 1997; Liu et al., 1999a), mPrP(23-231)
(Riek et al. 1997) and shPrP(29-231) (Donne et al., 1997). Both of these prion proteins contain
a globular domain that extends approximately from residues 125-228, and an N-terminal
flexibly disordered “tail”. The globular domain contains a short two-stranded anti-parallel
B-sheet and three a-helices. Because of the similarity in secondary structure of recombinant PrP
when compared with native PrP€ purified from brain tissue, which contains 42% a-helical and
only 3% [-sheet when measured by FTIR or CD (Meyer et al., 1986), the recombinant PrP most
probably resembles the PrPC isoform. The extensive sequence homology (Schitzl et al, 1995)
indicates that the mammalian prion proteins should all have a common polypeptide fold.
Recently, our lab determined the NMR structures of the intact recombinant human prion
protein, hPrP(23-230), and the two C-terminal fragments hPrP(90-230) and hPrP(121-230) to
provide a direct basis for future structure—function arguments on human prion protein (Zahn et
al., 2000). The NMR structure of hPrP(23-230) contains a globular domain that extends
approximately from residues 125-228, a flexibly extended N-terminal tail of residues 23124,
and a short flexible C-terminal segment consisting of residues 229-230 (Fig. 4), which is
similar to the previously described structural models of mPrP(23-231) and shPrP(29-231). The
flexibly disordered tail occurs in all prion protein constructs characterized so far and is
qualitatively manifested in the small dispersion of the 'H chemical shifts and negative values of
the 15N{IH}-heteronuclear Overhauser enhancements for residues 23—124, as described in
detail for mPrP(23-231) (Riek et al., 1997). This contrasts with the corresponding parameters
for the residues 125-228, which have values typical for a globular folded domain. A
superposition for best fit of the backbone atoms N, C% and C’ of residues 125-228 of
hPrP(23-230), hPrP(90-230) and hPrP(121-230) shows that the three-dimensional structure of
the domain in the intact protein is very similar to that in the two C-terminal fragments (Fig. 5).
The regular secondary structure elements coincide exactly in the three structures, with the
residues 128-131 forming the first B-strand, 144—154 the first a-helix, 161-164 the second
B-strand, 173—194 the second a-helix and 200-228 the third a-helix (Fig. 4). There is a
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Fig. 4. Ribbon diagram of the three-dimensional structure of the intact human prion protein, hPrP(23-230).
Helices are orange, 3-strands cyan, segments with non-regular secondary structure within the C-terminal domain
yellow, and the flexibly disordered tail of residues 23—121 is represented by yellow dots. Reproduced with
permission from Zahn et al. (2000).

hydrogen bond from the amide proton of Met134 to the carbonyl oxygen of Asn159, which is
reminiscent of an irregular, B-bulge-type elongation of the [3-sheet toward helix 1. The three
proteins have nearly identical side chain conformations for the hydrophobic amino acids and the
single disulfide bond Cys179-Cys214, and in all three proteins most of the regular secondary
structures are well defined, with small backbone displacements. Increased disorder is seen in
the loop of residues 167-171 between B-strand 2 and helix 2, at the end of helix 2 and the
following loop, and for the last two turns of helix 3 (Fig. 5), where the reduced precision of the
structure determination of the polypeptide segment 167—171 seems to arise from slow exchange
between two or more polypeptide backbone conformations in the millisecond time-scale. The
local conformational state of the polypeptide segments 187—193 in helix 2 and 219-226 in
helix 3 is measurably influenced by the length of the N-terminus. Since identical patterns of
13CY shifts were obtained at three different protein concentrations between 0.1 and 1 mM, we
concluded that the observed variations are due to transient intramolecular interactions of the
globular domain with the flexible tail (Fig.4). The interaction sites coincide with the
aforementioned disordered ends of the helices 2 and 3, which appear to be slightly stabilized in
the presence of the intact tail, leading to an increase in helix population amounting to a few
percent.

4.4 Copper binding

The octapeptide repeat region is among the most conserved parts of PrP in mammals, implying
some functional and structural roles for the octapeptides. As early as 1992 it was suggested that
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Fig. 5. Comparison of the mean NMR structures of the polypeptide segments comprising residues 125 to 228 for
hPrP(23-230) (green), hPrP(90-230) (orange) and hPrP(121-230) (violet). A spline function is drawn through the
C%positions. The variable radius of the cylindrical rods is proportional to the mean global backbone displacement
per residue (Billeter ef al., 1989), as evaluated after superposition for best fit of the atoms N, C% and C' of the
residues 125-228 in the 20 energy-minimized conformers used to represent each of the three solution structures.
Reproduced with permission from Zahn et al. (2000).

the octapeptide repeat region, rich in His and Trp residues (Fig. 2A), may have a role in binding
of metal ions (Sulkowski, 1992). In fact, a copper-chelated affinity column was essential for the
purification of intact PrPC (Pan et al., 1992). Mass spectrometry initially showed that the
octapeptide repeat provides a specific binding site for divalent metal ions, preferentially binding
Cu(IT) (Hornshaw et al., 1995), and peptides from the analogous hexapeptide region of chicken
PrP showed similar specificity for copper. The binding mode of Cu(Il) to a number of PrP
fragments in the octapeptide region has been studied using a combination of spectroscopic
techniques (Viles et al., 1999). Visible absorption, visible CD, and electron spin resonance
spectra suggest that the coordination sphere of the copper is identical for two, three, or four
octapeptide peptide repeats, consisting of a square-planar geometry with three nitrogen ligands
and one oxygen ligand. Proton NMR spectroscopy indicates that the histidine residues in each
octapeptide are coordinated to the Cu(Il) ion. These data are consistent with a model for the
structure of the Cu(Il) complex showing the four histidine residues in successive octapeptide
repeats bridged between two copper ions, with both the NE&2 and N®! imidazole nitrogen of each
histidine residue coordinated and the remaining coordination sites occupied by a backbone
amide nitrogen and water molecule (Viles et al., 1999). This structural model is not consistent
with Raman spectroscopy studies suggesting that metal binding induces formation of a-helical
structure (Miura et al., 1996), but is reminiscent of the structure of other copper binding
enzymes (Parge ef al., 1992). The pH-dependent binding of copper to histidine explains the
disagreement in the literature as to the number of Cu(II) ions that bind PrP¢ with high affinity
(Brown et al., 1997a; Stockel et al., 1998): four copper ions bind tightly to the octapeptide
region at pH 7.4 with a dissociation constant in the micro molar range; protonation of one or
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more imidazoles at pH values between 7.4 and 6.0 decreases the number of effective binding
sites; below pH 6, copper does not tightly bind to the cellular prion protein.

Total Cu(Il) concentration is estimated in human serum at 16 to 20 UM, between 0.5 to
2.5 UM in the cerebrospinal fluid, and 15 pM in the synaptic cleft (Hartter ef al., 1988; Linder,
1991). Although the precise free copper concentration in the brain is not known, it seems likely
that PrP€ could be copper-complexed in vivo. Knockout mice deficient in PrP¢ have been
reported to exhibit more than ten-fold reductions in the copper content of membrane-enriched
brain extracts relative to wild-type mice and similar reductions in synaptosomal and
endosome-enriched subcellular fractions (Brown et al., 1997a). They also showed altered
cellular phenotypes, including a reduction in the activity of copper/zinc superoxide dismutase
(SOD) and altered electrophysical responses in the presence of excess copper. The opposite is
true for SOD from transgenic mice that overexpress PrPC (Brown & Besinger, 1998). This is in
agreement with results obtained with neurons cultured from PrnpO/ % mice which display
increased sensitivity to oxidative stress, because of reduced SOD activity (Brown et al., 1997¢).
Moreover, PC12 cells selected for resistance to copper toxicity have increased expression of
PrPC (Brown et al., 1997b). These data argue that PrP¢ expression is important for cellular
resistance to oxidative stress and may regulate SOD activity by influencing copper
incorporation into the SOD molecule. In fact, recent experiments have shown that mouse PrP¢,
either as recombinant protein or immunoprecipitated from brain tissue, has an intrinsic SOD
activity, which is abolished by deletion of the octapeptide repeat region (Brown et al., 1999).
These results suggest that PrPC has an enzymatic function that depends on copper incorporation,
consistent with its cellular location and indicating that it has a direct role in cellular resistance
to oxidative stress.

Using mouse neuroblastoma lines Pauly & Harris (1998) have demonstrated that copper ions
rapidly and reversibly stimulate the constitutive endocytosis of PrPC from the cell surface and
its passage into an early endocytic compartment. Amino-terminally deleted forms of PrPC that
are missing some or all of the octapeptide repeats are less efficiently endocytosed than the intact
protein in response to extracellular copper. This effect together with the established affinity of
the octapeptide repeat for copper suggests the hypothesis that PrPC could serve as a recycling
receptor for uptake of copper ions from the extracellular milieu (Pauly & Harris, 1998). PrPC
might bind copper ions on the cell surface and then deliver them to an endocytic compartment
within which the bound ions dissociate because of an acidic environment (Viles et al., 1999).
Stimulation of endocytosis might be triggered by a conformational change in PrPC upon copper
binding, leading to an increase in affinity for the putative endocytic receptor that localizes PrPC
in clathrin-coated pits (Harris et al., 1996; see also section 4.2). Finally, the dissociated ions
may be transferred to other copper-carrier proteins that move the ions into the cytosol where
they interact with cytoplasmic SOD and other enzymes.

5. POST-TRANSLATIONAL PRP CONVERSION
5.1 Conformational isoforms

When comparing the biophysical and biochemical properties of PrPC and PrPSC as described in
the two previous sections, some major differences between the two isoforms can be
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summarized: (7) PrPS° has a high content of [B-sheet secondary structure, whereas PrPC has a
high a-helix content and only very little B-sheet secondary structure; (i7) PrPS¢ is insoluble in
detergents, while PrPC is readily solubilized under nondenaturing conditions; (iii) PrPS° is
partially hydrolyzed by proteases to form a fragment designed PrP 27-30, while PrPC is
completely degraded under the same conditions; and (iv) PrPS¢ accumulates in vivo, while PrP€
turns over rapidly. All these isoform-specific properties can be fully explained by a change in
protein conformation, suggesting that the key event in prion disease is a conformational change
from the host protein PrP with mainly a-helical secondary structure into a new protein
conformation, where some of the a-helices convert to 3-sheets. Whether the change in PrP
conformation is triggered by covalent posttranslational modifications has been studied in detail
over the last fifteen years or so and will be discussed in the following.

An intramolecular disulfide bond connecting Cys179 and Cys214 is formed in both PrP
isoforms (Turk et al., 1988), suggesting that reduction of the two cysteine residues within
mature PrP is not necessary for PrPC to PrPS¢ conversion. The effect of disulfide bond reduction
on the efficiency of conversion has been examined in cell-free system (Herrmann & Caughey,
1998). In the in vitro conversion assay (Kocisko et al., 1994) the PrPS° is partially denatured in
3 M guanidine hydrochloride, before adding in fifty-fold excess over metabolically labeled
358-PrPC at a 1 M final guanidine hydrochloride final concentration. Under these conditions
PrPC is converted into PrP-res, a PrP isoform resistant to limited PK proteolysis. The products
of cell-free conversion reactions have not yet been proven to be infectious (Hill ez al., 1999),
because there are major technical difficulties associated with such an analysis (Horiuchi &
Caughey, 1999b). In any case, the species and strain specificities of the cell-free conversion
reactions as described in sections 5.4 and 5.5 argue that this experimental system is relevant to
prion research. The addition of the disulfide reducing agent dithiothreitol inhibits the
conversion reaction resulting in half the amount of converted material at a concentration of 2 to
2.5 mM. Separate pretreatment of either PrPC or PrPS¢ with dithiothreitol and an alkylating
agent to prevent reoxidation also inhibits the conversion, indicating that preservation of the
disulfide bond in both isoforms is important. Further support for this view is derived from the
mutation C178A which prevents the formation of PrPS¢in ScNsa cells (Muramoto et al., 1996).
On the other hand, the treatment of protein fractions enriched for scrapie infectivity with either
2% mercaptoethanol or 100 mM dithiothreitol does not diminish prion titers (Prusiner ef al.,
1980). Thus a consistent explanation for these data is that a successful conversion requires that
the disulfide bond in PrP® is retained during conformational change into PrPSC, resulting in a
disulfide bond which is very resistance to reduction.

There are unidentified modifications at Arg25 and Arg37 in PrP5¢ based on absent or novel
signals at the corresponding Edman cycles (Hope et al., 1988; Turk et al., 1988). It seems
doubtful that these putative arginine modifications are important for conversion since PrP
lacking the segment 32—80 is susceptible for prion propagation and allows efficient prion
replication (Fisher et al., 1996). Moreover, an absent signal in the Edman cycle of Arg25 has
also been observed for the PrP® isoform (Turk et al., 1988). Another possible chemical
modification of amino acid side chains is the deamidation, isomerization, and racemization of
asparaginyl and aspartyl residues in proteins. The major products of these reactions are the
normal L-aspartate and the abnormal L-isoaspartate, with D-aspartate and D-isoaspartate being
formed to a lesser extent (Geiger & Clarke, 1987). Interestingly, abnormal aspartyl residues
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appear to be the predominant isoform found in B-amyloid peptides, isolated from the brains of
Alzheimer’s disease victims (Roher et al., 1993a,b). However, for PrPS¢ it has been shown that
the levels of altered aspartyl residues detected are low (Weber et al., 1998). It thus seems
unlikely that the conversion to PrPS¢ is due to the stoichiometric accumulation of isoaspartyl
residues in the PrPCpolypeptide chain.

Several experiments suggest that the N-linked carbohydrate, although constituting up to 20%
of the mass of the PrP molecule, does not play a pivotal role in the PrPS° formation (Butler ez
al., 1988; Taraboulos et al., 1990a). For example, removal of the two Asn-linked glycosylation
sites by in situ mutagenesis similarly results in the syntheses of a PK-resistant and
detergent-insoluble unglycosylated PrP species in ScN»a cells (Taraboulos et al., 1990a). It was
found that PrPS° is produced more rapidly when the scrapie-infected cells are treated with
tunicamycin, an inhibitor of N-acetylglucosamine transferases. Several investigators have
observed that PrP>° synthesized in scrapie-infected cells displays a preponderance of lower
molecular weight glycoforms (see Caughey & Raymond, 1991; Tatzelt ef al., 1996), suggesting
that less glycosylated molecules may be preferred substrates in the generation of the PrPS
isoform. This interpretation is consistent with studies on the efficient in vitro conversion of
unglycosylated PrPC in the cell-free system (Kocisko et al., 1994). Finally, an inherited form of
spongiform encephalopathy has recently been described in a Brazilian family with an Thr to Ala
substitution at residue 183 (Nitrini et al., 1997), which abolishes one of the consensus sites for
glycosylation.

A GPI anchor is attached to the C-terminus of both PrP isoforms, but these differ in their
ability to be released from cellular membranes by phospholipase (Caughey ef al., 1990; Stahl et
al., 1987; 1990b). The polypeptide backbone of PrPC appears not to span the plasma membrane
bilayer, since the protein can be released from the membrane solely by phosphatidylinositol
phospholipase C (PIPLC). Using membranes isolated from scrapie-infected hamster brains,
however, the PrPSC isoform is resistant to release, whereas purified denatured PrPS¢ is sensitive
to digestion with phospholipase (Stahl et al., 1990b). The most likely explanation for this
difference is that oligomerization of membrane-bound PrpS¢ prevents access of PIPLC to the
carboxy terminus (Narwa & Harris, 1999). Approximately 15% of purified PrPS¢ molecules are
truncated at the C-terminus resulting in loss of the tripeptide Gly228—Arg229-Arg230 (Stahl et
al., 1990a), and there is also spontaneous release of PrPC from cultured cells with a half-time
of five hours accounting for 10% of the total immunoprecipitated PrP¢ (Borchelt ef al., 1990;
1993). Thus, although both isoforms display similar chemical posttranslational modifications
introduced at the C-terminus, the complex structures of the glycolipids within the GPI anchor
provide ample possibility for variation between the two isoforms. Nevertheless, neither these
nor other covalent modifications have been shown to originate the conformational change in
PrP (Stahl et al., 1993).

5.2 Location of propagation

The subcellular location of the molecular events underlying the post-translational conversion of
the prion protein have been investigated preferentially in cultured cells. In ScN,a cells bearing
an efficient expression vector for epitope-tagged prion protein (Scott et al., 1992), about one
third of expressed PrP polypeptide chains acquire protease resistance and are found to primarily
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accumulate in the perinuclear Golgi region (Caughey et al., 1990; Taraboulos et al., 1990b). No
differences in biosynthesis of PrPC are observed between uninfected versus scrapie-infected
cells, indicating that scrapie infection does not modify PrP biosynthesis (Caughey et al., 1989).
Synthesis and degradation of PrPS¢ are much slower when compared with PrPC, with half-times
for turnover of 15 hours and more than 24 hours, respectively (Borchelt et al., 1990). Because
the PrPS° precursor is located at least transiently on the cell surface (Caughey & Raymond,
1991), the intracellular accumulation of PrPS¢ must result from the internalization of PrPS¢ or
its precursor from the plasma membrane rather than the retention of PrPS¢in the Golgi apparatus
during biosynthesis. Assigning the plasma membrane as the subcellular location of PrPS¢
propagation is consistent with the finding that C-terminal truncation that deletes the signal
sequence for GPI anchor also substantially reduces PrPS¢ formation (Rogers et al., 1993).
Moreover, release of PrPC molecules from the surface of cultured cells by PIPLC digestion
prevents PrPS¢ formation (Caughey et al., 1991b; Borchelt et al., 1992).

From the localization of PrP€ to caveolae described in the section 4.2 and finding that PrpS°
formation is inhibited by lovastatin, which diminishes cellular cholesterol levels, it was
suggested that glycosphingolipid- and cholesterol-rich caveolae-like domains (CLDs) might be
the site where prions are propagated (Taraboulos ef al., 1995; Vey et al., 1996). Like caveolae,
CLDs contain detergent-insoluble domains enriched for GPI-anchored proteins, but unlike
caveolae do not depend on the marker protein caveolin. The increase in formation of PrPS¢ after
depletion of sphingolipid in neuroblastoma cells infected with prion further supports that
propagation of the scrapie isoform requires targeting of GPI anchored protein to CLDs of the
plasma membrane (Naslavsky et al., 1999), before it accumulates within them as well as in
lysosomes (Gorodinsky & Harris, 1995). Whether conversion takes place in raft-like
membranous domains or in coated invaginations of plasma membranes and by which
mechanism CLDs regulate formation of PrPS¢ remains to be established. One possibility is that
rafts provide a physical platform that laterally concentrate PrPC substrate and PrPS¢ template
within cellular membranes (Naslavsky et al., 1997), thereby enhancing the opportunity of these
molecules to interact.

Based on the finding that PrPC is continuously internalized into endosomes, it is also possible
that formation of PrPS¢ may occur in endosome-like organelles, where the pH varies between
4.7 and 5.8 (Lee et al., 1996). This view is supported by biochemical and immunogold electron
microscopy studies of scrapie-infected mouse brain, indicating that PrPS¢ is enriched in
subcellular structures containing endosome-specific proteins (Arnold et al., 1995) and is
localized to an internal vesicular compartment largely constituted of secondary lysosomes
(McKinley et al., 1991b). The fact that PrPS¢ is truncated at the N-terminus by leupeptin- and
ammonium chloride-sensitive proteases provides further evidence that PrPS¢ follows the
endocytic pathway to the lysosomes (Caughey et al., 1991b). Since PrPS¢ is not completely
degraded in the lysosomes, its conversion to the proteinase-resistant state confirms that
conversion must occur prior to its exposure to proteases within endolysosomes and secondary
lysosomes. However, contracting these data, redirection of PrP¢ in ScNya cells to
clathrin-coated pits by C-terminal fusion of transmembrane segments prevents PrPS° formation
(Kaneko et al., 1997a).
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5.3 Minimal PrP sequence

Truncation of residues 23 to 88 comprising the N-terminus of mature prion protein does not
prevent PrpS¢ synthesis in ScN»a cells (Roger ef al., 1993), indicating that more than one third
of the amino acids in PrP€ including the octapeptide repeat region is not required for prion
propagation (Fig. 3A). Further mapping of polypeptide regions revealed that additional deletion
of the segments 95-107, 108-121, 122-140, 177-200, and 201-217, but not 141-176 does
prevent prion propagation in scrapie-infected cells (Muramoto ef al., 1996). Thus, in addition
to the 66 residues at the N-terminus, 36 residues including the first a-helix and the first strand
of the B-sheet can be deleted without altering PrpS° propagation (Fig. 3B). Interestingly, the
remaining segments of residues 90—141 and 178-230 contain all the single point mutations in
the human PrP gene leading to familial TSE as a consequence of amino acid substitution
(Fig. 3A). The resulting construct of 106 amino acids, termed PrP106 or “miniprion” (Prusiner,
1998), is expressed as GPI-anchored protein on the cell surface, and its solubility is intermediate
between intact PrP¢ and PrPS¢ (Muramoto er al., 1996). Although PrP€ is soluble in a
combination of 0.5% Triton X-100 and 0.5% deoxycholate, PrP3€106 is not, but becomes
soluble when sarkosyl is added under conditions where intact PrPS° remains insoluble. Hence,
protease-resistance in miniprions is not necessarily coupled to detergent-insolubility.

Transgenic mice studies confirmed that segments 23—88 and 141-176 do not play a critical
role in the formation of PrPS¢, transmissibility of prions, or pathogenesis of prion disease
(Fisher et al., 1996; Supattapone et al., 1999). Prions containing intact mPrPS° produce CNS
dysfunction between 200 and 400 days after intracerebral inoculation in knockout mice
expressing miniprions, Tg(PrPlO6)Prnp0/ 0 while brain homogenates prepared from these mice
inoculated into Tg(PrP106)PrnpO/ 0 mice produce neurologic disease between 50 and 80 days
later. The initial prolongation of incubation time is equivalent to the “prion species barrier” as
mentioned in the introduction and further elaborated in section 5.4 and has thus been termed
“prion transmission barrier” (Supattapone et al., 1999). When intact mPrPS¢ is inoculated into
Tg(PrP106)Prnp+/ % mice the incubation period is significantly shortened, indicating that the
products of prion replication directed by the single copy of intact mPrP are driving the
production of PrP106 prion, thereby acting in frans to accelerate the passage across the prion
transmission barrier. Presumably, the mPrP>° facilitates the conversion of PrP106 by providing
a source of the PrPS¢ template. The PrP5°106 purified from transgenic mice tends to form
particles that resemble prion rods composed of PrP 27-30 (Supattapone et al., 1999).
Deconvolution of FTIR spectra of transgenic PrP5¢106 yields estimates of 27 to 31% a-helix
and 36 to 37% [-sheet. Similarly, PrP106 recombinantly expressed in E. coli is also rich in
B-sheet secondary structure, displays a partial resistance to PK digestion, is soluble at a
concentration of 10 mg/ml, but forms relatively uniform spherical particles of about 9 nm in
diameter.

Not all the aforementioned experiments with scrapie-infected cell cultures (Muramoto et al.,
1996) can be repeated using the transgenic mice model system (Muramoto et al., 1997): the PrP
transgene encoding the 122—-140 deletion fails to express in transgenic mice; mice with PrP
transgenes in which the segments 177-200 or 201-217 are deleted develop heritable PrP
disorder that resembles neuronal storage disease, but which differs considerably from that of the
prion diseases. Ultrastructurally, enlarged nerve cell bodies are filled with a proliferation of the
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ER suggesting that mutant PrP may accumulate in this cellular compartment. This raises the
possibility that the absence of either helix 2 or helix 3 prevents the trafficking of nascent PrPC
molecules from the ER into the Golgi apparatus. It is unlikely that only altered glycosylation
can make PrP pathogenic, because transgenic mice expressing Syrian hamster PrPs with point
mutations to block Asn-linked glycosylation do not produce any of the reported pathological
findings (DeArmond et al., 1997).

5.4 Prion species barrier

One interesting phenomenon associated with TSE agents is the barrier to interspecies
transmission which is manifested statistically as an increase in the incubation period between
the time of infection and clinical disease. This “prion species barrier”, first described more than
30 years ago (Pattison, 1965; Pattison & Jones, 1968), varies depending on the species being
infected and the species from which the TSE agent stems. For instance, mouse scrapie prion can
be transmitted to Syrian hamsters with an incubation time of 380 days but transmission into
mice is about threefold faster (Kimberlin & Walker, 1978; Kimberlin et al., 1987). Conversely,
hamster scrapie prion agent has a 60 day incubation period in hamsters but has not been
successfully transmitted to mice (Kimberlin ef al., 1989). After the first passage, prions reflect
the sequence of the host PrP gene and not that of the PrPS¢ molecules in the inoculum derived
from the donor (Bockman et al., 1987). On subsequent passage in a homologous host, the
incubation time shortens to that recorded for all subsequent passages.

The development of transgenic mice for prion studies confirmed that the species barrier is
due to differences in the amino acid sequence of PrPSC in the inoculum and PrP¢ expressed in
the recipient animal. Transgenic mice co-expressing shPrP inoculated with hamster scrapie
prion exhibit scrapie infectivity, incubation times, and PrP amyloid plaques characteristic of
hamsters (Scott et al., 1989). Conversely, if the same mice are inoculated with mouse scrapie
prions they synthesize mouse prions and exhibit neuropathological changes similar to those in
non-transgenic mice (Prusiner ef al., 1990). Thus, when the sequence of PrPS¢ in the inoculum
matches that of PrP¢ expressed in the recipient mouse, a pronounced reduction in the length of
the incubation time is observed. These findings argue that prion synthesis is initiated by a
species-specific interaction between PrPSC in the inoculum and endogenous PrPC.

Direct evidence for this concept is supported by the finding that prion species barrier can be
mimicked during the in vitro conversion of purified PrPC with partially denatured PrpS¢
(Kocisko et al., 1994). When the reaction is performed with shPrPS¢ and mPrPC, little
conversion to protease-resistant products is observed (Kocisko et al., 1995). This result
correlates with the lack of transmission of hamster scrapie to mice. In contrast, when shPrP® is
incubated with either mPrPS¢ or shPrP>¢, similar amounts of protease-resistant products are
generated. This result correlates with the fact that mouse scrapie can be transmitted to hamsters,
albeit with a longer incubation time than when transmitted into mice. Glycosylation of the PrP®
isoform is not required for species specifity in the conversion reaction, implying that the PrPS¢
epitope of PrPC does not contain glycosyl groups. Conversion experiments performed with
chimeric mouse/hamster PrP indicate that the PrPS° epitope of hamster PrPC includes the
residues Met139, Asnl55, and Asnl70 (Fig. 2A). Conversely, only replacement of residue
Ile138 in mouse PrP against the corresponding residue in hamster PrP at position 139 (Fig. 2A),
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affects conversion efficiency in scrapie-infected neuroblastoma cells (Priola & Chesebro,
1995), indicating that PrpS° epitopes of mouse and hamster PrPC have different topology or
include different regions of the polypeptide chain.

5.5 Prion strains

Studies of scrapie in goats originally demonstrated reproducible variations in disease phenotype
with the passage of “prion strains” in genetically inbred host (Pattison & Millson, 1961). Prion
strains are now defined to produce a specific phenotype of prion disease as manifested by the
length of incubation time, the topology of PrPS¢ accumulation and the distribution of
pathological lesions in the brain (Fraser & Dickinson, 1968; Scott et al., 1997a). Isolation of
prion strains from mink by passage to hamsters (Bessen & Marsh, 1994; Bessen ef al., 1995)
and passage of inherited human prion diseases to transgenic mice (Telling et al., 1996b) indicate
that the properties of prion strains are “enciphered” in the conformation of the PrPS¢ isoform.
For example, extracts from the brains of fatal familial insomnia (FFI) patients carrying the
mutation D178N and a methionine residue at the polymorphism site 129 have been shown to
transmit disease into mice expressing a chimeric human/mouse transgene,
Tg(MHuZM)PmpO/ 0 about 200 days after inoculation and induce formation of a 19 kDa PrpS¢
protease-resistant fragment, whereas familial CJD (E200K) and spontaneous CJD produce a
21 kDa fragment. Similar protease-resistant fragments of PrPSC are found in brain extracts of
FFI and familial CJD (E200K) patients, respectively (Monari et al., 1994), where the difference
in molecular size has been shown to originate from different proteolytic cleavage sites at the
amino-terminus. On second passage, Tg(MHu2M)Prnp0/ 0 mice inoculated with FFI prions
show an incubation time of about 130 days, while those inoculated with CJD (E200K) prions
exhibit and incubation time of about 170 days, with the protease-resistant core of the two prion
strains remaining unchanged (Prusiner, 1997). These data demonstrate that PrPS¢ molecules
invariant in amino acid sequence can exist in different conformations or “strains”, and argue that
PrPS° acts as a template for the conversion of PrPC into nascent PrPS¢ molecules during prion
replication.

Employing a sensitive conformation-dependent immunoassay confirmed that the variation in
incubation time of eight prion strains is related to the relative protease sensitivity of PrPS¢ and
thus to conformation of prion strain (Safar ez al., 1998). The immunoassay used is based on the
observation that the immunoreactivity of PrPS¢, but not PrP®, with monoclonal antibody 3F4 is
greatly enhanced by denaturation (Kascsak ef al., 1987). This is because the transformation of
PrPC into PrPS° is accompanied by burial of epitopes involving residues 90 to 120, whereas
C-terminal epitopes remain exposed (Peretz et al., 1997). In graphs of the ratio of antibody
binding to denatured versus native PrP plotted as a function of the concentration of PrPS¢ or
PrP 27-30 found in the brains of hamsters, each strain occupies a unique position, indicative of
a particular PrP conformation. When the difference in concentrations of PrPS¢ and PrP 27-30
is plotted as a function of the incubation time, a linear relationship is found suggesting that
strain-specific incubation time arises from distinct rates of PrPS° cellular degradation rather
than from different rates of PrPS¢ formation (Prusiner et al., 1998).

An important marker of prion strain variation is the pattern of PrpS¢ glycosylation, namely
the relative occurrence of diglycosylated, monoglycosylated, and unglycosylated PrPS° forms
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which can be easily distinguished by gel electrophoresis (Kascsak ef al., 1986). Variation in
glycosylation pattern of PrPSC after protease digestion has been noted in strains from patients
with sporadic CJD (Parchi et al., 1996), familial CJD (Monari et al., 1994), and nvCJD
(Collinge et al., 1996). Because both nvCJD and BSE prions exhibit the same molecular size
and preponderance of the doubly glycosylated isoform of PrP 27-30 molecules it has been
argued that the BSE agent may have been transmitted to humans (Raymond et al., 1997), which
is in agreement with the recent finding that Tg(BoPrP)PrnpO/ % mice inoculated with nvCJD and
BSE brain extracts exhibit indistinguishable neuropathology and incubation times (Scott et al.,
1999). The suggestion that differences in glycosylation may actually play a causal role in the
propagation of strains by targeting each prion variant to distinctive subpopulation of neurons in
the brain (Hecker et al., 1992) is difficult to reconcile with the fact that modification of
Asn-linked carbohydrates attached to PrP* is completed before the PrP is distributed to the cell
surface (Borchelt et al., 1990; Caughey & Raymond, 1991), where the conversion into prpS¢
presumably takes place.

6. EFFECT OF FAMILIAL TSE MUTATIONS

Whereas the transmission of prion disorders requires direct interaction between exogenous
PrPS¢ and endogenous PrPC, the conversion process in hereditary spongiform encephalopathies
appears to occur spontaneously leading to the conclusion that the characteristic mutations favor
spontaneous conversion of the prion protein to the PrPS¢ isoform (Cohen et al., 1994). This view
is confirmed by the spontaneous neurodegeneration of transgenic mice expressing mutations in
Prnp (Hsiao et al., 1990), and the transmission of neurodegeneration by brain extracts prepared
from these mice (Hsiao et al., 1994; Telling et al., 1996a). Familial TSEs include one-tenth of
the cases of CJD and all cases of GSS and FFI (see Prusiner & Hsiao, 1994; Parchi & Gambetti,
1995; Young et al., 1999), and are all linked to dominantly inherited, germline mutations in the
human Prnp on chromosome 20. Twelve specific point mutations and several insertions in the
open reading frame of the human Prnp have been linked with familial TSE forms (see Fig. 3A).
Eight of the single point mutations occur in the region containing helices 2 and 3 of the well
structured C-terminal domain of PrPC, and are associated with either CJD, GSS, or FFIL The
three single point mutations in the flexibly disordered N-terminus and the amber mutation at
codon 145 are linked to GSS. Insertion mutations in the octapeptide repeat region are associated
with a variable phenotype that can include features of CJD or GSS, and consist of two to nine
additional octapeptide segments. Initiation of sporadic disease may follow from somatic
mutation and thus would follow a path similar to that for the germline mutations in inherited
disease.

6.1 Thermodynamic Stability of prpP€

Based on structural modeling of the PrPC to PrPS¢ conversion it has been hypothesized that
amino acid substitutions associated with inherited TSE disease decrease the thermodynamic
stability of the PrP isoform and thus facilitate its conversion into the PrPS¢ isoform (Cohen et
al., 1994; Huang et al., 1994; 1995). However, the three-dimensional structure of PrPC shows
convincingly that familial TSEs generally cannot be rationalized by the assumption of reduced
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stability of the PrPC isoform of the mutant proteins. First, three point mutations that segregate
with inherited TSEs are located in the flexibly disordered polypeptide segment (Fig. 3A), where
it is unlikely that individual amino acid substitutions would measurably affect the global protein
stability. Second, for the eight protein species with disease-related amino acid changes in the
globular C-terminal domain the three-dimensional structure predicts widely varying effects on
protein stability (Fig. 6). The Glockshuber lab has separately introduced all eight TSE
mutations located in the structured domain of PrP® into recombinantly expressed
mPrP(121-231) fragment (Liemann and Glockshuber, 1999). The biophysical characterization
of these variants with CD spectroscopy showed that none of the mutations affect the global
protein structure, indicating that these mutations do not per se cause a PrPSC-like conformation.
Moreover, the mPrP(121-231) variants showed different degrees of destabilization of the native
conformation: while amino acid replacements D178N, T183A, F198S, and Q217R considerably
decrease protein stability, the stability of the other four variants and the nonpathogenic Met/Val
polymorphism at position 129 remains unchanged. There is no correlation between stability of
the PrPC isoform with any particular TSE phenotype. Similar observations were made during
the investigation of human PrP(90-231) variants carrying the mutations D178N and P102L
associated with CJD/FFI and GSS, respectively (Swietnicki et al., 1998). From these results it
can be concluded that other molecular mechanisms are important in facilitating the structural
conversion of PrP isoforms during human TSE than changes in the thermodynamic stability of
the PrP€ isoform. Such mechanisms may include a stabilizing effect of the mutation on PrpS°
or its folding transition state, or an altered interaction with protein X. This view is supported by
the findings that mice overexpressing a murine PrP transgene with the non-destabilizing GSS
mutation P102L spontaneously develop infectious scrapie-like disease (Hsiao et al., 1990;
1994), whereas the slightly destabilizing E200K mutation does not cause illness (Telling et al.,
1996a). Along similarly lines the expression of murine PrP with the mutation D178N in Chinese
hamster ovary (CHO) cells results in protease-resistant and detergent-insoluble protein
(Lehmann & Harris, 1996a), whereas the same mutation expressed in transfected human
neuroblastoma cell line results in protease-sensitive prion protein (Petersen et al., 1996).

6.2 De novo synthesis of Prp5¢

There are differences in the steps underlying PrPS¢ formation when comparing infected cells
and cells expressing mutant forms of the prion protein. Mouse PrP molecules carrying
disease-related mutations display a number of biochemical markers characteristic of PrPS¢
when stably expressed in CHO cells (Lehmann & Harris, 1995; 1996a,b), but all of these
biochemical markers develop with different kinetics during pulse-chase experiments (Daude et
al., 1997). According to Harris and colleagues mutant PrPs are initially synthesised in the PrP¢
isoform and then acquire the characteristics of PrP5¢ in a stepwise fashion during passage
through various cellular compartments. The initial step takes place during translation of the PrP
polypeptide chain in the ER and alters the membrane association of the PrP molecule so that it
is inefficiently released by PIPLC. Phospholipase resistance is most probably the consequence
of a structural change of PrP which makes the GPI anchor inaccessible to other proteins (Narwa
& Harris, 1999). Since PrP>¢ from scrapie-infected brain and cultured cells is also inefficiently
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Fig. 6. Stereoview of the polypeptide segment 173—-218 in the human prion protein (Zahn et al., 2000), where the
backbone (blue) is represented as a spline function drawn through the C® positions. The side chains mutated in
Creutzfeldt-Jacob-Disease and Gerstmann-Stréussler-Scheinker syndrome within this segment are drawn in
magenta and orange, respectively. The figure was prepared with the program MOLMOL (Koradi et al., 1996).

released from membranes by PIPLC as described in section 5.1, resistance to the action of
phospholipase may be a general property of the scrapie isoform. The second step in the
transformation of mutant PrP is acquisition of detergent insolubility, and occurs at the plasma
membrane or on the endocytic pathway. The third step is acquisition of protease resistance and
takes place several hours after acquisition of detergent insolubility. These results demonstrate
that conversion to the PrPS¢ isoform may begin at an early point in the biosynthetic pathway and
that acquisition of detergent insolubility and protease resistance are temporally distinct steps
connected by an intermediate PrP species. The accumulation of a conversion intermediate has
also been observed during studies on brains of heterozygous CJD patients carrying the E200K
mutation (Gabizon et al., 1996).

Analysis of transfected CHO cells that express abnormally glycosylated forms of mouse PrP,
generated by substitution of alanine for threonine at codon 182, which is homologous to the
T183A mutation in CJD patients (see Figs. 3A and 6), blocks the delivery of the protein to the
cell surface, but nevertheless displays all the aforementioned properties of PrPS¢ observed in
this assay system (Lehmann & Harris, 1997). The intracellular compartment where the T182A
mutant accumulates is likely to be proximal to the mid-Golgi stack. Most importantly, the fact
that mutant PrP is converted to a PrPS®-like isoform without being expressed on the cell surface
indicates that transit to the plasma membrane is not necessary for the conversion process in
inherited prion disease.

In both mouse fibroblast and mouse neuroblastoma cell lines the aggregation and protease
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resistance of mutant PrP increases with the number of octapeptide repeats, correlating with the
finding that increasing numbers of repeats is associated with an earlier onset of familial CJD
(Capellari et al., 1997). However, while in mouse fibroblast cells expressed PrP molecules with
greater than five copies of the octapeptide repeat show increase in aggregation and protease
resistance (Priola & Chesebro, 1998), in neuroblastoma cells only PrP molecules with nine or
eleven copies of the octapeptide motif show an increase in aggregation and PK resistance. The
different results suggest that the cell type in which PrP is expressed is an important determinant
of whether or not mutant PrP acquires abnormal properties. As the addition of up to six
octapeptide segments does not change the efficiency of PrPS¢ conversion in ScNa cells (Rogers
et al., 1993), it appears that the de novo synthesis of prions is not accelerated in the presence of
exogenous PrPS¢ molecules. This would be another indication that de novo prion synthesis and
PrPS¢-induced prion propagation are independent processes (Fig. 1) which take place at
different locations in the cell.

The amber mutation at codon 145, which has been found in the Prup of a Japanese patient
who died following a prolonged GSS illness (Kitamoto et al., 1993), yields a truncated protein
PrP!# that lacks the C-terminal region containing the two O-helices and concomitantly the
single disulfide-bond (Fig. 3A), the two sites for N-glycosylation, and the GPI anchor. Yet, the
heterozygous stop mutation is associated with a phenotype not basically different from that of
the GSS subtypes linked to a single point mutation located C-terminal to the amber mutation
(Ghetti et al., 1996). In transfected human neuroblastoma cells, PrP!® is expressed in two
forms, one of which conserves the signal peptide (Zanusso et al., 1999). Both forms are unstable
and are rapidly degraded through the proteasomal pathway, presumably at the cytosolic face of
the ER membrane. Following inhibition of proteosomal degradation, Prp!®
primarily in the ER and Golgi in a detergent-soluble form resistant to mild PK treatment.

accumulates

However, none of the PrP!* forms were found to be bound to any of the major ER-specific
chaperones.

6.3 Transmembrane PrP forms

Although conversion of PrPC to PrPS° appears to be central to prion disease, the observation of
neurodegeneration in the absence of PrPS¢ accumulation in some cases (see Hsiao et al., 1990;
Telling et al., 1996a) argues that other aspects of PrP expression, folding, or trafficking may
feature in the pathophysiological mechanisms that cause disease. Studies of PrP translocation at
the ER membrane revealed unusual features in biogenesis. Whereas most glycoproteins are
synthesized in a single orientation with respect to the ER membrane, the PrP synthesized in
cell-free translation systems is found in more than one topological form (Hay et al., 1987a,b;
Lopez et al., 1990; Yost et al., 1990): the “normal” form is fully translocated into the ER lumen
and enters the endocytic pathway, while two additional PrP forms span the ER membrane with
regions of the molecule exposed to the cytosol (Hay et al., 1987a,b; Yost et al., 1990). One
form, termed Cther, has the carboxy-terminus in the ER lumen and the amino-terminus located
in the cytosol. The other form, termed NthrP, has the amino-terminus in the ER lumen and the
carboxy-terminus in the cytosol. Both transmembrane forms appear to span the membrane at the
same stretch of hydrophobic amino acids comprised of residues 110 to 135 (see Figs. 2A and
3A). The distribution of newly synthesized PrP between transmembrane and secretory forms is
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affected by the GSS mutation A117V in the hydrophobic segment spanning the membrane
(Hsiao et al., 1991; Hegde et al., 1998). In brain tissue as well as in cell-free systems the
mutation favors the synthesis of Ctmpip gver the other two topological forms, where Cimpp jg
associated with scrapie-like neuropathological changes but not with an accumulation of
protease-resistant protein. These data support the hypothesis that expression of Cimp,p may be
involved in the pathological process occurring in at least a subset of heritable prion diseases.
Recently, the relationship between the neurodegeneration seen in transmissible prion diseases
involving PrPSC and that associated with “™PrP has been studied using transgenic mouse lines.
It was found that the time course of PrPS¢ accumulation is followed closely by increased
generation of Cimp,p, suggesting that the accumulation of PrPS¢ modulates in frans the events
involved in generating or metabolizing the Cmprp form (Hegde et al., 1999). It remains to be
established whether inappropriately expressed Ctmprp s able to initiate specific signaling
events to cause neuronal cell death or accomplishes this end by another mechanism.

7. PHYSICAL PROPERTIES OF SYNTHETIC PRP
7.1 Amyloidogenic peptides

Despite the lack of evidence for the spontaneous transformation of synthetic prion protein or
fragments thereof into infectious PrPSC, in vitro experiments with synthetic components give us
some knowledge about the tendency of the PrP polypeptide sequence to form [3-sheet secondary
structure, amyloidogenic aggregates, and protease-resistant conformations. Interestingly, all the
peptide fragments of PrP which tend to form [3-sheet structure have been found to concomitantly
aggregate into amyloid fibrils in buffered solution at neutral or slightly acidic pH. Increased
amyloid propensity has been found for peptides whose amino acid sequences correspond to
segments 90—141, 169-191, and 195-218 (Fig. 3F). These correspond to regions in PrPC that
contain the transmembrane region including the first B-strand, and the second and third a-helix,
respectively (Fig. 3A). As outlined in section 5.3 all of these regions are required for prion
propagation in miniprions (Fig. 3B). The B-sheet structure formed by peptides in the region of
helix 2 is in agreement with secondary structure predictions suggesting high [3-sheet propensity
for large parts of this polypeptide region (Fig. 3G), whereas helix 3 is predicted to have a high
propensity for a-helical secondary structure. The tendency of peptides corresponding to
helices 2 and 3 to form amyloid structure suggests that in PrPC, a-helical structure within these
segments is stabilized by the single disulfide bond and the formation of a well packed
hydrophobic core. Residues outside the hydrophobic core region corresponding to helix 1 are
predicted to contain high a-helix propensity (Fig. 3G), in agreement with CD and NMR studies
on a polypeptide containing helix 1 of the mouse prion protein (Liu et al., 1999b).

Of the amyloid forming peptides those corresponding to the region 90 to 141 of the human
PrP sequence (Fig. 3F) have been characterized in great detail. The segment 90—145 was
originally chosen for peptide studies because residue 90 is the N-terminus of the infectious
PrP 27-30 molecule (Prusiner et al., 1984) and residue 145 coincides with the amber mutation
leading to familial TSE (see Fig. 3A). The conformation of PrP(90—145) depends strongly on
solution conditions (Zhang et al., 1995): in aqueous solution and in the presence of some
organic solvents, the peptide can be induced to form a-helical structures, whereas sodium
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chloride in physiological concentrations or acetonitrile induce the peptide to acquire substantial
B-sheet, and PK-resistant rod-shaped polymers. When mixed with PrPC purified from hamster
brain, PrP(90—145) produces a complex that displays some properties of PrPSc, including
protease-resistance, formation of fibrous aggregates and high (-sheet content. Moreover, the
efficiency of the conversion increases after introducing the A117V mutation causing GSS
disease (Kaneko et al., 1995; 1997b). Dried preparations of PrP(90-145) yield X-ray diffraction
patterns similar to those obtained from PrP 27-30 prion rods, suggesting that the amyloidogenic
core of PrP is closely modeled by the peptide (Nguyen et al., 1995b). A dried, magnetically
oriented sample of PrP(90—145) shows a cross-[3 diffraction pattern in which the fiber axis is
parallel to the H-bonding (Inouye & Kirschner, 1997), as has been observed in many amyloid
fibrillar states of proteins and peptides (reviewed in Sunde & Blake, 1998). The most compact
structure based on the X-ray diffraction analysis shows that the smaller residues of segment
109-122 fold back and are hydrogen bonded with the smaller residues of segment 129-141
(Inouye & Kirschner, 1998), indicating that perturbation of the packing environment of the
highly conserved residues 109 to 141 (Fig. 2A) may be a mechanism for triggering the
conversion of PrP® into the PrPS¢ isoform.

The amino acid sequence corresponding to residues 109—-122 of Syrian hamster PrP is
predicted to form a-helical structure (Fig. 3G), but the corresponding peptide is highly
amyloidogenic (Fig. 3F). The peptide does not have the potential to convert purified PrPC into
PrPSe, although it converts the -helical secondary structure of two other peptides, 104—122 and
129-141, into B-sheet structure (Nguyen et al., 1995a). The conversion is sequence-specific
since mouse PrP(109-122) is inefficient at converting human PrP(104—122) into the [B-sheet
form. A slightly longer peptide corresponding to residues 106—126 of human PrP forms straight
fibrils similar to those extracted from brains of GSS victims, the mayor component of which is
an 11 kDa fragment of PrP that spans approximately residues 58 to 150 (Tagliavini et al., 1991;
1993). The partially protease-resistant peptide (Selvaggini et al., 1993) was reported to be toxic
to cultured rat hippocampal neurons (Forloni et al., 1993). Apparently contradicting results
were obtained recently by Kunz et al. (1999) who showed that the viability of these and other
neuronal cell types were found not to be impaired in the presence of the same peptide under
widely varied sets of conditions. In the presence of micelles formed by a 5% solution of sodium
dodecyl sulfate, PrP(106—126) shows a high content of a-helix (De Gioia et al., 1994).
However, when the peptide is dissolved in phosphate buffer and incubated with liposomes, it
changes from a dominantly random coil form to a [3-sheet conformation. The
environment-dependent polymorphism of PrP(106—126) and its marked tendency to form
-sheet structures at acidic pH (Salmona et al., 1999) could be associated with an initiation of
the PrPC to PrPS° conversion in an endosomal-lysosomal compartment.

7.2 Folding intermediates

Longer portions of the PrP sequence have been expressed in bacteria (see Hornemann &
Glockshuber, 1996; Mehlhorn et al., 1996; Zahn et al., 1997) and used in PrP folding studies.
The amino-terminally truncated segment of the mouse prion protein comprising residues
121-231 has been shown to constitute an autonomous folding unit, whose folding and solubility
does not require N-glycosylation (Hornemann & Glockshuber, 1996). Under non-reducing
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conditions, refolding of chemically denatured mPrP(121-231) is cooperative and reversible,
and follows a two-state mechanism with a free energy of about 22 kJ/mol at neutral pH. The
kinetics of folding of mPrP(121-231) has been investigated by stopped-flow fluorescence using
the variant F175W (Wildegger et al., 1999). The variant folds into the native conformation
extremely rapidly, with a microscopic rate constant of about 4000 s\ The high fractional
solvent accessibility of the folding transition state relative to the native state indicates that the
compactness of the transition state is closer to the unfolded polypeptide than to the native
protein. At acidic pH, both the mPrP(121-231) and the structured domain in human and hamster
PrP(90-231) adopts an alternative conformation with spectral characteristics of a [3-sheet
protein (Swietnicki et al., 1997; Zhang et al., 1997; Hornemann & Glockshuber, 1998). The
equilibrium unfolding intermediate of mouse PrP(121-231) is maximally populated at 3.5 M
urea, and is soluble and in rapid equilibrium with the native and unfolded state (Hornemann &
Glockshuber, 1998). Incubation of the human PrP(90-231) in the presence of 1 M guanidine
hydrochloride results in a time-dependent transition from an a-helical to a 3-sheet conformation
and oligomerization into large molecular weight aggregates with increased resistance to PK
digestion and a fibrillar morphology (Swietnicki et al., 2000).

Reduction of the single disulfide bond in human PrP(90-231) at pH 4.0 has been shown to
generate a monomeric and soluble protein characterized by a strong (-sheet signal in the CD
spectrum (Jackson et al., 1999a,b). In contrast to the aforementioned oxidized folding
intermediates, reduced [B-PrP is populated in the absence of denaturant. Compared to the PrPC
isoform B-PrP retains a near-UV CD signal from aromatic residues, but with diminished
intensity, indicating weaker tertiary interactions. Accordingly, NMR spectra of B-PrP exhibit a
low degree of chemical shift dispersion characteristic of the loss of fixed side chain orientations.
The switch from B-PrP to PrPC is reversible, and either isoform can be generated by fully
denaturing or refolding at the appropriate pH. Physiological salt concentrations cause
precipitation of monomeric B-PrP into irregular spherical particles that associate over several
hours to form fibrils with a diameter of up to 20 nm and length of up to 500 nm. The folded
B-PrP shows a marked PK resistance, with only a moderate further increase associated with
aggregation. These experiments confirm the peptide studies described in the previous section
suggesting that the hydrophobic packing of the disulfide bond-connected helices 2 and 3 is the
mayor element in stabilizing the folding of a-helical secondary structure in the PrPC isoform.
Whether the reduced or oxidized [B-sheet isoforms of recombinant PrP resemble PrPS° remains
to be established.

8. HYPOTHETICAL PROTEIN X
8.1 Two species-specific epitopes

Experimental evidence that an additional factor, provisionally designated protein X,
participates in prion propagation originally came from inoculation studies with transgenic mice
expressing various PrP constructs. Tg(HuPrP)Pran " mice expressing high levels of the human
prion protein compared to endogenous mouse PrP failed to develop CNS dysfunction upon
inoculation with human prions more frequently than nontransgenic controls (Telling et al.,
1994). When the human Prnp was introduced into knockout mice where the mouse Prnp was
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ablated, the resulting Tg(HuPrP)PrnpO/ % mice were susceptible to human prions (Telling ef al.,
1995). These observations indicated that mouse PrPC inhibits the conversion of human PrP¢
into PrP>°, and that inhibition is abolished once mouse PrP® is removed. The finding that
Tg(MHu2M)Prnp+/ * mice expressing a chimeric human/mouse PrP transgene are highly
susceptible to human prion (Telling et al., 1994) confined the species barrier for transmission
of human prions into mice to nine amino acids in the region corresponding to residues 97 and
168 of the human sequence (Figs. 2A and 3C). Hence, two separate segments of human Prp¢
participate in the formation of PrPSC: the central domain delimited by residues 97 to 168 that
binds to PrP>¢ and an additional epitope in human PrP® which binds to protein X (Telling et al.,
1995). Since the truncation of the N-terminal residues in PrP* still permits the formation of
PrpS° (Rogers et al., 1993; Fischer et al., 1996), the binding site for protein X was confined to
the C-terminal segment comprising residues 169 to 230 (Fig. 3C). Like the binding of PrPC to
PrPS¢ (Prusiner ef al., 1990), the binding of PrP€ to protein X has been postulated to be most
efficient when these proteins are from the same species. An alternative interpretation of the
transgenic mice studies would be that mouse PrPC inhibits the conversion by either binding to
human PrP5 or PrP® with high affinity, but such a scenario would be in contrast to the finding
that homotypic interactions govern the conversion (Prusiner et al., 1990; Scott et al., 1993),
rather than heterologous interactions.

Similar experiments (Scott et al., 1997b) have been repeated with mice expressing a chimeric
bovine/mouse PrP transgene, Tg(MBoZM)PrnpO/ 0 resulting in eight bovine substitutions in
mouse PrP corresponding to human PrP residues 97, 109, 138, 143, 145, 155, 184 and 186
(Fig. 2A). Interestingly, while Tg(BoPrP)PrnpO/ % mice expressing bovine PrP were susceptible
to BSE prions, Tg(MBo2M)Prnp0/ O mice were found to be resistant. When considering the
differences in amino acid sequence between human, bovine, and mouse PrP within residues
187 to 230 (Fig. 2A), it is tempting to speculate from these results that the replacement 1203V
considerably changes affinity of the chimeric PrPC for BSE prion. On the basis of these
experiments it has been suggested that residue 203 together with residues 184, 186 and 205 are
involved in a second PrP>° subepitope.

More recently, data from in vitro conversion experiments have been presented in favor of
protein X participating in prion propagation (Saborio et al., 1999). In these experiments the
efficiency of conversion from PrPC into protease-resistant PrP-res was enhanced when using a
cell lysate from transfected CHO cells as a source of PrPC instead of purified protein (Kocisko
et al., 1994; see also section 5.1). When the PrPC in the cell lysate was purified by affinity
chromatography to yield 60 to 70% purified protein (Cashman et al., 1990), no
protease-resistant protein could be detected any more, but conversion into PrP-res was
recovered when a PrPC-depleted fraction of the cell lysate was added. Furthermore, the use of
cell lysate reduced the molar excess of PrPS¢ over PrP¢ required to achieve formation of PrP-res
(Kocisko et al., 1994) from 50 to 10, and no denaturation of PrPS¢ was necessary to achieve
conversion as was with purified PrPC. In fact, the pretreatment of the PrpS¢ sample with 2 M
guanidine hydrochloride diminished the conversion efficiency. Yet, an unknown factor in the
cell lysate is required for conversion which might be identical with protein X as postulated from
the transgenic mice experiments.
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8.2 Mapping the protein X epitope

It has been known since the structure determination of mPrP(121-231) that the molecular
surface of the potential protein X epitope is formed by two polypeptide segments with low
homology among different species, which are close in the three-dimensional structure (Billeter
et al., 1997). The two segments of helix 3 and the loop between B-strand 2 and helix 2 (see
Fig. 4) are characterized by significant alterations of the electrostatic surface potential among
different mammalian species (Fig. 2A): human PrP differs from bovine and mouse PrP in the
replacement of the glutamine residues 168 and 219 by glutamic acid residues, as well as by
conservative substitutions at positions 166, 215, and 220. Studies with scrapie-infected
neuroblastoma cells transfected with a chimeric human/mouse Prup confirmed that single
amino acid replacements in the area of the protein X epitope affect the efficiency with which
recombinant PrP is converted into PrPS¢ (Kaneko et al., 1997¢). Substitution of residues 168,
215 or 219 with the corresponding residues in human PrP (see Fig. 2A), but not at position 220,
diminishes or prevents conversion to PrPS¢ in the recombinant construct. The relative affinities
of mutant and wild-type protein for protein X were determined by co-transfection studies of
mutant and wild-type PrP, which showed that substitution of a basic residue for glutamines
occurring at positions 168, 172, or 219 inhibits conversion of both mutant and wild-type PrP
owing to the failure of the mutated PrP€ to release protein X. Conversely, exchange of
glutamines 168 or 219 against glutamic acid prevented conversion of mutant PrP but allowed
conversion of wild-type PrP, presumably by weakening mutant PrP€—protein X binding. Based
on these data a model has been proposed suggesting that the conversion of PrPC into PrP>¢
occurs in a protein X/PrPC/PrpS¢ triple complex (Prusiner et al., 1998). However, the fact that
residue 168 co-participates in the PrpS° epitope of PrPC (Fig. 3C) indicates that PrPC
presumably binds subsequently to protein X and PrPSe.

There is an intriguing coincidence between the location of the binding epitope of the putative
protein X and the location of the species variations observed when comparing the
three-dimensional structures of human, mouse, and hamster PrPC C-terminal domain (Zahn et
al., 2000). Although the NMR structures within the C-terminal domain are very similar, local
differences between the backbone conformations of the three proteins are manifested in helix 3
and the nearby loop between the 3-strand 2 and helix 2. In mouse PrP the helix 3 ends at residue
219, and after a “kink™ in the segment 219-222 (Figs. 4 and 7) the chain forms a helix-like turn
(Riek et al., 1998). In contrast, a straight, mostly regular a-helix is observed in hPrP (Fig. 7)
and shPrP (Liu et al., 1999a). Helix 3 in hPrP contains a nearly continuous pattern of
medium-range nuclear Overhauser enhancement (NOE) cross peaks dqn(1, 1+3) and dgg(i, i+3)
for the residues 217 to 221 (Fig. 7). Only Tyr218 is missing a medium-range NOE cross peak.
In mPrP(121-231) the corresponding medium-range NOE cross peaks are either absent or
correspond to distances larger than 5 A, so that the polypeptide chain is not restricted to form
an O-helical secondary structure for the residues 220 to 224 (Wiithrich, 1986). The loop
167-171 between the [B-strand 2 and helix 2 has been reported to be well defined in
shPrP(90-231), where complete resonance assignments could be obtained for this segment
(James et al., 1997; Liu et al., 1999a). For hPrP and mPrP some resonances of the loop have not
been observed, either at pH 4.5 or at pH 7.0, and due to the resulting scarcity of conformational
constraints the structure of this peptide segment is not precisely defined (Fig. 5). To gain more



36 Ralph Zahn

Fig. 7. Comparison of helix 3 in human and mouse PrP, where the backbone of the polypeptide segment 215-224
is represented as a spline function drawn through the C® positions. The figure results from a global superposition
of the two proteins for best fit of the backbone atoms of the residues 144—154, 175-193 and 200-219, which
correspond to the a-helices in mPrP. The following color code was used: yellow and orange, backbone and cP
atoms of hPrP(121-230), respectively; cyan and light blue, backbone and CP atoms of mPrP(121-231),
respectively; green, dqg(i, i+3) and dyN(i, i+3) NOE distance constraints observed in hPrP; magenta, same types
of NOE constraints observed for mPrP. Reproduced with permission from Zahn et al. (2000).

direct insight into the apparent correlations between amino acid sequence and local
three-dimensional structure in the region of the protein X epitope, one would have to start
structural studies of a selection of variant proteins with single amino acid exchanges relative to
wild-type protein (Zahn et al., 2000). It is tempting to speculate that species-dependent amino
acid replacements might affect the molecular interaction between PrP€ and protein X through
changes in the local structure and dynamics of the PrP polypeptide chain.

There is also coincidence between the protein X epitope and the epitope of a PrPS¢
isoform-specific monoclonal antibody (Korth et al., 1997; 1999). The 15B3 antibody
recognizes the three peptide sequences 142-148, 162170, and 214-226 in bovine PrP, where
the first epitope segment overlaps with the single epitope of an isoform-unspecific PrP antibody
6H4 and the second and third epitope segments are located within the proposed binding region
for protein X (Fig. 3E). From the large spatial separation of the N-terminal segment from either
of the two other segments in PrPC it has been suggested that a single continuous 15B3 epitope
must be formed either by aggregation of two PrP molecules, or by structural rearrangement of
a single PrP molecule (Korth et al., 1997). Intramolecular structural rearrangement bringing all
three segments of the 15B3 epitope into close spatial proximity might involve an extension of
the existing small B-sheet into the polypeptide segment forming the first a-helix in the PrPC
isoform (Glockshuber et al., 1997). Thus, in both of these models there is no requirement for a
structural rearrangement of the protein X epitope during the PrP€ to PrPSC conversion.

The involvement of helix 3 in a protein X-mediated PrP conversion also corresponds with
cell-free conversion experiments (Horiuchi & Caughey, 1999a). The findings that binding of
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polyclonal antibodies (0219-232) inhibits the binding of PrPC to PrPS° and the subsequent
generation of PrP-res, but that on the other hand removal of the 0219-232 epitope from PrPC
does not affect PrPS° binding, can be interpreted in different terms. Firstly, binding of
0219-232 leads to steric blocking of a binding site that is close to, but does not include, the
PrpS° epitope of PrPC (Horiuchi & Caughey, 1999a,b). Secondly, the binding of antibodies
inhibits conversion by stabilizing the native conformation of helix 3, which affects the overall
stability of the PrPC isoform. In this respect it is interesting to note that sequence alignment of
PrP with the recently discovered PrP-like protein (Moore et al., 1999) suggests the formation of
an intramolecular disulfide bond between residues corresponding to Met166 and Arg220 in
human PrP. The function of the additional disulfide bond in Dpl could be to stabilize local
protein conformation.

9. CHAPERONE-MEDIATED PRP CONVERSION
9.1 Hsp60 and Hsp10 chaperonins

Chaperonins are large, double-ring-shaped protein complexes whose function in vivo is to assist
the post-translational folding of polypeptides into the native protein conformation and the
refolding of stress-denatured proteins (Ellis, 1996; Hartl, 1996; Netzer & Hartl, 1998). They
have been identified in all three life kingdoms as well as in endosymbiotically derived cellular
organelles. Based on their sequence homology, chaperonins can be classified into two groups.
Group I chaperonins consist of members from eubacteria (GroEL), mitochondria (Hsp60), and
chloroplasts (Rubisco binding protein), while the group II chaperonins consist of members from
archaea (thermosome/TF55) and the eukaryotic cytosol (TCP1/CCT). The structure and
function of chaperonins has been analysed in great detail using GroEL and its co-chaperonin
GroES as a model protein (reviewed in Fenton & Horwich, 1997; Sigler et al., 1998). The
three-dimensional structure of GroEL shows a hollow cylinder of fourteen identical 57 kDa
subunits arranged in two seven-membered rings (Braig et al., 1994; 1995), where each
monomer is composed of three domains (Fig. 8): an apical domain that is responsible for
polypeptide binding, an equatorial domain that contains the ATP-binding site, and an
intermediate hinge domain that connects the apical and equatorial domain. The apical domain
of residues 191 to 376 provides a hydrophobic binding site, which prevents aggregation of
folding intermediates (e.g. Buchner ez al., 1991; Mendoza et al., 1991; Zahn & Pliickthun, 1992)
and causes unfolding of misfolded states (Walter et al, 1996; Zahn et al., 1996c¢,d). In the
asymmetrical bacterial holo-chaperonin (Fig. 8), GroES caps the apical surface of the GroEL
cis ring, anchoring the elevated orientations of the apical domains and closing off the end of the
GroEL channel (Xu et al., 1997). The role of ATP hydrolysis within the equatorial domain and
the transient binding of the GroES to the apical domain is to dissociate the substrate with a
native-like conformation (see Goloubinoff et al., 1989; Laminet et al., 1990; Martin et al.,
1991). Recent biochemical and structural discoveries on the folding of proteins from their initial
unstructured state to their mature form promoted by chaperonins have recently been reviewed
(Gottesman & Hendrickson, 2000; Feldman & Frydman, 2000; Agashe & Hartl, 2000).
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Fig. 8. Overall architecture of the GroEL—GroES holo-chaperonin complex (Xu et al., 1997). (A) Side-view in
stereo presentation. The trans GroEL ring (white) and GroES ring (yellow) are represented as van der Waals
space-filling models (only heavy atoms are shown). The cis GroEL ring is drawn as ribbon model. The protein
domains of the cis ring are color coded as follows: green for equatorial domain, cyan for intermediate domain, and
red for apical domain. (B) Top view of (A) looking down from the GroES-binding site. (C) Bottom view of (A)
looking down from the trans ring. The figures were prepared with the program MOLMOL (Koradi et al., 1996).

9.2 GroEL promoted PrP-res formation

The chaperonins Hsp60 and GroEL share their substrate specifity for binding to prion protein.
Winnacker and co-workers showed that Syrian hamster PrP specifically binds to Hsp60 when
recombinantly expressed into Saccharomyces cerevisiae (Edenhofer et al., 1996). Sequencing
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of nine out of fifty-five clones isolated by two-hybrid screening of a HeLa cell line cDNA
library identified N-terminally truncated Hsp60 molecules starting at residues 146, 228, and 298
corresponding to residues 122, 204, and 274 of the GroEL sequence (Fig. 2B). Specific PrP
binding could be confirmed in vitro using immunoblot analysis with an N-terminally
glutathione S-transferase (GST)-immobilized shPrP(23-231) construct. Moreover, GroEL was
found to interact with intact PrP as well as shPrP(90-231) when immobilized via the GST
fusion, and affinity chromatography indicated that the equilibrium constant for dissociation is
in the micromolar range or smaller. Employing immunoblotting to six synthetic GST-fusion
peptides of shPrP the GroEL and Hsp60 epitopes were mapped to residues 180 to 210 of the PrP
sequence (Fig.3D), whereas peptides comprising the segments 23-52, 53-93, 90-109,
129-175, and 218-231 of PrP failed to interact with both chaperonins.

The Lindquist group investigated a possible involvement of the major cellular chaperones
Hsp10 (GroES), Hsp26, Hsp40, Hsp60 (GroEL), Hsp70, Hsp90, and Hsp104 in the conversion
of prion protein using a modified cell-free conversion assay (Kocisko et al., 1994; Caughey et
al., 1995), wherein metabolically labeled 35 S-PrPC, purified from cultured cells in an
acid-treated state, is converted into PrP-res (DebBurman et al., 1997). Over a broad range of
concentrations, alone and in various combinations, none of the chaperones investigated
promoted the conversion of PrPC to PrP-res in the absence of PrPSC recapitulating the
requirement of pre-existing PrP5¢ in the conversion process. However, GroEL was found to
facilitate the conversion of up to 30% of PrPC into PrP-res in the presence of PrPSe. Notably,
the chaperone not only reduced by ten-fold the quantity of PrPS¢ required for detectable
conversion, but also achieved efficient conversion without partial chemical denaturation of
PrPS¢. Conversion was only observed in the presence of ATP, and was strongly reduced in the
presence of point mutants of GroEL which have been shown to block efficient folding of the
substrate (Fenton et al., 1994). Furthermore, the chaperone-mediated conversion was
consistently eliminated by GroES, and was more efficient both for a PrP mutant lacking the GPI
anchor and when using unglycosylated PrPC. A kinetic analysis suggested that the conversion
reaction resembles a two-step process with GroEL specifically increasing the rate at which Prp¢
aggregates, whereas the slower rate of conversion into PrP-res remains unchanged in the
presence of chaperone. The use of partially denatured PrPS¢ in 4 M urea altered the character of
conversions promoted by GroEL, with the conversion losing ATP-dependence and becoming
resistant to GroES inhibition.

9.3 Membrane-associated chaperonins

As has been outlined in section 5.2, the subcellular location of prion propagation is either
proximal to the plasma membrane or within coated invaginations of the plasma membrane
which form during endocytosis. Assuming that Hsp60 does not leave the mitochondrial matrix,
there is no interaction between Hsp60 and PrP during their life cycle, apparently contradicting
the hypothesis that chaperonins are potential candidates participating in the PrP conversion. In
recent years, however, an increasing number of proteins that are targeted to mitochondria have
been found at unexpected, yet very specific, locations (reviewed in Soltys & Gupta, 1999). All
these mitochondrial matrix proteins are single protein products of single nuclear genes, but have
been found at extramitochondrial locations. Most of these proteins are found in specific
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membranous locations and are not present in the cytosol. Immunoelectron-microscopy studies
in a wide variety of cells and tissues show that 15 to 20% of Hsp60 activity is present at discrete
extramitochondrial sites, including the extracellular cell membrane (Soltys & Gupta, 1997),
unidentified cytoplasmic vesicles and granules, peroxisomes, the endoplasmic reticulum
(Soltys & Gupta, 1996), and mature insulin-secretory granules in pancreatic [-cells
(Brudzynski et al., 1992). Moreover, early pregnancy factor has been shown to be identical to
Hspl0 suggesting that a physiological mechanism that is responsible for secretion of Hsp10
exists (Cavanagh & Morton, 1994), and immunoelectron microscopy has shown that Hsp10
together with Hsp60 is present in the secretory pathway of pancreatic acinar cells (Velez-Granell
et al., 1994). Several studies show that extramitochondrial Hsp60 is present as the mature form
of the protein, indicating that the chaperonin has been initially imported into mitochondria
(Soltys & Gupta, 1996) where the N-terminal mitochondrial targeting sequence is removed. The
pathway Hsp60 and other proteins take to arrive at extramitochondrial locations is unresolved.
Three scenarios of extramitochondrial transport may be envisaged. The mitochondrial protein
could be exported through a yet unknown membrane transport system perhaps including
mechanisms used by bacterial pathogens (Finlay & Falkow, 1997), or it may be released in
conjunction with membrane vesicles as has been observed for Gram-negative bacteria (Li ef al.,
1998). A third putative transport mechanism would rely on transient fusion of mitochondria
with target membranes of other organelles, including the ER and the plasma membrane (Crotty
& Ledbetter, 1973).

There are various lines of evidence that Hsp60 specifically binds to plasma
membrane-associated proteins and may serve as a chaperone for the folding of these proteins.
In cross-linking experiments with oncogenic T cells, the p21™ protein was found to complex
transiently with mature Hsp60 in the plasma membrane, where Hsp60 appears to be integral to
the function of p21™° as a GTP-binding signaling molecule (Tkawa & Weinberg, 1992). Mutants
of CHO cells, which were selected for resistance to increasing concentrations of alanine, show
increases in the abundance of Hsp60 that are positively correlated with increases in the A system
of amino acid transport (Moffett et al., 1988; Jones et al., 1994). Because the amino acid
composition of mature Hsp60 is not indicative of a protein having extensive membrane
spanning domains (Picketts et al., 1989), it has been suggested that the chaperonin associates in
the manner of a peripheral membrane protein with the extracellular domains of the
transmembrane amino acid transport system (Jones et al., 1994). In human primary T
lymphocytes (Laxminarayana et al., 1993; Kammer ef al., 1994) and in the human leukemic
CD4" T cell line (Khan et al., 1998), Hsp60 has been shown to co-immunoprecipitate with
membrane-associated histone 2B, where this membrane association is regulated by the
phosphorylation status of both the chaperone and the substrate molecule. The phosphorylation
of Hsp60 and histone 2B by extracellular type I protein kinase A rapidly severs their physical
association, resulting in immediate expulsion of histone 2B, but not chaperonin, from the
plasma membrane into the extracellular milieu. After dephosphorylation by a phosphatase,
Hsp60 is able to repeat the cycle. Hsp60 contains a total of six serine and threonine residues
which could potentially be phosphorylated by the protein kinase including the tripeptide
segment Lys226-11e227—-Ser228 located near the peptide binding site within the apical domain
(Fig. 2B). Interestingly, the tripeptide segments Lys101-Pro102—-Ser103,
Arg220—-Glu221-Ser222 and Arg228—Gly229-Ser230 in the sequence of human PrP (the latter
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two located within the putative protein X epitope; Fig.2A) also constitute potential
phosphorylations sites (Edelman et al., 1987). If kinases recognize these sites, changes in the
phosphorylation pattern could have drastic effects on the molecular interaction between Hsp60
and the PrP substrate.

Recently, it has been shown that soluble GroEL chaperonin has high affinity for model lipid
membranes (Torok et al., 1997). The conserved C-terminus of chaperonin is involved in
membrane binding, which is apparently governed by the composition and the physical state of
the host bilayer. Fluorescence anisotropy measurements on large unilamellar vesicles revealed
that the interaction of GroEL tetradecamers with lipid membrane increases the molecular order
in the liquid crystalline state. Asymmetrical GroEL—GroES and symmetrical GroEL—(GroES),
heterooligomers penetrate into the hydrophobic core of the lipid bilayer, while protein folding
and ATPase activities remain remarkably unchanged as compared with soluble chaperonin.
From these experiments it has been suggested that, during stress, chaperonins can assume the
functions of assisting the folding of both soluble and membrane-associated proteins while
concomitantly stabilizing membranes.

9.4 Preference of GroEL for positive charges

The nature of chaperonin-polypeptide interactions is promiscuous: in addition to hydrophobic
binding (see Mendoza et al., 1991; 1992; Luo & Horowitz, 1993; Hayer-Hartl et al., 1994)
electrostatic interactions are important for the binding of GroEL to several proteins (Zahn et al.,
1994a; Perrett et al., 1997). Mutagenesis studies carried out in the Fersht lab have shown that
positively charged side chains tend to interact favorably with GroEL, whereas negatively
charged side chains tend to disfavor interaction (Itzhaki et al., 1995). An effect on binding could
be observed when a single amino acid with a charged side chain was exchanged against an
uncharged residue, and vice versa. Moreover, the more efficient conversion of PrPC into PrP-res
by GroEL in the absence of N-linked sugars or the GPI anchor (DebBurman et al., 1997)
coincides with the finding that glycosylated forms of invertase are less efficiently arrested by
GroEL during refolding than non-glycosylated invertase (Kern et al., 1992), and can also be
explained by a preference of the chaperonin for positive charges.

The preference of GroEL for binding positively charged polypeptides coincides with the
observation that substitution of a basic residue at positions GInl168, GInl72, or GIn219
increases binding affinity of chimeric human/mouse PrPC to protein X rendering it unavailable
for prion propagation, whereas introduction of a negative charge at positions Gln168 and
GIn219 decreases affinity of PrPC for binding to protein X (see section 8.2).

9.5 Potential GroEL/Hsp60 epitopes on PrP

The characteristics of polypeptide sequence motifs that bind to GroEL have been analysed by
using affinity panning of immobilized monomeric fragments encompassing the apical domain
of GroEL designed “minichaperones” that are active in chaperoning protein folding in vitro and
in vivo (Zahn et al., 1996a; Chatellier ef al., 1998; Golbik ef al., 1998). Suitable mutants from
a library of bacteriophages that display the fungal cellulose-binding domain of the enzyme
cellobiohydrolase I confirmed that side chains recognized by GroEL do not have to be totally
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hydrophobic, rather that polar and positively charged chains can be accommodated (Chatellier
et al., 1999). The ten residues of selected peptides exhibit a linear binding motif with similar
dimensions and chemical characteristics to the GroEL-bound mobile loop of GroES (Landry et
al., 1993; Hunt ef al., 1996), suggesting that the binding mode and/or site of the co-chaperonin
to GroEL are likely to mimic substrate polypeptide binding.

Alignment of the “consensus” sequence for binding, RGSLLPGSSL, and the human PrP
sequence (Schitzl et al., 1995) reveals 67% identity within a six amino acid overlap
corresponding to the peptide segment 35—-40, and 33% identity in a nine amino acid overlap
corresponding to the segment 126—133. Both of these segments are highly conserved in
mammalian PrPs (Fig. 2A). The less conserved region of residues 229-232 comprising the
GPI-attachment site shows 75% identity when compared to the consensus sequence. These
results suggest that GroEL and presumably Hsp60 can bind to several segments on PrP
including residues of the flexible tail, the first 3-strand, and the C-terminal end, as well as the
segment of residues 180—210 (see section 9.2) comprising helices 2 and 3 (Fig. 3D). Three of
the potential Hsp60 epitopes belong to the minimal PrP sequence required for prion propagation
(Fig. 3B), and may together with other regions contribute to cooperative binding to chaperonin.

9.6 Conformations of chaperonin-bound PrP

Until recently structural details of the binding of proteins to GroEL have been lacking.
Application of high resolution X-ray crystallography to chaperonin-substrate complex appears
to be difficult, and the large molecular mass of the chaperonins does not allow direct
observation by solution NMR methods because of line broadening owing to slow molecular
tumbling (Wiithrich, 1986). Amide proton exchange detected by NMR has provided some
detailed information on the secondary structure of proteins when complexed with GroEL (Zahn
et al., 1994b), and indicate that substrate protein can be completely unfolded during binding
(Zahn et al., 1996¢,d). Complex formation with the chaperone thus allows the correction of
misfolded conformations in an isolated environment without the danger of intermolecular
aggregation reactions.

Recently, the minichaperones have been demonstrated to constitute a paradigm for studying
GroEL-substrate interactions at the atomic level. The crystal structure of GroEL(191-376)
fused to a 17 residue N-terminal tag at 1.7 A resolution (Buckle et al., 1997) revealed specific
binding of the N-terminal tag within the polypeptide binding site of neighboring molecules.
Within the binding site, the N-terminal tag sequence GLVPRGS adopted a roughly extended
conformation (Fig. 9) suggesting that polypeptide binding in the GroEL tetradecamer occurs
around the rim of the central channel (Fig. 10). The minichaperones also turned out to be
particularly suitable for NMR studies of bound peptides. Transferred NOEs were used to study
minichaperone-bound conformations of a synthetic peptide corresponding to the N-terminal
0-helix of the mitochondrial rhodanese (Kobayashi et al., 1999), a protein whose in vitro
refolding is mediated by intact GroEL and minichaperones (Martin et al., 1991; Zahn et al.,
1996a). The peptide adopted an a-helical conformation upon binding, indicating that the
binding site of GroEL is compatible with binding of both a-helices as well as extended
3-strands.
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Fig. 9. Polypeptide binding of GroEL minichaperone. (A) Stereoview of the crystal structure of the
peptide—GroEL(191-376) complex. Residues —7 to —1 of the N-terminal tag of a neighboring molecule in the
crystal are represented by yellow bonds. Neighboring residues of the minichaperone binding site are represented
by white bonds. Hydrogen bonds are represented by broken white lines. (B) Same orientation as in (A) but showing
the molecular surface of the minichaperone. The surface is colored according to surface curvature to highlight
concave surface pockets. Convex, concave, and flat surfaces are colored green, grey, and white, respectively.
Residues underlying the surface are labelled. Reproduced with permission from Buckle et al. (1997).

The conformation of the bound polypeptides appears to depend on the difference between
the intrinsic folding stability of the substrate protein and the net binding energy of the complex
between chaperonin and substrate (Zahn et al, 1996b). Thus, there is a thermodynamic
partitioning between two equilibria: the folding equilibrium of the substrate protein converting
between native and unfolded conformations, and the binding equilibrium between free and
bound substrate (Zahn & Pliickthun, 1994; Zahn et al., 1994a). This model suggests that PrPC
would be either partially or fully unfolded when complexed to Hsp60, dependent on parameters
of the cellular environment.
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Fig. 10. Structural model for polypeptide binding in intact GroEL. (A) Stereoview of one heptameric ring of the
GroEL tetradecamer showing the position of the N-terminal tag bound to each apical domain, near the opening to
the central channel. This model was generated by the superposition of the minichaperone GroEL(191-376) with
each of the corresponding apical domains in intact GroEL (the second ring of the GroEL cylinder is not shown).
Subunits are color coded going clockwise around the ring from blue to green. Superimposed bound peptides are
colored from green to red going clockwise around the ring. (B) Cross section of the model shown in (A) looking
directly at the inner wall of the chamber, and showing the apical domains from three subunits with modeled
peptide. The helices H8 and H9 are colored cyan, and the modeled peptides are colored yellow, orange, and red,
respectively. Each of the separate peptides (residues —7 to —1) could be linked together by small peptide segments
so that a longer polypeptide chain could bind from one contiguous site to the next. Reproduced with permission
from Buckle et al. (1997).

9.7 Conserved Hsp60 substrate binding sites

The polypeptide binding site for GroEL has been defined by mutagenesis studies (Fenton et al.,
1994) to be within the apical domain and comprises of the loop between [3-strands S7 and S8,
helices H8 and H9, and the adjacent loop between helix H9 and B-strand S11 (Fig. 2B). These
sites coincide well with the substrate binding sites of monomeric GroEL minichaperones as
defined by crystallography studies (Buckle ef al., 1997), NMR spectroscopy (Kobayashi et al.,
1999), and fluorescence anisotropy measurements using synthetic peptides and denatured
proteins (Tanaka & Fersht, 1999). Little change was observed for NMR chemical shifts and
fluorescence outside these regions. The aforementioned preference of GroEL for positively
charged side chains can be rationalized by the two Glu residues at positions 238 and 257 within
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Fig. 11. Stereoview of the GroEL substrate binding site. Residues involved in polypeptide binding (see Fig. 2B) are
shown as a ribbon drawing model, with the Glu side chains represented as yellow ball-and-stick models. Residues
outside the binding site are represented by surface plot. The surface is colored according to the electrostatic surface
potential, with blue for positive charges and red for negative charges. The molecular orientation is approximately
the same as in figure 9. The figure was prepared with the program MOLMOL (Koradi ef al., 1996).

the binding site (Fig. 11), where Glu257 plays a key role in peptide binding as it is also involved
in hydrogen bonding with the substrate (Fig. 9A,B). Affinity for positive charges can only be
explained by these two residues, since the remaining residues nearby the binding site are either
neutral or positively charged (Fig. 11).

A comparison of the binding sites of GroEL and Hsp60 reveals that the amino acid sequence
is only marginally conserved between bacterial and mitochondrial group I chaperonins
(Fig. 2B). However, the two negatively charged side chains of the binding site are conserved
between bacterial and mitochondrial chaperonins (Fig. 2B), indicating their importance for
polypeptide binding. Within the mitochondrial chaperonins the amino acid sequence is highly
conserved. In fact, human and mouse Hsp60 differ by only a single amino acid replacement of
Ile against Val at position 230 (position given relative to the E. coli open reading frame). If
Hsp60 is identical to protein X, this would mean that the more efficient conversion of chimeric
human/mouse PrP compared to human PrP in transgenic mice or mouse neuroblastoma cells as
described in section 8, is caused by amino acid exchanges in PrP rather than by the sequence of
host protein X. Thus, the preference of protein X for mouse PrP over human PrP could be
explained by the net charges of —2 and —4 within the residues 169 to 230 (Fig. 2A) from the two
species, respectively.

9.8 Requirement of ATP-hydrolysis

It has emerged from a large variety of studies that the nature of chaperonin-mediated protein
folding depends critically on the substrate protein. There is a spectrum of mechanisms for
chaperonin-mediated protein folding, with minichaperones at one end and the complete
chaperonin system represented by GroEL, GroES and ATP at the other end (Ben-Zvi et al.,
1998; Hayer-Hartl et al., 1999, Rye et al., 1999). Under permissive conditions proteins such as
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cyclophilin A and rhodanese have a significant background of spontaneous refolding. For these
proteins, the minichaperones or GroEL alone in the absence of GroES are able to support
protein folding (Zahn et al., 1996a). Permissible proteins require a minimal mechanism for
GroEL-mediated protein folding, namely the ability of the chaperonin to undergo recurrent
transitions between high-affinity T and low affinity R states (Ben-Zvi et al., 1998). The minimal
requirement for a chaperonin to mediate protein folding is to provide a flexible hydrophobic
surface (Zahn et al., 1993) that can bind the sticky folding intermediates or misfolded states,
eventually causing the unfolding of compact states (Zahn et al., 1996¢,d), and giving them an
additional chance to fold successfully in a shielded environment before release from the R state.
Nonpermissive proteins such as mitochondrial malate dehydrogenase show a strict requirement
for the complete chaperonin system under conditions where spontaneous refolding is extremely
inefficient (Ben-Zvi et al., 1998; Hayer-Hartl et al., 1999; Yifrach & Horovitz, 2000). In the
“encapsulation” model for chaperonin-mediated protein folding (see Mayhew et al., 1996;
Weissman et al., 1996), the critical role of the GroEL-GroES complex (see Fig. 8) is to provide
a protected folding chamber with physical properties that are distinct from that of the bulk
solution. It has been suggested that the folding chamber can also detect the folded state of a
protein therein and signal for GroES release once the protein is fully folded (Ben-Zvi et al.,
1998). Hence, the co-chaperonin would carry the complementary roles of controlling the
formation and the stabilization of the folding chamber in the R state and thereby efficiently
preventing premature dissociation and aggregation of early folding intermediates from the
chaperonin complex.

How can the enhancing effect of GroEL on the conversion of PrP into PrP-res as described
in section 9.2 be interpreted on the basis of the various mechanisms for chaperonin-mediated
protein folding? In the presence of the complete chaperonin system PrP-res formation
presumably is prevented (DebBurman et al., 1997) because GroES optimizes the chaperone
activity of GroEL and allows a dissociation of PrP from the R chamber only when the substrate
adopts a PrPC-like conformation. Under these permissive conditions PrP folding in the GroEL
ring follows the optimal mechanism. In the absence of GroES, the folding mechanism of PrP
changes from permissive to nonpermissive. The fact that GroEL-mediated PrP conversion is
ATP dependent (DebBurman et al., 1997) indicates that chaperone activity is required for the
conversion process. Thus, in the presence of ATP the bound PrP goes through the complete
chaperonin cycle, and may be released from the R state in a non-native conformation PrpP
which is prone to aggregation, but, in the presence of preexisting PrpS¢ may refold into the
PrP-res isoform. In the absence of ATP no conversion into PrP-res takes place presumably
because PrP forms a stable complex with the T state where the substrate is protected against
aggregation, in agreement with the finding that GroEL and Hsp60 form a stable complex with
PrP (Edenhofer et al., 1996). Accordingly, the GroEL variant D§7K does not promote
conversion into PrP-res (DebBurman et al., 1997) presumably because the mutation inhibits
hydrolysis of ATP (Fenton et al., 1994) and consequently an efficient release of the bound
substrate. The mutation G337S/I349E in GroEL, which hydrolyzes ATP but does not efficiently
bind the GroES chaperonin (Fenton et al., 1994), inhibits in vitro conversion presumably
because PrP dissociates in a conformation that does not interact with the PrPS¢ template. In this
respect this variant of GroEL would be an interesting subject for future studies on molecular
mechanism preventing PrP-res or PrPS° formation.
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A model of chaperonin-mediated PrP conversion at the cell surface implies that ATP would
be available at the extracellular matrix. Of course, it is difficult to measure the extracellular ATP
concentration, which presumably varies from tissue to tissue. However, extracellular ATP is
known to exert potent effects on the activity of cells in the nervous system, where it can act as
a neurotransmitter or as a modulator regulating the activity of other neurohormones (Burnstock
et al., 1972; Phillis & Wu, 1983; Silinsky & Ginsborg, 1983). Furthermore, it has been shown
that ecto-protein kinases use extracellular ATP to phosphorylate proteins localized at the
external surface of the plasma membrane in neuronal cells (Ehrlich et al., 1986), and Alzheimer
-amyloid precursor protein (APP) is phosphorylated at various sites including the extracellular
domain in cultured cells (Hung et al., 1994; Walter et al., 1997). As the dissociation constant
for binding of ATP to GroEL is in the micromolar range (Gray & Fersht, 1991; Jackson et al.,
1993), relatively low concentrations of nucleotide would be enough to allow
chaperonin-mediated protein folding on cellular membranes as described in section 9.3.

9.9 Chaperone-mediated prion propagation

As described with reference to the previous section it remains an open question why in vivo
Hsp60 should not be able to interact with Hsp10 and concomitantly prevent PrP conversion.
From the three-dimensional structure of the holo-chaperonin (see Fig. 8) it is tempting to
speculate that the immobilization of PrP to the plasma membrane by its C-terminal GPI-anchor,
which is essential for prion propagation (Caughey et al., 1991b; Borchelt et al., 1992; Rogers et
al., 1993), prevents the binding of HsplO to the Hsp60 and thus encapsulation of the
immobilized PrP. Hence, folding of the substrate occurs under nonpermissive conditions, and
in the absence of PrPS¢ the chaperonin-released PrP presumably forms amorphous protein
aggregates which are removed by cellular proteases. This chaperone-mediated degradation of
PrPC could be part of a cellular mechanism regulating the total concentration of functional prion
protein. In the presence of PrPS¢, however, the aggregation process might be guided towards the
protease-resistant PrPS¢ isoform which cannot be removed by cellular proteinases and thus
accumulates into pathogenic protein aggregates. In conclusion, there are many arguments for
prion propagation mediated by chaperonin (Table 1).

Apart from Hsp60, the major classes of general chaperones are the Hsp40, Hsp70, Hsp90,
Hsp100, and the small heat shock proteins (for review see Fink, 1999). Recent investigations
have shown that not only do the major classes of chaperones often function with protein
cofactors, but direct interactions between members of the different heat-shock protein families
may be frequent. For example, the order of events in mitochondrial import suggests that
mitochondrial Hsp70 and Hsp60 act sequentially. A kinetic study on the interaction of imported
preproteins with chaperones showed that an initial interaction with Hsp70 is followed by
binding to Hsp60 (Manning-Krieg et al., 1991). The same sequence of chaperone action was
reported for the bacterial system, GroEL and DnaK (Hsp70), in a reconstitution study (Langer
et al., 1992.). Bukau and co-workers (Buchberger et al., 1996) have recently suggested that
during folding of newly synthesized proteins, DnaK and GroEL form a lateral network of
cooperating proteins. So it seems possible that chaperones like Hsp70, although they have not
been shown to facilitate PrP conversion in vifro (see section 9.2), under physiological
conditions may be relevant for propagation of prions at the plasma membrane. Indeed, like
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Table 1. Arguments for prion propagation being mediated by chaperonin.

1. PrP specifically binds to Hsp60 when recombinantly expressed in an Saccharomyces
cerevisiae environment.

2. The equilibrium constant for dissociation of Hsp60 or GroEL and PrP is in the micromolar
range or smaller.

3. PrP contains several linear epitopes for binding to GroEL and Hsp60.
4. GroEL and protein X share a preference for binding to positively charged side chains.

5. There are extramitochondrial Hsp60 forms that specifically bind to plasma
membrane-associated proteins.

6. Of the major cellular chaperones only chaperonin promotes the conversion of PrPC into
PrP-res.

7. The more efficient in vitro conversion of PrP in the absence of N-linked sugars coincides
with the low affinity of GroEL for glycosylated substrates.

8. The effects of GroEL on in vitro conversion can be interpreted within a framework
involving various mechanisms for chaperonin-mediated protein folding.

9. Immobilization of PrP to the plasma membrane could support PrP>¢ formation by
preventing the formation of holo-chaperonin complex.

Hsp60 (see section 9.3), mitochondrial Hsp70 has been identified at unexpected cellular
locations. The peptide-binding protein PBP72/74, a protein involved in antigen presentation, is
identical to Hsp70 (Dahlseid et al., 1994), and mortalin, a protein responsible for cell
senescence, is also identical to mitochondrial Hsp70 (Wadhwa et al., 1993). Furthermore,
immunoelectron microscopy suggests that significant amounts of mitochondrial Hsp70 are
present at the plasma membrane, in cytoplasmic vesicles and in cytoplasmic granules
(VanBuskirk ef al., 1991; Singh et al., 1997).

10. TEMPLATE-ASSISTED ANNEALING MODEL

Two general models have been proposed to answer the following questions: why is spontaneous
formation of PrPS¢ an extremely rare event and how does infection with PrPS¢ promote the
conversion of the cellular isoform? The “nucleated polymerization™ or “seeding” model for
PrPSC formation (Jarrett & Lansbury, 1993; Come et al., 1993) proposes that PrPC and PrPS° are
in a rapidly established equilibrium, and that the conformation of PrP5° is thermodynamically
stable only when trapped within a crystal-like seed (Fig. 12A). The proposed process is akin to
other well-characterized nucleation-dependent protein polymerization processes, including
microtubule assembly, flagellum assembly, and sickle-cell hemoglobin fibril formation, where
the kinetic barrier is imposed by nucleus formation around single molecules. To explain
exponential conversion rates, it must be assumed that the aggregates are continuously
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Fig. 12. Mechanistic models for the conformational conversion of PrP¢ (black circle) to PrpS¢ (triangle). (A) In
the nucleated polymerization model, the rate-limiting step for PrP conversion is the formation of a nucleus or seed
(grey triangles). Once formed, the nucleus grows rapidly and forms larger aggregates or fibrils (white triangles),
which dissociate at some stage in order to produce new nuclei. (B) The template-assisted model does not require
that the PrP€ and PrPS¢ isoforms are in a thermodynamic equilibrium. The conversion reaction is catalyzed by the
formation of a PrPC—PrPS¢ heterodimer complex. After the conversion homodimeric PrPS°¢ dissociates into
monomers, which at some concentration form large protein aggregates. (C) In the template-assisted annealing
model, the conversion reaction occurs as in (B), but is promoted by the unfolding activity of a chaperone-like
protein X. The resulting folding intermediate PrPP (hatched rectangle) refolds into PrPSC only in the presence of a
preexisting PrpS¢ template molecule.

fragmented to present increasing surface for accretion, although the mechanism of
fragmentation remains to be explained. The “template-assisted” or “heterodimer” model for
PrPS¢ formation (Prusiner et al., 1990; Prusiner, 1991) proposes that PrPC is unfolded to some
extent and refolded under the influence of a PrPS¢ molecule functioning as a template
(Fig. 12B). A high energy barrier is postulated to make this conversion improbable without
catalysis by preexisting PrPS°. The conformational change is proposed to be kinetically
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controlled by the dissociation of a PrPC—PrPS¢ heterodimer into two PrPS¢ molecules, and can
be treated as an induced fit enzymatic reaction following autocatalytic Michaelis-Menten
kinetics. Once conversion has been initiated it gives rise to an exponential conversion cascade
as long as the PrPS¢ dimer dissociates rapidly into monomers. A disadvantage of the
template-assisted model is that it does not explain why PrPSC after propagation should aggregate
into protein fibrils. Eigen has presented a comparative kinetic analysis of the two proposed
mechanisms of prion disease (Eigen, 1996). He found that logically both models are possible,
in principle, but that the conditions under which they work seem to be too narrow and
unrealistic. The autocatalytic template-assisted model requires cooperativity in order to work,
but it then becomes phenomenologically indistinguishable from the nucleation model which is
also a form of (passive) autocatalysis. Though the two kind of mechanisms still may differ on
the question which of the two monomeric protein conformations is the favored equilibrium
state, they both require an aggregated state as the from that is eventually favored at equilibrium
and that presumably resembles the pathogenic form of the prion protein. Eigen concluded that
more experimental evidence is needed in order to judge which of the two models is the right one.

In principle, neither of the models for prion propagation do not rule out a possible assistance
by molecular chaperones. In the nucleated polymerization model (Fig. 12A) the PrP
conformational conversion could be facilitated by chaperones which preferentially bind PrpS¢
shifting the folding equilibrium between the two isoforms towards the PrPS¢ form. However,
assuming that the substrate is bound to the surface it appears unlikely that six PrP molecules
(according to Lansbury this is the minimal size of a seed effective in initializing the aggregation
of PrP>¢ molecules) can approach one another to form a nucleus because of steric hindrance by
the generally larger chaperones. Moreover, in many chaperones like Hsp60 large parts of the
bound polypeptide chain are sequestered and would thus per se not be available for nucleated
polymerization. More likely, molecular chaperones would facilitate PrP conversion through a
mechanism which is based on the template-assisted model (Fig. 12B) as suggested by Prusiner
et al. (1998). In this model, which I here term “template-assisted annealing” model for PrPS°
formation (Fig. 12C), partially denatured PrPP forms a complex with a chaperone-like
protein X, and subsequently binds to PrPS°. Here, the function of PrPSC is that of a template as
in the model of figure 12B, but the unfolding activity is provided by the protein X component.
Unfolding and refolding into a different protein conformation constitutes an annealing process
where the binding energy the of the PrPD—protein X complex is used to overcome the high
energy barrier for folding of PrPC into PrPS¢. Indeed, it has been demonstrated for GroEL that
chaperonins have the potential to act as annealing machines and are able to catalyse unfolding
of compact protein conformations (Zahn et al., 1996d; Shtilerman et al., 1999).
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