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Introduction to the history of prion diseases

Fatal neurodegenerative diseases have been known
for more than 300 years. As early as 1759, the scrapie
disease of sheep was mentioned as a lethal and trans-
missible disease in a german veterinary textbook
by Leopoldt (1759). Experimental transmission was
shown in 1936 by Cuillé (1938). Not knowing about
the similarity to the sheep disease, the neurologists
Alfons Jakob (1921) and Hans Creutzfeldt (1920)
described cases of a progressive neurodegeneration
of human patients between 1920 and 1922. The
disease, which was later named Creutzfeldt-Jakob
disease (CJD), was recognized worldwide with a very
low incidence. More spectacular attention was paid
to the so-called Kuru disease of the Fore people on
Papua Neuguinea. In 1956/57, V. Zigas (1990) and
C. Gajdusek (1977) studied many cases, and it was
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found that the disease was transmitted by ritualistic
cannibalism; the brain of the bodies was prepared
and consumed or brought into close skin contact
with other members of the families. Gajdusek found
out that the time from infection to the appearance of
symptoms could be as long as 40 years. The agent of
the disease was called a slow virus, although a virus
had not been identified. The bovine spongiforme
encephalopathy (BSE) was recognized in 1985/86 in
the United Kingdom as a new cattle disease (Wells
et al, 1987), and it led to an epidemic with a peak in
1992 and unforseen political and economic impact.
It was found that insufficiently decontaminated
meat and bone meal from sheep or cattle or both was
the source of infection. In 1996, about 10 patients
showed a variant form of CJD (see below), which led
to the suspicion of a cattle-to-man transmission.

Neuropathological investigations of the brains of
animal and human victims led to the conclusion
that the different diseases mentioned obove had a
very similar molecular and cellular basis. First for
Kuru and Scrapie (Hadlow, 1959), and later also
for CJD and BSE, typical spongiforme degenera-
tions were detected (Figure 1) in the grey matter of
the brains. It was strongly suggested that one uni-
form class of diseases was described, which were
named transmissible spongiforme encephalopathies
(TSEs).
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Figure 1

First indication that the agent of scrapie was not a
virus came from T. Alper’s radiation experiments in
the late 1960s. She concluded that the target size of
the agent was closer to that of a protein than that
of a virus (Alper et al, 1966). Stanley Prusiner took
up those experiments and extended them over sev-
eral years by a series of biophysical and biochemical
studies. The results were summarized as follows:

1. Chemical and physical methods, which modify or
destroy nucleic acids (i.e., those of viruses, bacte-
ria, etc.), do not inactivate the agent.

2. Chemical and physical methods, which modify or
destroy proteins, do inactivate the agent.

From that he concluded: The scrapie agent must be a
novel type of agent: A proteinaceous infectious par-
ticle, called PRION (Prusiner, 1982).

Structure and properties of prions

In the following years, the protein component of
the agent was purified and cloned in cooperation
with the laboratories of L. Hood and Ch. Weissmann
(Oesch et al, 1985). The dominant if not only pro-
tein of the prion was a host-encoded protein called
prion protein PrP. Because PrP could be isolated from
the noninfected host and from the infectious ma-
terial as a protein of the same sequence and post-
translational modification, it was suggested that PrP
has to be present in two isoforms: the cellular iso-
form PrPC in the normal cell, and the pathogenic iso-
form PrPSc (Sc from scrapie) as the dominant compo-
nent of the infectious material. Indeed, structural and
biochemical differences were identified. Electron mi-
croscopic studies show that PrPC form monomeric or
oligomeric bulky particles, but PrPSc form typically
fibrillar aggregates (Figure 2; Riesner et al, 1996).
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Figure 2

Depending upon the preparation method, diffuse de-
posits, amyloidic fibres, or condensed plaques are
visible. The high tendency to aggregate correlates
with a PrPSc-specific resistance to digestion with
proteinase K (PK). In Figure 3, the Western blot of
a sodium dodecyl sulfate (SDS)–gel electrophoresis

Figure 3

of PrPC and PrPSc, with and without PK digestion,
respectively, is depicted. The characteristic three
bands of PrP, i.e., without, with one, and with two
glycosyl groups, are visible; they disappear com-
pletely after PK digestion of PrPC. On the other hand,
the three bands for PrPSc are still present, although



Molecular basis of prion diseases
D Riesner 11

Figure 4

shifted to lower Mr, representing the N-terminally
truncated forms of PrPSc, called PrP 27–30. It is
notewortly that PrP 27–30 is fully infectious. Fur-
thermore, it should be mentioned that all com-
mercially available routine tests for BSE and
scrapie are based on the PK resistance of PrP
27–30. The molecular structure of PrPC was elu-
cidated by NMR analysis carried out first by K.
Wüthrich’s group (Figure 4, left; Riek et al, 1996).
The C-terminal part (amino acids 120–231) as-
sumes a structure with three α-helices and a small
β-sheet. For PrPSc, a structure of comparable accu-

Figure 5

racy is not known because of the failure of biophys-
ical structure analysis on unsoluble proteins. How-
ever, spectroscopic data suggest that at least one
α-helix is converted to a β-sheet structure and also the
N-terminus is structured, probably due to intermolec-
ular interaction (Figure 4, right; Cohen and Prusiner,
1998).

Having in mind the biological and structural fea-
tures of PrPC and PrPSc, a hypothetical model for
prion amplification is proposed in Figure 5. PrPC is
expressed from a nuclear gene and presented on the
outer membrane. Due to direct or indirect contact of
PrPC with invading PrPSc, a conformational transition
in PrPC is induced and thereby new PrPSc is formed.
Dissociation of PrPSc dimer, forming of a heterodimer,
and aggregation to PrPSc multimers are shown in
Figure 5 (right), but those details should be consid-
ered purely hypothetical.

The model is in good accordance—but is not
proven—with the finding that transgenic mice miss-
ing the PrP gene neither get sick nor can transmit
the disease (Bueler et al, 1993). The so-called strain
phenomenon, however, cannot be explained satis-
factorily; different scrapie isolates from sheep can
be transmitted to hamster as an experimental ani-
mal and exhibit different incubation times and lead
to different lesion pattern in the brain (Fraser and
Dickinson, 1968). In further passages, characteristic
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Table 1 Human prion diseases

Manifestation Disease Mechanism

Infectious Kuru Transmission of PrPSc

latrogenic CJD
Sporadic CJD Somatic mutation or

spontaneous PrPC → PrPSc

Genetic GSS Germline mutation
Familiar CJD
Familiar fatal

insomnia

strain feature are maintained, although the same PrP
genotype from the hamster is transmitted. Different
phenotypes of the strain with identical PrP sequences
and posttranslational modifications are difficult to
explain on the basis of the model in Figure 5. The
repeated claim of an undiscovered nucleic acid, cod-
ing at least for the strain features, could be disproven
by a direct and quantitative nucleic acid analysis in
which nucleic acids with more than 50 to 100 nu-
cleotides in length could be excluded as being essen-
tial for scrapie infectivity (Meyer et al, 1991; Riesner,
1992).

It was found during the last 20 years that human
prion diseases are manifest as infectious as well as
sporadic and genetic diseases. The prion model was
able to deliver the molecular basis of the different
etiologies of the same disease. In Table 1, the dif-
ferent diseases with their molecular mechanisms are
listed. Among the different manifestations, the spo-
radic cases with around 1 case/1 million per year
is the most frequent etiology; several thousand kuru
cases and several hundred iatrogenic, i.e., transmit-
ted, cases from contaminated surgical instruments,
corea and dura mater transplants, and growth hor-
mone were documented (cf. Prusiner, 1993). The fact
that different etiologies can be explained may be re-
garded as an outstanding achievement of the model.

In vitro conversion and models
of prion replication

The interpretation of different etiologies on the ba-
sis of the prion model in Figure 5 is a convincing
demonstration of the very close vicinity of basic re-
search and medicinal application of prion diseases.
Thus, a closer look into the basics of PrPC ↔ PrPSc

conversion appears attractive. The biophysical stud-
ies are difficult because of the insolubility of PrPSc. In
Figure 6, a particular biophysical approach is
sketched (Riesner et al, 1996; Post et al, 1998); the ag-
gregated state represents the PrPSc-like conformation,
the disaggregated state the PrPC-like conformation.
Transitions are induced by detergents and the states
characterized in terms of size, PK resistance, struc-
ture, and infectivity. Among many detergents tested,
SDS in low concentrations (≤0.2%) at room temper-
ature was found effective. It represents a membrane-

Figure 6

like environment. Thus, the mono- or oligomeric
state is present in the membrane-like environment,
the aggregated, PrPSc-like state in the waterphase.
Table 2 summarizes the biophysical and biochemi-
cal methods that had been applied for the analysis of
the conformational transitions.

In Figure 7, an example of the biophysical anal-
ysis is presented (Jansen et al, 2001). The diffusion
time as determined by the fluorescence correlation
spectroscopy (FCS) and the ellipticity ratio θ218/θ207
from the circular dichroism were measured as a func-
tion of decreasing SDS concentration. Ellipticity ra-
tio provides information on the secondary struc-
ture: with an α-helical structure at values around 0.8
(>0.05% SDS) and a β-sheet–rich structure around
2.0 (<0.03% SDS). Thus, a narrow transition from
the PrPC-like, α-helical structure into the PrPSc-like,
β-sheet–rich structure was induced when lowering
the SDS concentration from 0.04% to 0.02% SDS.
Because increasing diffusion time is a measure of in-
creasing aggregation, it can be seen from Figure 7, that
drastic aggregation occurs below 0.01% SDS. Con-
sequently the shift in secondary structure could be
well separated from forming large insoluble aggre-
gates; in this case, a soluble, β-sheet–rich conforma-
tion of hamster PrP (90–231) was established in the
range between 0.04% and 0.02% SDS, which is very
useful for further structural studies on the β-sheet–
rich conformations.

Structural intermediates identified so far are de-
picted in Figure 8 (Jansen et al, 2001). The system-
atic study was carried out with recombinant PrP
(90–231), which has the same sequence as hamster

Table 2 Conformational transitions and aggregation

Methods Prion properties

Gelelectrophoresis Protein degradation
Spectroscopy Secondary structure
Differential centrifugation Solubility
Crosslinking and masspectrometry Intermolecular interactions
Electronmicroscopy Structure of aggregates

(plaques, fibrilles)
Fluorescence-Correlation Mechanism of aggregation

Spectroscopy
Bioassay Infectivity
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Figure 7

PrP 27–30. A concentration of 0.2% SDS induces a
monomeric, partially denatured α-helical structure
(α/R). Below 0.1% SDS, renaturation to an α-helical,
PrPC-like structure, concommitant with dimeriza-
tion, was observed. In a cooperative transition, 5 to
10 SDS molecules are released and an oligomeric,
PrPSc-like structure, which is rich in β-sheets, is
formed. Further release of SDS leads to large, insolu-

Figure 8

ble, β-sheeted aggregates. From the influence of SDS,
it can be concluded that the aggregates of PrP are
formed mostly by hydrophobic interactions, because
the interacting parts of the surface are covered by SDS
in 0.2% SDS and become uncovered step by step from
SDS and accessible for PrP-PrP interactions during
removal of SDS.

As a summary of the studies reported above, one
has to conclude that the properties of β-sheeted struc-
ture, insolubility, and PK resistance are found in pri-
ons but are not strictly correlated with infectivity.
PK resistance could be induced by several methods
without acquiring infectivity. PK resistance is corre-
lated with aggregation and aggregation with β-sheet
structure, but these features are not sufficient for in-
fectivity. At present, it cannot be decided whether
the right conditions for inducing infectivity have not
been found; a second, not yet identified component
is still missing, or a principal feature of the PrPC →
PrPSc transition is not yet understood. It should be
noted that a rigid chemical analysis of highly purified
prion rods showed small amounts of specific lipids
(Klein et al, 1998) and significant amounts, i.e., above
10% of a polyglucose scaffold (Appel et al, 1999). It
is, however, not clear whether these components are
essential for infectivity.

The structural transitions are the basis of mecha-
nistic models for prion replication. As depicted in
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Figure 9

Figure 9, Prusiner and his group proposed the “het-
erodimer model.” A complex of PrPC and PrPSc is
formed, in which PrPC is transformed into PrPSc, sim-
ilar to the enzymatic mechanism of an induced fit.
More recently, the model was specified in that a pro-
tein X has to be involved in the complex (Telling et al,
1995). Regarding the equilibrium PrPC↔ PrPSc, PrPSc

would be the favored state, otherwise there would be
no driving force for the catalytic turnover.

Another mechanism was proposed by Lansbury
and his colleagues (Come et al, 1993), in which forma-
tion of fibrils—as known for actin or β-amyloid and
called “linear crystals”—and generation of infectiv-
ity are closely connected. The model is depicted in
Figure 10. Monomeric PrPC is in fast equilibrium
with a PrPSc-like conformation, with PrPC being the
favorable state. A number of PrPSc-like molecules
can form aggregates with decreasing concentrations,
down to a nucleus of n PrPSc-like molecules. If the
nucleus has formed, growth of the aggregates is faster
than dissociation, and increasingly larger aggregates
will be formed. In that mechanism—and in contrast
with the heterodimer model—the first stable aggre-
gate corresponding to a functional PrPSc will be the
nucleus of n PrPSc-like molecules. Both models as-
sume conformation transition of PrP occurs freely in
solution.

The so-called two-phase model (Figure 11; Riesner,
2001) takes into account that PrPC is mormally dis-
persed due to its glycolipid anchor on the outer cellu-
lar suface and thereby is prevented from aggregation.
If it is released in sufficient amounts from the sur-
face, then the conformational transitions as depicted
in Figure 8 can occur in the water phase. Sponta-

neous occurrence of PrPSc-like states in the water
phase is possible but improbable because of the low
concentration of PrP. If, however, a prion particle
as exogenic seed is present, the newly transformed
PrP can be bound quickly and stabilized in the
β-sheet form, thus leading to an amplification of PrP
in the PrPSc state.

Cellular and pathological functions of PrP

The cellular and pathological functions of PrP might
be interrelated closely. Is the pathological function
of PrP a loss of the cellular function of PrPC, in the
sense that PrPC is converted to an inactive form,
i.e., PrPSc aggregates? For this and other purposes,
transgenic mice were constructed with the PrP gene
ablated, the so-called “PrP-knockout mice”(Bueler
et al, 1993). They showed normal development and
reproduction, demonstrating that PrPC is not essen-
tial for those features. Depending upon the details of
the transgenic construct, the knockout mice showed,
however, symptoms as age progresses; these symp-
toms were lowered long-term potentiation (LTP)
(Collinge et al, 1994), lowered Ca2+-activated K+
conductivity (Collinge et al, 1996), slightly dis-
torted day-night rhythm (Tobler et al, 1996), pro-
gressive ataxia, and loss of Purkinje cells (Sakaguchi
et al, 1996). Thus, loss of PrPC activity might lead to
symptoms.

The symptoms and in particular the histopathol-
ogy is more expressed in nontransgenic, but PrPSc-
infected animals. Cellular dysregulations, such as
spongiosis, neuronal loss, astrocytic gliosis, and
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Figure 10

Figure 11
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microglia activation, have been found. Deposits, in
the form of dense “Kuru” plaques, amyloids, or dif-
fuse depositions, all containing PrPSc, are character-
istic of the disease. Muscle pathology was detected
so far only in transgenic mice that overexpressed PrP
(for review, see Kretzschmar, 1993). Pathological ef-
fects, which appeared in cell cultures, were depen-
dent upon PrP expression. The cell death followed
the apoptotic mode. The pathological function of
PrPSc in cultured cells is reversibly dependent upon
the structure of PrPSc.

Recently progress was achieved in elucidating the
cellular function of PrPC in the healthy, nontrans-
genic organism. In the brain, PrPC is located predom-
inantly in the synaptic membrane. Because PrP can
bind cooperatively five to six Cu2+ ions, it was sug-
gested that PrPC might regulate the Cu2+ concentra-
tion in the synaptic cleft (Brown et al, 1997). Further-
more, binding to the laminin receptor (Gauczynski
et al, 2001) and Src kinase (Mouillet-Richard et al,
2000) was reported, inferring an involvement in sig-
nal transduction, and similarities to cell adhesion
proteins such as N-CAM suggested a role in neural
plasticity (Schmitt-Ulms et al, 2001).

New developments in diagnosis and therapy

Much research concentrates presently on diagnosis
and therapy of prion diseases. Diagnosis is required
particularly for animal diseases such as BSE and
scrapie in order to ensure safety of food products
and to eradicate the diseases in the future. Therapy,
on the other hand, is of utmost importance for the
human diseases. Diagnosis of human prion disease
will become more important as soon as first thera-
peutic successes are available. Quite different meth-
ods are available or at present under development for
diagnosis:

Established methods, which are available as diagnos-
tic kits, are based on the PK resistance of PrPSc.
Their sensitivity is limited because they detect only
the PK-resistant material, which is possibly a late
form during the disease.

Surrogate markers are cellular products, the expres-
sion of which is up- or down-regulated in close
correlation with the disease. Under development
are tests based on 14.3.3 protein, PrPC, laminin
receptor, γ -interferon, erythroid factor and RNA
profiling. Sensitivity and specificity can be tested
only empirically in large experimental series of
cases.

Test for protein-aggregates have attracted special at-
tention recently. They are based on the presence of
PrPSc aggregates but without the PK resistence as a
prerequisite, so that hopefully an earlier form of in-
fectious material might be detected. The so-called
conformation-dependent immunoassay (CDI), the
analysis by fluorescence correlation spectrocopy

(FCS), and the test by binding of specific ligands,
should be mentioned. CDI and FCS are most ad-
vanced (Pitschke et al, 1998; Safar et al, 1998;
Bieschke et al, 2000).

Amplification procedures have been proposed re-
cently for improving the sensitivity (Saborio et al,
2001; Eigen, 2001). In a cyclic mode, PrPC is added
to PrPSc, transformed under particular conditions
into PrPSc, the newly formed aggregates broken by
ultrasound, and the addition of PrPC in the next
round leads to a further amplification of the origi-
nal PrPSc. The method is not yet ready for routine
application.

Bioassays for BSE utilize transgenic mice with sev-
eral bovine PrP genes on mouse PrP-knockout
background; minimal incubation times around
200 days were achieved (Scott et al, 2000).

Prevention of prion diseases could interfere with up-
take and multiplication of prions at quite different
steps. In Figure 12, the steps that are known at present
are shown; it does not mean, however, that the chain
in Figure 12 is complete. An effective therapy has to
interfere with prion formation in the brain or even re-
vert the PrPC→PrPSc transition. Because in vitro con-
version systems are available, chemical compounds
as well as specific antibodies are tested presently
for their ability to prevent or revert the formation of
PrPSc. So far, quinacrine was the most promising com-
pound, which was applied even to human patients
(Korth et al, 2001).

Figure 12
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Figure 13a

Variant CJD: human variant of BSE?

The appearance of the variant form of CJD (vCJD)
in 1996 was the first indication that humans can be
afflicted by BSE. In the meantime, the evidence for
the transmissibility of BSE to humans is overwhelm-
ing. The experimental evidence reaches from the epi-
demiology to the biochemical properties of the infec-
tious material.

Epidemiology. Except for one case in Eire and three
cases in France, all cases were located in the UK
where the BSE epidemic was dominant.

Figure 13b

Symptoms. The symptoms of vCJD are clearly differ-
ent from those of the CJD known so far (also called
conventional CJD), indicating a new disease. The
most obvious difference is that all patients of vCJD
are young, i.e., below or around 30, whereas the
known form of CJD afflicted humans of an average
age over 60 years.

Transmission. BSE could be transmitted experi-
mentally to the primates maquaques, and the
prion plaques in their brain were of florid shape,
very similar to those in the brains of vCJD
victims.

Lesion pattern. BSE, vCJD, and conventional CJD was
transmitted to mice. The lesion pattern in the brain
of the mice was very similar, when infected with
BSE or vCJD, but clearly different from those in-
fected with conventional CJD.

Biochemical properties. PrPSc, prepared either from
BSE or vCJD cases, exhibited similar or idential
cleavage sites after PK digestion and similar distri-
bution of PrP molecules without, with one, or with
two glocosylgroups, but the corresponding prop-
erties of PrPSc from conventional CJD are clearly
different. Also, a particular genetic disposition
seems to be needed for vCJD. All patients were ho-
mozygous Met/Met at codon 129, but only 35%
of the human population are Met/Met homozy-
gous. Conventional CJD is not restricted to this
homozygosity.
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Figure 13c

Figure 13d
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An urgent question is the forecast of the human vCJD
cases. In Figure 13, the numbers of vCJD-cases per
year (a) and those of BSE (b) are presented, respec-
tively. Whereas the BSE epidemic in the UK is in its
final stage, a forecast for the vCJD case is very dif-
ficult. The numbers were increasing up to the year
2000; within the statistical error it cannot be stated
whether they stay nearly constant, level off already,
or would increase again. If the vCJD cases are pro-
jected into the BSE epidemic (Figure 13c), one might
come to the optimistic conclusion that the peak has
been reached already. But this might be too optimistic
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