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Transmissible spongiform encephalopathies „TSEs… are lethal infectious

neurodegenerative diseases. TSEs are caused by prions, infectious agents

lacking informational nucleic acids, and possibly identical with higher-order

aggregates of the cellular glycolipoprotein PrPC. Prion strains are derived from

TSE isolates that, even after inoculation into genetically identical hosts, cause

disease with distinct patterns of protein aggregate deposition, incubation times,

morphology of the characteristic brain damage, and cellular tropism. Most of

these traits are relatively stable across serial passages. Here we review current

techniques for studying prion strain differences in vivo and in cells, and discuss

the strain phenomena in the general context of the knowledge gained from

modeling prion fibril growth in vitro and in simple organisms.
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Prion diseases or transmissible

spongiform encephalopathies are

neurodegenerative diseases that are, in

most cases, infectious and invariably

fatal. Similarly to other protein mis-

folding disease of the central nervous

system, prion diseases manifest them-

selves through strong neurological

signs, including rapidly progressive

dementia, ataxia, and variable loss of

brain function depending on the prion

disease. Most reported human cases

are sporadic in origin (sCJD), i.e.,

caused by unknown factors, less

than 10% of the remaining cases are

familial Creutzfeldt–Jakob disease,

Gerstmann–Sträussler–Scheinker syn-

drome, or fatal familial insomnia

(Glatzel et al., 2003; Collins et al.,

2004). Familial forms of prion diseases

have all been linked to mutations in the

gene encoding for the cellular prion

protein �PrPC�, termed Prnp (Hsiao and

Prusiner, 1990). Prions can also effi-

ciently be transmitted from one indi-

vidual to another and even across ani-

mal species. Known cases involve

transmission from human to human

through ritual cannibalism (Kuru),

through contaminated medical prod-

ucts and blood (iatrogenic CJD) and

from cattle to humans, known as vari-

ant CJD (Gajdusek et al., 1966; Col-

linge, 2001; Llewelyn et al., 2004;

Wroe et al., 2006). Major neuropatho-

logical hallmarks of transmissible

spongiform encephalopathies (TSEs)

are extensive spongiosis, neuronal cell

loss in the central nervous system, glio-

sis (DeArmond, 1993), and deposition

of amyloid plaques or amorphous PrP

aggregates (Bendheim et al., 1984;

DeArmond et al., 1985).

PRION REPLICATION

The idea that a protein lacking any ge-

netic material could operate as an in-

fectious agent was first proposed by

Griffith on the basis of experiments

showing an unusually high level of re-
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sistance of the infectious agent (later termed the prion agent)

to ultraviolet irradiation, high temperature, and other aggres-

sive physical conditions, suggesting the absence of nucleic

acid (Griffith, 1967). But it was the purification and the bio-

chemical characterization of PrPSc, a protein form only

found in scrapie infected animals, that led to the formulation

of the “protein-only” hypothesis by Stanley Prusiner (Bolton

et al., 1982). Charles Weissmann and Bruce Chesebro then

independently discovered that PrPSc was encoded by the

Prnp gene, a gene also encoding for the normal cellular pro-

tein PrPC, the physiological function of which remains un-

known (Chesebro et al., 1985; Oesch et al., 1985). The

protein-only hypothesis, the prevailing hypothesis on the na-

ture of the infectious prion, proposes that the infectious dis-

ease causing agent consists essentially of PrPSc, an abnor-

mally folded, protease resistant, �-sheet rich isoform of the

normal cellular prion protein, denoted PrPC (Prusiner, 1991).

No known covalent modifications have been found to differ-

entiate the two proteins PrPC and PrPSc (Stahl et al., 1993). It

was therefore proposed that PrPSc is a posttranslational de-

rivative of PrPC having acquired a different three-

dimensional conformational structure and that pathological

PrPSc acts as a template to convert more PrPC. The prion

concept was further refined by Weissmann (1991) to denote

an infectious protein that does not contain any coding nucleic

acids and the infectivity of which propagates by recruitment

and “autocatalytic” conformational conversion of cellular

prion protein into disease-associated PrPSc (Aguzzi et al.,

2007). The current prevalent model is that it is not mono-

meric PrPSc that is responsible for the conversion of PrPC,

but rather oligomeric species bearing a certain range of sto-

ichiometries (Silveira et al., 2005). It is thought that PrPSc

can form higher order aggregates that can act as a nucleation

site for the growth of PrPSc fibrils. Here, the hypothesis is

that the ends of these fibrils recruit PrPC or PrPSc monomers

and stabilize the PrPSc conformation through incorporation

into the growing fibril (Aguzzi et al., 2007).

The physiological function of PrPC is not well under-

stood. PrPC has been linked to neuronal signal transduction,

lymphocyte function, copper-binding, as well as pro- and

antiapoptotic functions (Aguzzi and Polymenidou, 2004).

Mice devoid of PrPC show only a mild phenotype, indicating

that prion diseases are not caused by a loss-of-function

(Büeler et al., 1992). Indeed the most compelling evidence

in favor of the protein only theory is that PrP-null mice are

completely resistant to experimental transmission of prions,

showing that PrPC is crucial for prion replication (Büeler

et al., 1993). Furthermore, it was found that de novo prion

infectivity can be generated, albeit inefficiently, by in vitro

fibrillization or by sonicating a mixture of purified lipids,

synthetic polyanions, and native PrPC purified from normal

hamster brain (Legname et al., 2004; Deleault et al., 2007).

The prion phenomenon exists also in non-mammalian

eukaryotes such as yeast. Fungal prions are non-PrP re-

lated molecules, including HET-s, Ure2p, Sup35 proteins,

that show prion properties in that they can adopt both non-

amyloid and self-perpetuating amyloid structures. The con-

version of these molecules has been shown to have important

physiological functions. Conversion of Ure2p and Sup35

into their amyloid forms (URE3 and PSI+, respectively)

regulates transcription and translation of specific yeast genes

(Tanaka et al., 2006; Immel et al., 2007). HET-s in its amy-

loid form regulates heterokaryon incompatibility, a fungal

self/nonself-recognition phenomenon that prevents different

forms of parasitism (Wasmer et al., 2008). So far there have

been few examples of mammalian protein that are function-

ally, in a nonpathological way, regulated by interconversion

between amyloid and nonamyloid forms. A remarkable ex-

ample is the synthesis of melanine which has been shown to

involve amyloid structures (Fowler et al., 2007). In addition,

it has been proposed that proteins involved in establishing

long-term memory might do so by converting reversibly to

and from a prion-like state (Si et al., 2003; Shorter and

Lindquist, 2005).

PRION STRAINS

In its most basic form, the seeding hypothesis is likely to rep-

resent an oversimplification, as it has been known for over

40 years that different prion strains can be isolated from the

same species (Pattison and Millson, 1961). Prion strains are

defined as infectious isolates that, when transmitted to iden-

tical hosts, exhibit distinct prion disease phenotypic traits.

The main traits used to distinguish strains in vivo were his-

torically based on the incubation time, which is the period it

takes from the time point of an experimental inoculation to

onset of clinical disease (Bessen and Marsh, 1992b). Other

traits commonly used to differentiate strains include histo-

pathological lesion profiling, i.e., the distribution and char-

acteristics of PrPSc deposits and the degree of vacuolization

in nine different specific brain regions, as well as clinical

signs (Fraser and Dickinson, 1973; Bruce, 1993; Fraser,

1993; Sigurdson et al., 2007). Phenotypic traits are mostly

stable upon serial transmission (the continued passaging of

infectious brain homogenate from a sick mouse into a

healthy one), unless having been transmitted over a species

barrier.

When prion isolates obtained from one species are trans-

mitted experimentally into an animal of another species,

often a characteristic delay in the onset of clinical disease

is observed upon first passage, which is referred to as a

species barrier. This incubation time is typically significantly

reduced upon a second round of serial transmission into

the same host-species, a phenomenon termed “adaptation”

(Kimberlin et al., 1987; Sigurdson et al., 2007). The species

barrier is thought to result from incompatibilities between

the preferred host PrP structure in the fibrillary state and the

specific conformation of PrP present in the inoculum. The

species barrier can be unidirectional in that it inhibits the
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transmission of the mouse-adapted scrapie strain 139A into

rat, but not rat-adapted 139A into mice (Kimberlin et al.,

1987). Alternatively, it can be bidirectional, or in some in-

stances it may not exist at all (Kimberlin et al., 1987). Often

new distinct strains can be observed upon transmission of

prions across an interspecies barrier or into animals of the

same species expressing different polymorphisms in the

prion gene, a phenomenon sometimes referred to as a “strain

mutation” (Bruce, 1993; Wadsworth et al., 2004). New

strains can arise upon cross-species barrier transmission

even if the strains have been previously “cloned” (Kimberlin

et al., 1989). The latter procedure consists of selecting single

prions by limiting endpoint dilution into mice, such as only

one prion species should arise from an individual host

(Bruce and Dickinson, 1987; Bruce, 1993). Therefore, it

is not clear if one can indeed “clone” out a prion strain.

Potentially, multiple strains exist in a cloned homogenate

prior to transmission out of which one strain can become

the dominant species depending on selection for the strain

most congruent with the host PrP molecule. This interpreta-

tion is analogous to the quasispecies theory of RNA viruses

(Biebricher and Eigen, 2006). Alternatively, new strains

might be generated de novo due to strain “mutations” of un-

known etiology (Weissmann, 1991). It is clear that in some

patients suffering from CJD, multiple distinct types of CJD-

associated PrPSc molecules coexist within the same patient,

speaking in favor of the first hypothesis (Polymenidou et al.,

2005).

STRAIN DISCRIMINATION

Strain-specific properties of prions could hypothetically be

encoded by an ancillary genome consisting, e.g., of RNA

species, or even of microRNA. Although anionic polymers

including RNA species appear to facilitate prion conversion

in vitro, no clear evidence in favor of the notion that nucleic

acids determine the characteristics of prion strains has been

forthcoming (Weissmann, 1991; Deleault et al., 2003). Alter-

natively, PrPSc might possess several different disease-

associated strain conformations, all of which can cause and

transmit disease, with specific disease phenotypes being de-

termined by specific conformations or aggregation number

of PrPSc in the donor inoculum. Speaking in favor of this hy-

pothesis, several different lines of circumstantial evidence

seem to support that there are unique biochemical and bio-

physical characteristics of individual prion strains.

The most commonly used methods to biochemically

describe prion strains are based on differences in electro-

phoretic mobility after proteinase K digestion and glyco-

sylation patterns (the ratio between un-, mono-, and

diglycosylated PrP) (Bessen and Marsh, 1992a; Collinge

et al., 1996; Parchi et al., 1996; Khalili-Shirazi et al., 2005).

Sedimentation coefficients and the extent of PK resistance

either in the absence (Bessen and Marsh, 1992a) or presence

of different concentrations of chaotropic salt are strain de-

pendent, which suggest that different strains aggregate to a

different extent and/or that they vary in their tertiary or qua-

ternary fold and inherent stability to unfolding (Peretz et al.,

1997; Safar et al., 1998). This notion is supported by the

fact that certain antibody epitopes are buried within the

globular protein domain of the prion protein to a different

extent upon conversion. These buried epitopes can be ex-

posed by chaotropic salts and the ratio of available to buried

epitopes can be used to distinguish unique strains, the so-

called conformation dependent immunoassay (Safar et al.,

1998).

The different lesion profiles seen in the brains of mice

infected with different prion strain isolates suggest that sta-

bility and conformation of PrPSc are not the only differences

between strains (Tremblay et al., 2004). It appears that there

is a disparity between the cell tropism of various strains. In-

deed it can be shown that prion strains upon intraperitoneal

inoculation replicate in the spleen to a variable extent prior to

entry into the CNS (Aguzzi and Sigurdson, 2004). Recently,

the phenomenon of cellular prion tropism was clearly illus-

trated by the work of Weissmann’s group who could show

that a panel of cell lines would replicate prion strains to dif-

fering degrees. All of the cell lines were fully capable of sup-

porting prion replication by the mouse-adapted scrapie strain

22L, but only one cell line, the CAD5 cell line, would sup-

port the replication of mouse-adapted BSE strain 301C. And

whereas CAD5 cells would replicate all strains, R33 cells

would only replicate the 22L strain and not 301C, RML, and

Me7 (Mahal et al., 2007). This study clearly illustrates that at

present we lack the full knowledge of what a prion strain is.

The differential cell tropism of the various prion strains

clearly implies the requirement for cell-specific cofactors, be

it chaperones, specific uptake receptors, RNA species, a par-

ticular lipid environment, a specific post-translationally

modified PrP molecule, or a particular prion replicating sub-

cellular environment. Currently, there is no consensus on the

nature of this cofactor, but much work in different groups is

currently focused on identifying the type of cofactors impli-

cated in prion growth in living systems.

STRAINS AND SMALL MOLECULE DYES

Most detection methods for distinguishing individual prion

strains rely on biochemical techniques applied to homoge-

nates of prion-containing samples or transmission studies,

neglecting the aspect of spatial distribution of prions. The

presence of histologically visible �-sheet rich protein aggre-

gates, called amyloid deposits, can be visualized by small

amyloidotropic dyes, such as derivatives of Congo red, and

thioflavins (Nilsson, 2004). These dyes bind with various de-

grees of selectivity to protein aggregates that display exten-

sive cross �-pleated sheet conformations with a high degree

of structural symmetry. Hence, the presence of mature amy-

loid deposits is detected by these dyes as enhanced fluores-

cence (thioflavins) or apple-green birefringence under cross
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polarized light (Congo red). Congo red, an aromatic sul-

fonated azo dye, was introduced more than 80 years ago

and its gold-green birefringence under polarized light has

been the gold standard for amyloid detection ever since

(Bennhold, 1922; Divry, 1927). However, these dyes are not

suitable for recognizing “prefibrillary” species (which are

often, by way of a circular argument, defined as non-

congophilic amyloids). Also, amyloid deposits of diverse

morphological origin, such as prion strains, cannot be

separated.

In order to address these limitations, luminescent conju-

gated polymers (LCPs) were recently developed as a novel

class of amyloidotropic dyes (Herland et al., 2005; Nilsson

et al., 2005; 2006). These dyes contain a swiveling thiophene

backbone and the optical processes, e.g., the fluorescence

from the dye, are highly sensitive to the geometry of the

thiophene backbone. Upon interaction with protein aggre-

gates of distinct morphologies, the rotational freedom of the

LCP backbone is restricted in specific ways, disrupting the

conjugation of the � electron systems within the poly-

thiophene chains. This generates optical fingerprints that are

often unique to given protein conformations. Instead of

simply measuring the total amount of aggregated protein,

heterogeneous populations of specific protein aggregates

can be differentiated by LCP staining. This phenomenon was

recently observed in a transgenic mouse model with AD

pathology, where a striking heterogeneity in the characteris-

tic plaques composed of the beta-amyloid peptide �A�� was

identified with the LCPs (Nilsson et al., 2007). LCP staining

of brain tissue slices revealed different subpopulations of

plaques, seen as plaques with different colors. The spectral

features of LCPs enabled an indirect mapping of the plaque

architecture, as the different colors of the LCPs are associ-

ated with different conformations of the thiophene back-

bone. Further evidence for the idea that the prion strain

phenomenon is encoded in the structure of the prion ag-

gregates is provided from the analysis of brain sections

stained by LCPs from mice infected with distinct prion

strains (Sigurdson et al., 2007). The LCPs not only bound

specifically to the prion deposits, even those which were

negative for other amyloidotropic dyes (Congo red and ThT),

but also different prion strains could be separated due to

individual staining patterns of LCPs with distinct ionic

sidechains. Furthermore, the anionic LCP, PTAA, emits

light of different wavelengths when bound to distinct pro-

tein deposits associated with a specific prion strain

[Figs. 1(a)–1(c)]. As the emission profiles of LCPs are asso-

ciated with geometrical changes of the LCP backbone, ratios

of the intensity of the emitted light at certain wavelengths

can be used as an indicator of the geometry of the LCP

chains (Berggren, 1999; Nilsson et al., 2002). For example,

nonplanar and separated LCPs chains emit light around

530–540 nm, whereas a planarization of the thiophene back-

bone will shift the emission maximum (Emax) towards

longer wavelengths. A planar backbone might also give rise

to an aggregation of LCP chains, seen as an increase of the

intrinsic emission around 640 nm. When plotting the ratio

532/Emax and the ratio 532/639 nm in a correlation dia-

gram, prion aggregates associated with distinct prion strains,

mouse-adapted chronic wasting disease (mCWD), mouse-

adapted sheep scrapie (mSS), and mouse-adapted BSE were

easily distinguished from each other, illustrating the useful-

ness of spectral properties of LCPs for the classification of

protein deposits [Fig. 1(d)]. These conformation dependent

spectral characteristics can only be afforded by LCPs and

provide the opportunity to acquire optical fingerprints for

protein aggregates which correlates with distinct prion

strains.

Although it was shown that the emission profile of LCPs

could be used to characterize protein deposits, further evi-

dence was necessary to enable relating the geometrical alter-

ations of the LCPs to a structural variance of the protein de-

posits associated with the distinct prion strains. By taking

recombinant mouse prion protein (mPrP) and converting it

into two different types of amyloid fibrils by using varying

conditions for fibrillation, Sigurdson et al. were able to show

that the emission profile of PTAA could be used to distin-

guish the two fibril preparations [Fig. 1(e)] (Sigurdson et al.,

2007). As these two preparations of fibrils were chemically

identical, having the same protein (mPrP) and being dialyzed

Figure 1. Prion strain discrimination by LCPs. �a� Chemical

structure of the anionic LCP, PTAA. �b�–�c� Fluorescence images

showing PTAA bound to PrP aggregates from mCWD �b� and mSS

�c�. Typical PTAA stained aggregates are seen in yellow-red and are

indicated with white arrows. Scale bars represent 50 �m. �d� Corre-

lation diagram of the ratios of emitted intensities, R532/639 and

R532/Emax, of the intensity of the emitted light from PTAA bound to

PrP plaques in individual cases of mCWD and mSS. Each symbol

represents the mean value from 3–5 different plaques within a single

mouse. For mCWD or mSS, data was collected from four or two

different passages, respectively. �e� Emission spectra of PTAA

bound to native or fibrillar recombinant mouse PrP. RFU, relative

fluorescence units.
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against the same buffer, the spectral differences seen for

PTAA were most likely due to structural differences between

the fibrils. Hence, LCPs provide indirect structural insights

into the morphology of individual prion aggregates and can

be used as a complementary technique to conventional stain-

ing protocols for the characterization of protein deposits as-

sociated with individual prion strains. However, further stud-

ies of complexes between in vitro produced prion aggregates

with defined conformations and LCPs with distinct ionic

sidechain functionalities or different chain lengths will likely

be necessary in order to understand the origin of the correla-

tion of the spectroscopic readout from the LCP and the mo-

lecular structure of the prion aggregate. Although the

achievement of obtaining certain spectroscopic LCP signa-

tures from protein aggregates associated with distinct prion

strains are beneficial compared to conventional amyloido-

trophic dyes, correlating this spectroscopic signature to a

specific form of the aggregated protein is still necessary in

order to gain novel insight into the pathological process of

the disease. Nevertheless, the LCPs can be useful for com-

parison of heterogeneous prion aggregates in well-defined

experimental systems and offers a novel tool to study prion

strain adaptation and competition between distinct prion

strains.

ELEMENTARY STEPS OF PRION PROPAGATION

The physical basis for the propagation of prions constitutes a

key element in refining our fundamental understanding of

their biological activity. It is increasingly apparent that many

aspects of prion behavior such as the species barrier for their

transmission and the existence and stable propagation of

multiple prion strains can be rationalized based on a finite set

of kinetic and structural conditions on the elementary steps

which underlie prion growth. In agreement with this idea, the

fact that the strain phenomena is ubiquitous in prion biology,

being found for mammalian prions (Safar et al., 1998; Jones

and Surewicz, 2005; Sigurdson et al., 2007) as well as for

naturally occurring and artificial fungal prions (Glover et al.,

1997; Chien and Weissman, 2001; DePace and Weissman,

2002), strongly suggests that it arises from common physical

determinants rather than from specific sequence dependent

effects—an intriguing manifestation of universality within a

complex biological setting. The aim of this section is to give

a brief overview of recent progress towards understanding

the physical principles which govern prion growth and to dis-

cuss some of the implications of such theories for the biology

of these systems.

The realization that certain types of natural epigenetic in-

formation transfer processes in fungal species are mediated

by prion forms of endogenous proteins has provided an ex-

perimentally tractable framework for the detailed study of

mechanisms associated with prion propagation. In many

cases the current level of biophysical information available

for prions in fungi is more detailed than for mammalian pri-

ons. Strong analogies and similarities, some discussed be-

low, are, however, emerging and many of the findings for

yeast prions have parallels in mammalian prion biology and

in some cases even in the wider class of noninfectious self-

propagating �-sheet rich amyloid fibrils.

The process by which proteins convert from their normal

soluble state into the prion form according to the protein only

mechanism (Prusiner, 1982; King and Diaz-Avalos, 2004;

Tanaka et al., 2004) can conceptually be separated into two

steps (Collins et al., 2004), namely: (1) the conformational

rearrangement using the end of an existing prion aggregate

as a template to misfold the protein monomer and enable its

incorporation into the growing fibril; and (2) the multiplica-

tion of prions through fragmentation of existing structures

(Fig. 2). This mechanism has been experimentally verified

for yeast prions (Collins et al., 2004; King and Diaz-Avalos,

2004; Tanaka et al., 2004; Brachmann et al., 2005). There are

indications that similar processes govern the growth of mam-

malian prions (Legname et al., 2004; Castilla et al., 2005;

Legname et al., 2005; Weber, 2006) and indeed also of non-

prion related amyloid fibrils (Dobson, 2003). In addition, for

many amyloid systems spontaneous nucleation (Xue et al.,

2008), i.e., the creation of a propagating entity from soluble

protein, is an important contribution to the overall polymer-

ization reaction. For prion growth, however, this spontaneous

nucleation process is, in general, very slow, a fact which un-

derlies the capability of prion mediated inheritance in fungi

to function as a bistable switch (Shorter and Lindquist, 2005;

Wickner et al., 2007). The slow rate of nucleation (or the ef-

ficient clearance of seeds) is also implied by the low fre-

Figure 2. Fibril replication model. Nucleated polymerization

model as a basis for understanding prion growth. Monomers �circle�

are incorporated into growing fibrils in the elongated step �1� and

multiplication of active ends occurs through fragmentation �2�. The

strain-dependent frangibility of aggregates leads to different propa-

gation rates: a mechanically robust strain A has a stable core and

fragments slowly, whereas a more frangible strain B multiplies faster

resulting in more efficient incorporation of cellular protein �green�

into the aggregates.
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quency of onset of sporadic versus transmitted mammalian

prion conditions (Aguzzi et al., 2007). Recent studies linking

expression levels of proteins in a cell with their intrinsic ag-

gregation propensity (Tartaglia et al., 2007) suggest that the

natural stability of proteins in their native soluble state is, in

general, guaranteed through kinetic, not thermodynamic,

barriers. This kinetic stability of soluble cellular prion pro-

teins is then perturbed by the presence of preformed aggre-

gates which accelerate the conversion to the prion isoform.

Within this framework, the ability of prions to proliferate in a

given environment is governed by nucleated polymerization

theories (see Fig. 2) defined through a set of rate constants

(Masel et al., 1999; Pöschel et al., 2003; Hall and Edskes,

2004; Carulla et al., 2005) for the different processes. In this

picture, growth—expressed by the elongation and division

rates—competes against the removal of prions through cel-

lular clearance mechanisms.

PHYSICAL AND STRUCTURAL DETERMINANTS

OF PRION STRAINS

The apparent simplicity in the elementary steps of prion

growth raises the question of how they can account for the

biological complexity encountered in prion biology and, in

particular, how they can generate the prion strain phenom-

ena. First hints at the answer came from the study of yeast

prions. It is increasingly apparent that the mechanical frangi-

bility (the propensity to break) of formed prion fibrils plays a

key role in this context (Tanaka et al., 2006). Yeast prions

have been shown to possess inherent frangibilities which dif-

fer substantially between strains but are relatively homoge-

neous within one class of fibrils belonging to a given strain

(Tanaka et al., 2006; Immel et al., 2007). For instance, some

of the stronger yeast prion strains have been found to be com-

posed of amyloid fibrils possessing the largest propensity to

fragment, thereby leading to a more aggressive tendency to

multiply in vivo. It is interesting to note that in terms of their

mechanical rigidity, amyloid fibrils can be very heteroge-

neous (Knowles et al., 2007) implying substantial potential

for intrinsic variability in their breakage rates. Although

prion propagation in mammalian tissues may inherently be a

more convoluted process, recent observations hint that a

similar kinetic description which has been validated for

fungi could be important for the propagation of mammalian

prion strains. Indeed, shorter fibrils such as those which

would result from breakage of frangible structures are more

infectious than longer fibrils (Silveira et al., 2005), a conclu-

sion which is consistent with the fact that a larger number of

free ends in a short fibril population leads to a more rapid

conversion of soluble cellular prion protein into misfolded

fibrillar form, thereby overwhelming and overcoming cellu-

lar clearance mechanisms. In addition, the chemical stability

and resistance to disaggregation by ex vivo amyloid material

is highly strain dependent (Safar et al., 1998), indicating that

differences in the robustness of the aggregates could charac-

terize the differential propagation of strains. In agreement

with this idea, an inverse correlation has recently been pro-

posed between the stability of the prion aggregate and their

incubation times in vivo (Legname et al., 2006), a finding

which is closely analogous to the corresponding results ob-

tained for yeast prions (Toyama et al., 2007; Tanaka et al.,

2004). It is frequently found that for in vitro growth assays of

many amyloid fibril systems agitation significantly enhances

the overall conversion rate of proteins into fibrillar form

(Sluzky et al., 1991; DePace et al., 1998; Serio et al., 2000;

Ohhashi et al., 2005; Atarashi et al., 2007; Kim et al., 2007),

an indication that modulations of fibril breakage are essential

factors determining the rate of amyloid formation in general.

In living systems, the rate constants for the multiplication of

prions are clearly influenced not only by the intrinsic strength

of the aggregates but also by other cellular components; mo-

lecular chaperones in yeast, for instance, have been identified

as vital actors in this context (DebBurman et al., 1997;

Shorter and Lindquist, 2004).

Taken together, the observations discussed above suggest

that differences in the kinetics of the elementary steps of

prion growth underlie the differential proliferation of prion

strains. In order to be successfully propagated, these differ-

ences have to stem from well-defined molecular level

changes in the structures of the insoluble prion aggregates

(Aguzzi, 2004). Concrete indications that this is indeed the

case have recently accumulated. Elegant studies using

hydrogen/deuterium exchange probed by solution NMR

(Toyama et al., 2007), fluorescence spectroscopy (Krishnan

and Lindquist, 2005), and x-ray crystallography (Sawaya et

al., 2007; Nelson et al., 2005) have recently highlighted

widespread structural polymorphism and identified some of

the characteristics differentiating prion strains. Emerging as

an important factor here is the size of the stabilizing cross-�

amyloid core which appears to define the physical properties

of the resulting structures such as their propensity to frag-

ment, with small core sizes leading to enhanced frangibility.

Furthermore, covalent crosslinking of the precursor proteins

at well-defined locations to favor small or alternatively large

core sizes in the seed material is sufficient to result in the

production of a population of fibrils of the corresponding

strains (Krishnan and Lindquist, 2005). Indications of self-

propagating strain dependent conformational changes have

similarly been identified for three mammalian PrP amyloid

fibril systems (Jones and Surewicz, 2005). These fibrils,

when growing in cross-seeding experiments, adopt the struc-

tural features determined by the seed prion fibrils, even in

cases where this does not coincide with the preferred mor-

phology of the monomer when polymerized de novo. This

type of seed determined polymorphism is increasingly ap-

pearing as a generic feature of self-propagating amyloid

structures more generally. For instance A��1–42� fibrils of

the type associated with Alzheimer’s disease have been

found to exist in two structurally and morphologically dis-
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tinct conformations which accurately propagate the

structure-encoded information to subsequent generations of

fibrils (Petkova et al., 2005). Interestingly, recent experi-

ments in transgenic mice created to develop �-amyloid

plaques further suggest that the analogies between prions

and A� aggregates could be broader than was initially sus-

pected. When these mice were injected with brain homoge-

nate containing A� amyloid, a seeding effect was observed,

causing an accelerated deposition of A� plaques. In addi-

tion, certain strain patterns, partially encoded by the injected

seeds, appeared to be observable suggesting that there are

still unexplored similarities between Alzheimer’s and prion

diseases (Meyer-Luehmann et al., 2006). Measurements by

atomic force microscopy of three nondisease related amyloid

systems has yielded indications that several, typically of the

order of 5–10, energetically close but structurally different

packings for polypeptide chains can exist within different

fibrils, and that subsequent monomer addition onto these

templates preserves the packing type (Knowles et al., 2006).

These numbers are interestingly of a similar order of magni-

tude to the numbers of prion strains identified ex vivo based

on their biochemical characteristics (Safar et al., 1998).

The intrinsic susceptibility towards polymorphic aggre-

gation is also increasingly appearing as a determining factor

in the species barrier phenomenon, which prevents certain

prion aggregates, but not others, from proliferating in a host

organism producing cellular prion protein with a different

sequence to that of the initial infectious seed material. For

instance, amyloid fibrils formed from a fragment of the

mammalian prion protein have been shown to have the fast-

est growth rates in vitro in cross-seeding experiments when

the preferred fibrillar structures of the growth protein and

seed protein are similar (Jones and Surewicz, 2005). In cases

where significant differences in fibril core structure were

identified by infrared spectroscopy and atomic force micros-

copy, the cross-seeding capacity was abolished. The primary

sequence of the prion protein appears therefore only to inter-

vene in the species barrier through the preferred fibril struc-

ture it confers. This preference for a given conformation of a

protein in the fibrillar state seems furthermore to stem pre-

dominantly from specific, in many cases short, portions of

the polypeptide sequence (Santoso et al., 2000; Tessier and

Lindquist, 2007). Yeast prion proteins which possess two

such “recognition elements” corresponding to two different

strains have consequently been shown to possess the ability

to fibrilize efficiently in the presence of seeds from either

strain (Tessier and Lindquist, 2007) whereas proteins with

only one such element can only grow into fibrils when

seeded with aggregates from the corresponding strain.

Finally, it is interesting to speculate that general mecha-

nisms given by the statistical physics of heterogeneous

chain-like molecules lie behind the widespread polymor-

phism of proteins in prion states, a feature which is generally

absent or less pronounced for native states where a given se-

quence encodes a unique three-dimensional conformation.

The energy landscape governing according to the “new

view” of protein folding (Frauenfelder et al., 1991; Dobson

et al., 1998) the reliable acquisition of native states of pro-

teins with given amino-acid sequences has been optimized

by evolutionary pressures to be smooth and free of frustra-

tion in order to avoid the situation where competing interac-

tions could trap the protein into local energy minima corre-

sponding to partially folded nonfunctional states (Dobson et

al., 1998; Dobson, 2003). However, prions and amyloid

structures more generally by their very nature circumvent the

normal folding funnel (Dobson, 2003), and are therefore

likely to experience a rougher energy landscape characteris-

tic of frustrated systems where interactions which cannot be

simultaneously satisfied lead to multiple distinct energy

minima. The connectivity imposed by the polypeptide back-

bone together with the requirement for a stable cross-� core

hinders the independent search for an optimal chemical en-

vironment for the individual amino acids, for instance

through their differential positioning in the fibril core or al-

ternatively in solvent exposed parts outside of it. This type of

intrinsic frustration then implies that several distinct ar-

rangements which favor a certain subset of globally incom-

patible interactions are possible, reflecting for instance in the

observed strain-dependent differences in the parts of the se-

quence incorporated into the fibril core (Toyama et al.,

2007). In this sense the strain phenomenon can be seen to

follow naturally from the physical features of the protein

folding landscape when sampled outside of the range nor-

mally used by nature.

CONCLUSION

Although many similarities to other neurodegenerative pro-

tein misfolding diseases such as Alzheimer’s, Huntington’s,

and Parkinson’s disease have been described (DeArmond,

1993; Aguzzi and Haass, 2003), prion diseases were thought

to be unique in that they are transmissible and likely show

protein structure encoded strain properties. However, as an

acceleration of disease onset and certain strain properties ap-

pear to be encoded in experimentally transmitted A� seeds,

it would appear that there are still unexplored similarities be-

tween Alzheimer’s and prion diseases to be discovered

(Meyer-Luehmann et al., 2006). Despite our increased un-

derstanding of the epidemiology and general biology of

prion diseases many key questions are still unanswered

(Table I). As new and more advanced techniques for studying

prion biology are being developed continuously, our hope

and belief is that some of these questions will be addressed

within the foreseeable future. New tools such as LCPs, solid

state nuclear magnetic resonance, advanced cell culture

models, including the cell panel assay or the prion organo-

typic slice culture assay (POSCA; prion replication in ex vivo

slices of living brain tissue) (Mahal et al., 2007; Falsig et al.,

2008) can hopefully help us address some of these important
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issues, including the structure of amyloids, the molecular ba-

sis underlying the prion strain phenomena and the cause of

neurodegeneration.

ACKNOWLEDGMENTS

JF is supported by the center for transgenesis excellence,

KPRN is supported by the Swedish Foundation for Strategic

Research and The Knut and Alice Wallenberg Foundation,

TK is supported by the IRC in Nanotechnology and the

EPSRC. AA is supported by the European Union (TSEUR),

the Swiss National Science Foundation, the National Com-

petence Center for Research on Neural Plasticity and Repair,

the US National Prion Research Program, and the Novartis

Foundation. JF wrote the general strain introduction and in-

tegrated the individual contributions, KPRN contributed the

section on LCPs, TK contributed the section on fibril growth

and yeast strains, and AA developed the concept for this re-

view together with JF and performed the general editing and

oversight. The authors wish to thank Duncan White for criti-

cally reading the manuscript.

REFERENCES

Aguzzi, A (2004). “Understanding the diversity of prions.” Nat. Cell Biol.
6, 290–292.

Aguzzi, A, and Haass, C (2003). “Games played by rogue proteins in prion
disorders and Alzheimer’s disease.” Science 302, 814–818.

Aguzzi, A, Heikenwalder, M, and Polymenidou, M (2007). “Insights into
prion strains and neurotoxicity.” Nat. Rev. Mol. Cell Biol. 8,
552–561.

Aguzzi, A, and Polymenidou, M (2004). “Mammalian prion biology. One
century of evolving concepts.” Cell 116, 313–327.

Aguzzi, A, and Sigurdson, CJ (2004). “Antiprion immunotherapy: to
suppress or to stimulate?” Nat. Rev. Immun. 4, 725–736.

Atarashi, R, Moore, RA, Sim, VL, Hughson, AG, Dorward, D W,
Onwubiko, HA, Priola, SA, and Caughey, B (2007). “Ultrasensitive
detection of scrapie prion protein using seeded conversion of
recombinant prion protein.” Nat. Methods 4, 645–650.

Bendheim, PE, Barry, RA, DeArmond, SJ, Stites, DP, and Prusiner, SB
(1984). “Antibodies to a scrapie prion protein.” Nature (London)

310, 418–421.
Bennhold, H (1922). “Eine specifische Amyloidfärbung mit Kongorot.”

Munch Med. Wochenschr 44, 1537.
Berggren, M, et al. (1999). “Controlling inter-chain and intra-chain

excitations of a poly(thiophene) derivative in thin films.”
Chem. Phys. Lett. 304 84–90.

Bessen, RA, and Marsh, RF (1992a). “Biochemical and physical
properties of the prion protein from two strains of the transmissible
mink encephalopathy agent.” J. Virol. 66, 2096–2101.

Bessen, RA, and Marsh, RF (1992b). “Identification of two biologically
distinct strains of transmissible mink encephalopathy in hamsters.”
J. Gen. Virol. 73, 329–334.

Biebricher, C, and Eigen, M (2006). “What is a quasispecies?” Curr. Top.
Microbiol. Immunol. 299, 1–31.

Bolton, DC, McKinley, MP, and Prusiner, SB (1982). “Identification of a
protein that purifies with the scrapie prion.” Science 218,
1309–1311.

Brachmann, A, Baxa, U, and Wickner, RB (2005). “Prion generation in
vitro: amyloid of Ure2p is infectious.” EMBO J. 24, 3082–3092.

Bruce, ME (1993). “Scrapie strain variation and mutation.” Br. Med. Bull.

Table I. Some topics in need of research in the prion field.

Open questions in prion biology Current hypotheses and state of the art

What constitutes the infectious prion particle? Experimental evidence indicates that the primordial infectious prion

particle has a size compatible with 14–28 monomers of PrP

monomers (Silveira et al., 2005). It is unclear whether this material

consists exclusively of PrP, or is associated with proteins or other

constituents.

What is the structure of mammalian prions/what is

the structural determinants of prion strains?

The fine structure of HET-s yeast prions was recently solved by

solid-state nuclear magnetic resonance (Wasmer et al., 2008). This is

the only available structure of infectious prions. Only hypothetical

models are currently available for mammalian prions.

What is the molecular mechanism underlying

the replication kinetics of mammalian prions?

As models now exist for the growth of amyloid and prion fibrils

in vitro and in yeast (Tanaka et al., 2006) it will be interesting to

see them applied to more complex systems such as mammalian cells

or tissue.

What determines the formation of the initial

seed/what is the etiology of sporadic CJD?

This and the previous question may potentially have the same answer.

One hypothesis is that PrPSc is produced continuously, and that the

failure to degrade PrPSc leads to seed formation. Other ideas posit that

sCJD is caused by somatic mutations in the Prnp gene encoding for

PrPC (similar to transformation of tumor cells), or that the formation

of PrPSc is a rare stochastic event.

What is the mechanism of prion-induced neurotoxicity? This is an underdeveloped subject in prion biology due to the lack of

appropriate experimental models. Cell lines that do replicate prions do

not show any effect on cell viability. Maybe aggregation of PrPSc on

the cell surface leads to the propagation of some neurotoxic signal

(Solforosi et al., 2004).

P E R S P E C T I V E

HFSP Journal



49, 822–838.
Bruce, ME, and Dickinson, AG (1987). “Biological evidence that scrapie

agent has an independent genome.” J. Gen. Virol. 68, 79–89.
Büeler, HR, Aguzzi, A, Sailer, A, Greiner, RA, Autenried, P, Aguet, M,

and Weissmann, C (1993). “Mice devoid of PrP are resistant to
scrapie.” Cell 73, 1339–1347.

Büeler, HR, Fischer, M, Lang, Y, Bluethmann, H, Lipp, HP, DeArmond,
SJ, Prusiner, SB, Aguet, M, and Weissmann, C (1992). “Normal
development and behaviour of mice lacking the neuronal cell-surface
PrP protein.” Nature (London) 356, 577–582.

Carulla, N, Caddy, G, Hall, D, Zurdo, J, Gairí, M, Feliz, M, Giralt, E,
Robinson, C, and Dobson, C (2005). “Molecular recycling
within amyloid fibrils.” Nature (London) 436, 554–558.

Castilla, J, Saa, P, Hetz, C, and Soto, C (2005). “In vitro generation of
infectious scrapie prions.” Cell 121, 195–206.

Chesebro, B, et al. (1985). “Identification of scrapie prion protein-specific
mRNA in scrapie-infected and uninfected brain.” Nature (London)
315, 331–333.

Chien, P, and Weissman, JS (2001). “Conformational diversity in a yeast
prion dictates its seeding specificity.” Nature (London) 410,
223–227.

Collinge, J (2001). “Prion diseases of humans and animals: their causes
and molecular basis.” Annu. Rev. Neurosci. 24, 519–550.

Collinge, J, Sidle, KC, Meads, J, Ironside, J, and Hill, AF (1996).
“Molecular analysis of prion strain variation and the aetiology of ‘new
variant’ CJD.” Nature (London) 383, 685–690.

Collins, PS, Lawson, VA, and Masters, PC (2004). “Transmissible
spongiform encephalopathies.” Lancet 363, 51–61.

DeArmond, SJ (1993). “Alzheimer’s disease and Creutzfeldt-Jakob
disease: overlap of pathogenic mechanisms.” Curr. Opin.
Neurol. 6, 872–881.

DeArmond, SJ, McKinley, MP, Barry, RA, Braunfeld, MB, McColloch,
JR, and Prusiner, SB (1985). “Identification of prion amyloid
filaments in scrapie-infected brain.” Cell 41, 221–235.

DebBurman, SK, Raymond, GJ, Caughey, B, and Lindquist, S (1997).
“Chaperone-supervised conversion of prion protein to its
protease-resistant form.” Proc. Natl. Acad. Sci. U.S.A. 94,
13938–13943.

Deleault, NR, Harris, BT, Rees, JR, and Supattapone, S (2007).
“Formation of native prions from minimal components in vitro.”
Proc. Natl. Acad. Sci. U.S.A. 104, 9741–9746.

Deleault, NR, Lucassen, RW, and Supattapone, S (2003). “RNA
molecules stimulate prion protein conversion.” Nature (London) 425,
717–720.

DePace, AH, Santoso, A, Hillner, P, and Weissman, JS (1998). “A critical
role for amino-terminal glutamine/asparagine repeats in the
formation and propagation of a yeast prion.” Cell 93, 1241–1252.

DePace, AH, and Weissman, JS (2002). “Origins and kinetic consequences
of diversity in Sup35 yeast prion fibers.” Nat. Struct. Biol. 9,
389–396.

Divry, P (1927). “Etude histochimique des plaques seniles.” J. Neurol.
Psychiatry 27, 643.

Dobson, C (2003). “Protein folding and misfolding.” Nature (London)
426, 884–890.

Dobson, C, Sali, A, and Karplus, M (1998). “Protein folding: a perspective
from theory and experiment.” Angew. Chem., Int. Ed. 37, 868.

Falsig, J, Julius, C, Margalith, I, Schwarz, P, Heppner, FL, and Aguzzi, A
(2008). “A versatile prion replication assay in organotypic brain
slices.” Nat. Neurosci. 11, 109–117.

Fowler, D, Koulov, A, Balch, W, and Kelly, J (2007). “Functional
amyloid—from bacteria to humans.” Trends Biochem. Sci.
32, 217–224.

Fraser, H (1993). “Diversity in the neuropathology of scrapie-like diseases
in animals.” Br. Med. Bull. 49, 792–809.

Fraser, H, and Dickinson, AG (1973). “Scrapie in mice. Agent-strain
differences in the distribution and intensity of grey matter
vacuolation.” J. Comp. Pathol. 83, 29–40.

Frauenfelder, H, Sligar, S, and Wolynes, P (1991). “The energy landscapes
and motions of proteins.” Nature (London) 254, 1598–1603.

Gajdusek, DC, Gibbs, CJ, and Alpers, M (1966). “Experimental
transmission of a Kuru-like syndrome to chimpanzees.”
Nature (London) 209, 794–796.

Glatzel, M, et al. (2003). “Human prion diseases: epidemiology and

integrated risk assessment.” Lancet Neurol. 2, 757–763.
Glover, JR, Kowal, AS, Schirmer, EC, Patino, MM, Liu, JJ, and Lindquist,

S (1997). “Self-seeded fibers formed by Sup35, the protein
determinant of [PSI+], a heritable prion-like factor of S. cerevisiae.”
Cell 89, 811–819.

Griffith, JS (1967). “Self-replication and scrapie.” Nature (London) 215,
1043–1044.

Hall, D, and Edskes, H (2004). “Silent prions lying in wait: a two-hit
model of prion/amyloid formation and infection.” J. Mol. Biol.
336, 775–786.

Herland, A, Nilsson, K, Olsson, J, Hammarstrom, P, Konradsson, P, and
Inganas, O (2005). “Synthesis of a regioregular zwitterionic
conjugated oligoelectrolyte, usable as an optical probe for detection
of amyloid fibril formation at acidic pH.” J. Am. Chem. Soc.
127, 2317–2323.

Hsiao, K, and Prusiner, SB (1990). “Inherited human prion diseases.”
Neurology 40, 1820–1827.

Immel, F, Jiang, Y, Wang, Y, Marchal, C, Maillet, L, Perrett, S, and
Cullin, C (2007). “In vitro analysis of SpUre2p, a prion-related
protein, exemplifies the relationship between amyloid and prion.”
J. Biol. Chem. 282, 7912–7920.

Jones, EM, and Surewicz, WK (2005). “Fibril conformation as the basis
of species- and strain-dependent seeding specificity of mammalian
prion amyloids.” Cell 121, 63–72.

Khalili-Shirazi, A, Summers, L, Linehan, J, Mallinson, G, Anstee, D,
Hawke, S, Jackson, GS, and Collinge, J (2005). “PrP glycoforms
are associated in a strain-specific ratio in native PrPSc.” J. Gen. Virol.
86, 2635–2644.

Kim, H, Chatani, E, Goto, Y, and Paik, S (2007). “Seed-dependent
accelerated fibrillation of alpha-synuclein induced by periodic
ultrasonication treatment.” J Microbiol. Biotechnol. 17 2027–2032.

Kimberlin, RH, Cole, S, and Walker, CA (1987). “Temporary
and permanent modifications to a single strain of mouse scrapie on
transmission to rats and hamsters.” J. Gen. Virol. 68,
1875–1881.

Kimberlin, RH, Walker, CA, and Fraser, H (1989). “The genomic identity
of different strains of mouse scrapie is expressed in hamsters and
preserved on reisolation in mice.” J. Gen. Virol. 70, 2017–2025.

King, CY, and Diaz-Avalos, R (2004). “Protein-only transmission of three
yeast prion strains.” Nature (London) 428, 319–323.

Knowles, T, Fitzpatrick, A, Meehan, S, Mott, H, Vendruscolo, M, Dobson,
C, and Welland, M (2007). “Role of intermolecular forces in defining
material properties of protein nanofibrils.” Science 318,
1900–1903.

Knowles, T, Smith, J, Craig, A, Dobson, C, and Welland, M (2006).
“Spatial persistence of angular correlations in amyloid fibrils.”
Phys. Rev. Lett. 96, 238301.

Krishnan, R, and Lindquist, SL (2005). “Structural insights into a yeast
prion illuminate nucleation and strain diversity.” Nature (London)
435, 765–772.

Legname, G, Baskakov, IV, Nguyen, HO, Riesner, D, Cohen, FE,
DeArmond, SJ, and Prusiner, SB (2004). “Synthetic
mammalian prions.” Science 305, 673–676.

Legname, G, Nguyen, HO, Baskakov, IV, Cohen, FE, Dearmond, S J, and
Prusiner, S B (2005). “Strain-specified characteristics of mouse
synthetic prions.” Proc. Natl. Acad. Sci. U.S.A. 102, 2168–2173.

Legname, G, Nguyen, HO, Peretz, D, Cohen, FE, DeArmond, SJ, and
Prusiner, SB (2006). “Continuum of prion protein structures
enciphers a multitude of prion isolate-specified phenotypes.” Proc.
Natl. Acad. Sci. U.S.A. 103, 19105–19110.

Llewelyn, CA, Hewitt, PE, Knight, RS, Amar, K, Cousens, S, Mackenzie,
J, and Will, RG (2004). “Possible transmission of variant Creutzfeldt-
Jakob disease by blood transfusion.” Lancet 363, 417–421.

Mahal, SP, Baker, CA, Demczyk, CA, Smith, EW, Julius, C, and
Weissmann, C (2007). “Prion strain discrimination in cell culture: the
cell panel assay.” Proc. Natl. Acad. Sci. U.S.A. 104,
20908–20913.

Masel, J, Jansen, VA, and Nowak, MA (1999). “Quantifying the kinetic
parameters of prion replication.” Biophys. Chem. 77, 139–152.

Meyer-Luehmann, M, et al. (2006). “Exogenous induction of cerebral beta-
amyloidogenesis is governed by agent and host.” Science 313,
1781–1784.

Nelsson, R, Sawaya, MR, Balbirnie, M, Madsen, AØ, Riekel, C, Grothe,

HFSP Journal

Chemical and biophysical insights . . . | Falsig et al.



R, and Eisenberg, D (2005). “Structure of the cross-bold beta spine of
amyloid-like fibrils.” Nature 435, 773.

Nilsson, KP, et al. (2007). “Imaging distinct conformational states of
amyloid-beta fibrils in Alzheimer’s disease using novel
luminescent probes.” ACS Chem Biol. 2, 553–560.

Nilsson, KPR, Andersson, MR, and Inganas, O (2002). “Conformational
transitions of a free amino-acid-functionalized polythiophene
induced by different buffer systems.” J. Phys.: Condens. Matter 14,
10011–10020.

Nilsson, KPR, Hammarstrom, P, Ahlgren, F, Herland, A, Schnell, EA,
Lindgren, M, Westermark, GT, and Inganas, O (2006).
“Conjugated polyelectrolytes-conformation-sensitive optical probes for
staining and characterization of amyloid deposits.” ChemBioChem
7, 1096–1104.

Nilsson, KPR, Herland, A, Hammarstrom, P, and Inganas, O (2005).
“Conjugated polyelectrolytes: conformation-sensitive optical
probes for detection of amyloid fibril formation.” Biochemistry 44,
3718–3724.

Nilsson, M (2004). “Techniques to study amyloid fibril formation in vitro.”
Methods 34, 151–160.

Oesch, B, et al. (1985). “A cellular gene encodes scrapie PrP 27-30
protein.” Cell 40, 735–746.

Ohhashi, Y, Kihara, M, Naiki, H, and Goto, Y (2005). “Ultrasonication-
induced amyloid fibril formation of beta2-microglobulin.” J. Biol.
Chem. 280, 32843–32848.

Parchi, P, et al. (1996). “Molecular basis of phenotypic variability in
sporadic Creutzfeldt-Jakob disease.” Ann. Neurol. 39, 767–778.

Pattison, IH, and Millson, GC (1961). “Scrapie produced experimentally
in goats with special reference to the clinical syndrome.” J. Comp.
Pathol. 71, 101–108.

Peretz, D, et al. (1997). “A conformational transition at the N. terminus
of the prion protein features in formation of the scrapie isoform.”
J. Mol. Biol. 273, 614–622.

Petkova, AT, Leapman, RD, Guo, Z, Yau, W M, Mattson, MP, and Tycko,
R (2005). “Self-propagating, molecular-level polymorphism in
Alzheimer’s beta-amyloid fibrils.” Science 307, 262–265.

Polymenidou, M, Stoeck, K, Glatzel, M, Vey, M, Bellon, A, and Aguzzi, A
(2005). “Coexistence of multiple PrPSc types in individuals with
Creutzfeldt-Jakob disease.” Lancet Neurol. 4, 805–814.

Pöschel, T, Brilliantov, N, and Frömmel, C (2003). “Kinetics of prion
growth.” Biophys. J. 85, 3460–3474.

Prusiner, SB (1982). “Novel proteinaceous infectious particles cause
scrapie.” Science 216, 136–144.

Prusiner, SB (1991). “Molecular biology of prion diseases.” Science 252,
1515–1522.

Safar, J, Wille, H, Itri, V, Groth, D, Serban, H, Torchia, M, Cohen, F, and
Prusiner, S (1998). “Eight prion strains have PrPSc molecules with
different conformations.” Nat. Med. 4, 1157–1165.

Santoso, A, Chien, P, Osherovich, L Z, and Weissman, J S (2000).
“Molecular basis of a yeast prion species barrier.” Cell 100, 277–288.

Sawaya, MR, et al. (2007). “Atomic structures of amyloid cross-
� spines reveal varied steric zippers.” Nature 447, 453–457.

Serio, TR, Cashikar, AG, Kowal, AS, Sawicki, GJ, Moselhi, JJ, Serpell, L,
Arnsdorf, MF, and Lindquist, SL (2000). “Nucleated conformational
conversion and the replication of conformational information
by a prion determinant [In Process Citation].” Science 289, 1317–1321.

Shorter, J, and Lindquist, S (2004). “Hsp104 catalyzes formation
and elimination of self-replicating Sup35 prion conformers.” Science
304, 1793–1797.

Shorter, J, and Lindquist, S (2005). “Prions as adaptive conduits of

memory and inheritance.” Nat. Rev. Genet. 6, 435–450.
Si, K, Lindquist, S, and Kandel, E R (2003). “A neuronal isoform of the

aplysia CPEB has prion-like properties.” Cell 115, 879–891.
Sigurdson, CJ, et al. (2007). “Prion strain discrimination using luminescent

conjugated polymers.” Nat. Methods 4, 1023–1030.
Silveira, JR, Raymond, GJ, Hughson, AG, Race, RE, Sim, VL, Hayes, SF,

and Caughey, B (2005). “The most infectious prion protein
particles.” Nature (London) 437, 257–261.

Sluzky, V, Tamada, J, Klibanov, A, and Langer, R (1991). “Kinetics of
insulin aggregation in aqueous solutions upon agitation in the
presence of hydrophobic surfaces.” Proc. Natl. Acad. Sci. U.S.A. 88,
9377–9381.

Solforosi, L, et al. (2004). “Cross-linking cellular prion protein triggers
neuronal apoptosis in vivio.” Science 303, 1514–1516.

Stahl, N, Baldwin, MA, Teplow, DB, Hood, L, Gibson, BW, Burlingame,
AL, and Prusiner, SB (1993). “Structural studies of the scrapie
prion protein using mass spectrometry and amino acid sequencing.”
Biochemistry 32, 1991–2002.

Tanaka, M, Chien, P, Naber, N, Cooke, R, and Weissman, JS (2004).
“Conformational variations in an infectious protein determine
prion strain differences.” Nature (London) 428, 323–328.

Tanaka, M, Collins, SR, Toyama, BH, and Weissman, JS (2006). “The
physical basis of how prion conformations determine strain
phenotypes.” Nature (London) 442, 585–589.

Tartaglia, G, Pechmann, S, Dobson, C, and Vendruscolo, M (2007). “Life
on the edge: a link between gene expression levels and aggregation
rates of human proteins.” Trends Biochem. Sci. 32, 204–206.

Tessier, PM, and Lindquist, S (2007). “Prion recognition elements govern
nucleation, strain specificity and species barriers.” Nature (London)
447, 556–561.

Toyama, BH, Kelly, MJ Gross, JD, and Weissman, JS (2007). “The
structural basis of yeast prion strain variants.” Nature
(London) 449, 233–237.

Tremblay, P, Ball, HL, Kaneko, K, Groth, D, Hegde, RS, Cohen, FE,
DeArmond, SJ, Prusiner, SB, and Safar, J G (2004). “Mutant
PrPSc conformers induced by a synthetic peptide and several prion
strains.” J. Virol. 78, 2088–2099.

Wadsworth, JD, et al. (2004). “Human prion protein with valine 129
prevents expression of variant, CJD phenotype.” Science 306,
1793–1796.

Wasmer, C, Lange, A, Van Melckebeke, H, Siemer, A, Riek, R, and Meier,
B (2008). “Amyloid fibrils of the HET-s(218–289) prion form a beta
solenoid with a triangular hydrophobic core.” Science 319,
1523–1526.

Weber, P, Giese, A, Piening, N, Mitteregger, G, Thomzig, A, Beekes, M,
and Kretzschmar, HA (2006). “Cell-free formation of misfolded
prion protein with authentic prion infectivity.” Proc. Natl. Acad. Sci.
U.S.A. 103, 15818–15823.

Weissmann, C (1991). “A ‘unified theory’ of prion propagation.” Nature
(London) 352, 679–683.

Wickner, R, Edskes, H, Shewmaker, F, and Nakayashiki, T (2007).
“Prions of fungi: inherited structures and biological roles.”
Nat. Rev. Microbiol. 5, 611–618.

Wroe, SJ, et al. (2006). “Clinical presentation and pre-mortem diagnosis
of variant Creutzfeldt-Jakob disease associated with blood
transfusion: a case report.” Lancet 368, 2061–2067.

Xue, W, Homans, S, and Radford, S (2008). “Systematic analysis of
nucleation-dependent polymerization reveals new insights into
the mechanism of amyloid self-assembly.” Proc. Natl. Acad. Sci. U.S.A.
105, 8926–8931.

P E R S P E C T I V E

HFSP Journal


