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Abstract
The prion (infectious protein) concept has evolved with the discovery of new self-propagating protein
states in organisms as diverse as mammals and fungi. The infectious agent of the mammalian
transmissible spongiform encephalopathies (TSE) has long been considered to be the prototypical
prion, and recent cell-free propagation and biophysical analyses of TSE infectivity have now firmly
established its prion credentials. Other disease-associated protein aggregates, such as some amyloids,
can also have prion-like characteristics under certain experimental conditions. However, most
amyloids appear to lack the natural transmissibility of TSE prions. One feature that distinguishes the
latter from the former is the glycophosphatidylinositol membrane anchor on prion protein, the
molecule that is corrupted in TSE diseases. The presence of this anchor profoundly affects TSE
pathogenesis, which involves major membrane distortions in the brain, and may be a key reason for
the greater neurovirulence of TSE prions relative to many other autocatalytic protein aggregates.
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INTRODUCTION
In the 1960s, the notion that corrupted host proteins could act as infectious pathogens was
proposed by JS Griffith as an explanation for the mysterious sheep disease called scrapie (1).
In 1982, Stanley Prusiner coined the term prion for such proteinaceous infectious agents that
apparently lack their own specific nucleic acid genome (2). Shortly thereafter, Prusiner
discovered a host protein, prion protein (PrP), whose alteration is critical in the pathogenesis
of the transmissible spongiform encephalopathies (TSEs) of mammals. However, it was
exceptionally difficult to show unequivocally that prions are composed solely of modified PrP
without any prion-specific nucleic acid. Thus, for a long time it remained uncertain whether
prions exist as infectious pathogenic proteins in mammals. Only recently has there been a report
of the propagation of robust mammalian prions in vitro using semi-purified molecular
constituents. This directly implicates PrP conformational change in prion propagation and
seems to rule out the need for an agent-specific protein-encoding nucleic acid (3,4). Meanwhile,
in 1994, Reed Wickner argued compellingly that mysterious epigenetic elements of yeast could
also be explained by the transfer of aggregated proteins from one cell to another (5). In doing
so, Wickner proposed that the prion concept be extended to include these proteinaceous entities
that could act as infectious agents and/or convey heritable changes in phenotype without
mediation by nucleic acids. Many diverse biological phenomena have now been described as
being prions or prion-like. There are several basic requirements for a prion (6). First, there
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must be a self-propagating state of a protein (the prion) that is biologically accessible but rarely
formed spontaneously. Second, prions must replicate themselves by acting on their non-prion
substrate protein. And third, prions must spread to naive hosts and find new substrate pools
for replication. Typically, prions also cause phenotypic changes in the host.

In this review, we will first describe the challenging hunt for molecularly defined mammalian
TSE prions. We will then consider recent insights into their three-dimensional structure,
biogenesis, and neuropathogenic effects. Emphasis will be given to a unique aspect of
mammalian TSE diseases, that is, the anchoring of the protein of interest (PrP) to membranes
by a glycophosphatidylinositol (GPI) moiety. This feature strongly influences TSE prion
pathogenicity. Moreover, neuronal membrane abnormalities figure prominently in the
pathognomonic lesions of TSE diseases, prompting us to also consider the extent to which
membrane tethering plays a role in distinguishing TSE prion biology from the biology of other
types of prions or prion-like phenomena in mammals. A number of different proteins of
mammals and fungi can be found in altered states with at least some properties of prions. These
examples extend the prion concept and help to define its fundamental features and useful limits.

IN VITRO PROPAGATION OF PRIONS
PrP conversion

The most compelling way to demonstrate the composition of prions is to propagate them in
vitro using defined biochemical constituents. Mammalian prion propagation is usually
associated with the post-translational conversion of the host’s normal, soluble, protease-
sensitive PrP (PrPC or PrP-sen) to a less soluble and more proteinase-K resistant state
(PrPRES or PrPSc) (7). Initial attempts to propagate prions in extensively purified cell-free
systems showed that PrPRES can cause PrPC to convert to a PrPRES-like protease-resistant state
in a highly species- and sequence-dependent manner consistent with known prion transmission
barriers in vivo (8–11). PrPRES with PrPC converting activity is oligomeric, and, newly
converted PrP molecules become associated with PrPRES oligomers (12–14). These and other
features of the conversion reaction are consistent with either non-catalytic or autocatalytic
(templated) seeded polymerization mechanisms initially outlined by Carleton Gadjusek and
Peter Lansbury (Figure 1) (12,15,16). PrPRES oligomers of different prion strain-associated
conformations are capable of imposing those distinct conformations on PrPC molecules during
conversion (8). This provides a potential molecular basis for the propagation of prion strains
without the need for a prion-specific nucleic acid. Although the presence of cell-free PrPC

converting activity correlates with the presence of prion infectivity (17), the yields of the initial
cell-free PrPC conversion reactions were usually substoichiometric relative to the PrPRES seed,
and the generation of prion infectivity was not demonstrable (18).

Synthetic prions
More recently, synthetic amyloid fibrils composed of a truncated fragment of recombinant
PrPC (PrP residues 90-231) were shown to accelerate clinical disease when inoculated into
transgenic mice that overexpress PrP90-231 by ~16-fold (19,20). Furthermore, brain tissue
from these sick mice contained prions that caused TSE disease when inoculated into wild-type
mice. These striking results suggested that amyloid preparations of recombinant PrP alone
instigated transmissible prion disease, albeit in an unnatural host that, by virtue of PrP
overexpression, was likely to be strongly primed for PrP aggregation and susceptibility to both
induced and spontaneous prion disease. Importantly, the initial synthetic fibrils had no activity
in wild-type mice, implying that these “synthetic prions” were many orders of magnitude less
infectious than bona fide scrapie prions. There are several possible explanations for these
results: 1) recombinant PrP90-231 amyloid may be infectious, but with extremely poor
efficiency; 2) the infectious entity might not be the amyloid itself, but a different form of PrP-
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containing particle that is present at only trace quantities in the synthetic amyloid preparation;
3) robust recombinant PrP prions might require another molecular constituent [e.g. polyanions
such as glycosaminoglycans (GAGs) or RNA (4)]; or 4) the amyloid preparations might not
be infectious at all but may accelerate a neurodegenerative process that occurs spontaneously
in transgenic mice overexpressing truncated PrP90-231. In this latter case, the infectivity for
wild-type mice could have arisen spontaneously in the transgenic mice, as has been reported
in other transgenic mice that overexpress PrP mutants (21). Further studies will be required to
discriminate between these possibilities.

PMCA
In a major breakthrough, brain-homogenate-based reactions were developed that allowed
unlimited amplification of both PrPRES and robust prions that were infectious for wild-type
rodents (3,22,23). This amplification protocol, called PMCA for protein misfolding cyclic
amplification, involves introducing minute amounts of an infectious PrPRES-containing seed
into a homogenate of brain from an uninfected animal which provides PrPC and any cofactors
that might be needed. The suspension is subjected to cycles of incubation, which allows for
seeded polymerization of the PrPC, and sonication, which fragments the polymers to generate
more seeds (Figure 2). Two striking features of the PMCA reaction is its sensitivity and
amplification power (24). As little as ~1 attogram (10−18 g) or the equivalent of ~20 PrPRES

molecules can be detected by this method, providing the basis for extraordinarily sensitive
prion assays and potentially, diagnostic tests for prion diseases.

Prion amplification has been reported in either prion-seeded or spontaneous conversion
reactions containing largely purified, brain-derived PrPC and synthetic polyA RNA (Figure 2)
(4). Lipids and perhaps other molecules copurify with the PrPC in these preparations and
therefore might also be important in prion formation. This seminal report not only provided
long-awaited direct support for the PrP-based prion hypothesis, but suggested that other non-
protein molecules, such as RNA molecules, are critical either as prion components or
accessories in the PrP conformational conversion (25). The spontaneous instigation of prion
formation in these experiments may represent an in vitro equivalent of sporadic Creutzfeldt-
Jakob disease, which, for epidemiological reasons, is widely assumed to be an example of
spontaneous prion disease in humans.

Recombinant PrP-PMCA and related amplification reactions
In attempts to further refine the understanding of prion composition, PMCA-like amplification
reactions (rPrP-PMCA and QuIC) have been performed using purified bacterially expressed
recombinant PrPC as a substitute for brain-derived PrPC (26,27). PrPRES-seeded rPrP-PMCA
and QuIC reactions produce a protease-resistant, largely beta-sheet, fibrillar PrP recombinant
conversion product that serves as a highly amplified marker of sub-femptogram amounts of
PrPRES. Furthermore, these and related reactions can be much faster than conventional PMCA
reactions, improving prospects for the development of practical prion assays and diagnostic
tests (26–28). However, inoculations of hamster rPrP-PMCA product into hamsters have not
yet revealed clear evidence of prion infectivity (R. Atarashi, G. Raymond and B. Caughey,
unpublished data). Thus, like the truncated recombinant PrP amyloid fibrils called “synthetic
prions” (19), the infectivity of the rPrP-PMCA product appears to be much lower than either
PrPRES itself or the product of PrPRES amplification in PMCA reactions using brain-derived
PrPC, if it proves to be infectious at all. It should be revealing to determine whether the
apparently vast difference in infectivity between these various PrP aggregates is a matter of
molecular composition, conformation, protease-resistance, ultrastructure, cofactors and/or
aggregation conditions. Two notable features of natural PrPC that are lacking on the
recombinant PrPC are N-linked glycans and the GPI anchor. Interestingly, these post-
translational modifications do not appear to be essential for the generation of infectious prions
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as indicated by studies of scrapie-infected transgenic mice that express PrPC molecules lacking
these modifications (29–31). These observations suggest that conformational details and/or
non-PrP molecular cofactors are more critical determinants of prion infectivity.

STRUCTURAL STUDIES OF PrP OLIGOMERS AND FIBRILS
One of the greatest hurdles in understanding PrPRES is the lack of biophysical techniques
suitable for determining the high-resolution structures of non-crystalline fibrillar protein
assemblies. The preparations of PrPRES that are of the highest purity have most often contained
amyloid-like fibrils which have been characterized in terms of fibril dimensions (32–34) and
secondary structure composition (35–38). Visualization of the protein core of wild-type prion
fibrils can be obscured by heavy glycosylation and GPI anchors (Figure 3A). However, plaques
and fibrils containing mostly unglycosylated and anchorless PrPRES have been isolated from
scrapie-infected transgenic mice expressing only anchorless PrPC (34). These fibrils are
composed of protofilaments 3.0–3.5 nm in width as measured by negative stain transmission
electron microscopy (Figure 3A). The protofilament widths and twist periodicities can vary
significantly with scrapie strain, indicating strain-dependent fibril ultrastructures. This expands
the list of strain-dependent features of PrPRES which includes secondary structures (37,38),
proteolytic sensitivities (39), glycoform patterns (40–43), stabilities (44) and conformational
templating activities (8).

Electron crystallography and modelling
So far, the highest resolution information derived from infectious PrPRES preparations has
come from analyses of 2-dimensional crystals that appeared along with fibrils in certain
PrPRES preparations (45) (Figure 3B). Image processing and electron crystallography of these
structures revealed that they were likely composed of PrP trimers. Based on molecular
modelling and mutational analyses, a β-helix model was proposed (46) (Figure 3C). In this
model a flexibly disordered domain and helix 1 of PrPC are coiled into a β-helix, which then
aligns with the β-helices of two other PrPRES monomers to form a trimer. N-linked glycans
are displayed on the outside of the trimer. An alternative model has been developed on the
basis of molecular dynamics simulations and docking procedures (47,48) (Figure 3C). In the
resulting spiral model, monomers are joined together via intermolecular β-sheets and can be
readily assembled into continuous twisting filaments. Both the β-helix and spiral models are
close to being consistent with the protofilament dimensions measured in the anchorless
PrPRES fibrils (34); however, the spiral model is more consistent with a variety of other
biochemical characteristics of PrPRES (48).

Other probing of fibril structure
Recent studies of synthetic recombinant PrP 90–231 amyloids using hydrogen/deuterium
exchange and electron spin resonance provided evidence that residues ~160–220 could form
parallel, in-register β-sheet structures that were unlike either the spiral or β-helix models (49,
50) (Figure 3D). In contrast, solid state NMR studies of fibrils of recombinant human PrP
residues 23-144, which corresponds to a Gerstmann-Straussler-Scheinker syndrome-
associated mutant PrP (Y145stop) in humans, showed that residues 112-144 could form a
compact, highly ordered core, while the remainder of the residues toward the N-terminus were
largely unordered (51). Earlier studies of disease-inducing fibrils of murine PrP residues 89–
143 showed that residues 112–124 formed an extended β-sheet conformation without the β-
strands being in a parallel, in-register alignment (52). These and other recent developments in
the analysis of a variety of other prion proteins and peptide amyloids (53–64) are laying the
foundation for more detailed investigation of the PrPRES structures. Particularly noteworthy
are the first high-resolution X-ray diffraction-based structures of amyloid fibrils of short
peptides determined by the Eisenberg group (65,66). One important theme that emerges from
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these structures is that amyloids can be stabilized by short stretches of amino acid residues that
align to form β-sheets which, in turn, are welded to adjacent sheets by the close interdigitation
of side chains, forming a dehydrated “steric zipper”.

The most infectious particle
Assessments of the relative infectivity of PrPRES aggregates of various sizes indicated that the
most infectious particle per unit protein is ~300–600 kDa, or the mass equivalent of 14–24 PrP
monomers, and the smallest oligomer with cell-free PrPC converting activity is larger than a
PrP pentamer in the presence of a low concentration of SDS (13). These studies provide
evidence that as long as the infectious particles are above a certain size, presumably related to
a stability threshold of some sort, it is the concentration of particles rather than the concentration
of PrPRES molecules per se that correlates best with infectivity titer. Still, the multimeric nature
and heterogeneity of infectious PrP oligomers, as well as uncertainties about the role of other
potential molecular constituents, greatly complicates more detailed analyses of their structures
by conventional techniques of structural biology.

BIOGENESIS OF PrPRES

One of the difficulties in reconstituting prion propagation with defined molecular constituents
may be the recapitulation of the membrane microenvironment that supports PrPRES formation
in vivo. The PrPC polypeptide is first synthesized as a nascent GPI-anchored glycoprotein in
the endoplasmic reticulum (ER), subjected to glycan modifications in the Golgi apparatus, and
then transported to the cell surface (Figure 4) where it is associated primarily with cholesterol-
rich raft membrane subdomains. In the case of familial TSE-associated mutant PrPC molecules,
spontaneous folding abnormalities can occur in the endoplasmic reticulum and/or Golgi
apparatus [reviewed in (67)]. In scrapie-infected cells, the conversion of mature PrPC to
PrPRES occurs on the cell surface and/or in endosomal vesicles that are internalized from the
cell surface (68–70). In contrast to PrPC, PrPRES is resistant to detergent solubilization,
proteinase K, and phosphatidylinositol-specific phospholipase C (which cleaves the GPI
anchor). PrPRES, with the apparent assistance of cofactors, directly induces PrPC conversion
via an ill-defined templating or seeding mechanism which results in PrPC joining the PrPRES

oligomer/polymer. These apparent cofactors include sulfated glycosaminoglycan (GAG)-
containing proteoglycans (71–73) and laminin receptor and its precursor (LRP/LR) (74).
Although the mechanistic role of these accessory molecules is unclear, there is evidence that
each can interact directly with PrP molecules and might therefore i) prime PrPC

conformationally for conversion, ii) pre-organize or orient PrPC and PrPRES molecules for
efficient conversion and/or iii) help sequester PrPC and PrPRES together in the membrane
microdomain or subcellular compartment where efficient conversion occurs. Another possible
“cofactor” in conversion could be membrane surfaces, which like GAGs, can be polyanionic
and induce conformational changes in PrP molecules (see below). The importance of
membrane domain structure is indicated by the influence of alterations in raft membrane
components such as cholesterol (75), cholesterol esters (76) and sphingolipids (77) on
PrPRES formation, but the mechanism of such effects are not clear.

FIBRILLAR VS NONFIBRILLAR PrPRES DEPOSITS: INFLUENCE OF
MEMBRANE ASSOCIATION

Once PrPRES is made, it can accumulate on the cell surface, in intracellular vesicles (e.g.
lysosomes), or in extracellular deposits such as amyloid plaques (Figure 4). Amyloid plaques
are comprised of bundles of fibrillar protein aggregates with a core β-sheet secondary structure
that typically gives a cross-beta X-ray diffraction pattern and characteristic staining by Congo
red and thioflavins S and T. In most types of TSE diseases in natural hosts expressing GPI-
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anchored PrPC, amyloid plaques are uncommon or absent altogether. More typical PrPRES

deposits such as those described at the light microscopy level as granular or diffuse punctate
patterns (Figure 5) are usually associated with membranous ultrastructures that lack visible
fibrils (78). It is unclear whether these PrPRES deposits are structurally distinct from amyloids
or simply amyloid fibrils whose visualization is impaired by their small size, irregular length,
or association with membranes and/or other structures. It has been reported that amyloid fibrils
of PrPRES (scrapie-associated fibrils or prion rods) that are recovered in purified preparations
typically arise only when PrPRES is extracted from membranes with detergent (79). Since the
evidence that PrPRES can exist in a stable, biologically relevant monomeric state is tenuous,
such a result could be consistent with PrPRES existing as a small oligomer or aggregate in its
membrane-bound state and assembling into fibrils upon extraction from membranes. A
radiation inactivation target size of ~55 kDa suggests that a dimeric form of PrPRES might be
the key infectious unit in liposomes (80). On the other hand, detergent-extracted PrPRES

preparations can have regular non-fibrillar two-dimensional arrays of PrPRES trimers (45,46)
while size-based fractionations of PrPRES particles in detergents indicate that PrPC converting
activity is associated with oligomers larger than PrP pentamers (13). It is clear that PrPRES can
also exist in much larger highly stable ordered aggregates under a wide variety of conditions
both in vitro and in vivo, with amyloid fibrils and plaques being the most obvious examples
in brain tissue (Figure 5). Further study will be required to determine the nature of membrane-
bound states of PrPRES in vivo and whether they include individual PrPRES monomers or small
oligomers.

Although rare in many TSE diseases, amyloid plaques are especially prominent in humans with
familial Gerstmann-Straussler-Scheinker syndrome (GSS) and kuru, and in scrapie-infected
transgenic mice expressing only mutated PrPC that lacks a GPI-anchor and is secreted from
cells (29). In GSS patients, the abnormal PrP plaque amyloid that accumulates (PrPGSS) is
composed primarily of truncated internal PrP fragments that lack the GPI anchor. In scrapie-
infected anchorless PrP transgenic mice, PrPRES accumulates almost exclusively in prominent
extracellular amyloid plaques that assemble around brain blood vessels (Figure 5). These
perivascular plaques have close morphologic similarity to the cerebrovascular plaques of
Alzheimer’s disease, including initial fibrilization within capillary basement membranes. This
suggests that both the concentration of PrPRES multimers and extracellular matrix components
within the endothelial basement membranes are important for the conversion of diffusible
forms of PrP into fibrillar amyloid (71,73,81,82). As plaques are formed in several tissues of
the scrapie-infected anchorless PrP transgenic mice the anchorless PrPC substrate must be
capable of being secreted by a number of different cell types and diffusing to the amyloid
plaques for conversion at the growing tips of fibrils.

TSE PRION TRANSMISSION, UPTAKE AND TRANSPORT MECHANISMS
TSE prions can be naturally or experimentally transmitted to new individuals via inoculation
into several peripheral sites with subsequent and critical spread to the central nervous system
(CNS). After oral challenge, infectivity can be taken up by gut mucosa and Peyer’s patches
and then be transferred somehow to intestinal nerve endings (83–85). However, orally acquired
prion diseases do not invariably affect lymphoid tissues or the peripheral nervous system. In
such situations haematogenous neuroinvasion, most probably involving specialized capillaries
within the circumventricular organs of the brain, is a likely alternative route (86).
Haematogenous neuroinvasion can also occur following blood transfusion from infected
donors (87). With intra-tongue inoculations, transport to the CNS occurs efficiently via cranial
nerves (88). Clearly, the spread of prion infections to and within the CNS requires the transfer
of prions within and between cells.
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PrPRES uptake and acute induction of PrPC conversion
A variety of cultured cell types are capable of sustaining prion infections. Neuronal cells can
endocytose PrPRES aggregates and transport them (see Supplemental Material link in the online
version of this article or at http://www.annualreviews.org/) via acidic transport vesicles
throughout the cytoplasm and along neuritic projections to points of contact with other cells
(Figure 6) (89). Concurrently, new PrPRES formation and chronic scrapie infections can be
established (89, 90). The uptake mechanism does not appear to be specific to GPI-anchored
PrPRES because similar uptake and vesicular transport can occur with other types of amyloid
fibrils such as those composed of Alzheimer’s beta peptide or anchorless recombinant PrP.
Uptake of exogenous PrPRES can depend upon heparan sulfate-containing proteoglycans
[(72, 91), but also consider (92)] and 37/67 kDa laminin receptor (93), but not PrPC (89, 90,
92). However, cell surface PrPC expression is obviously required for new PrPRES formation
and the maintenance of scrapie infections. Presumably, contacts between incoming PrPRES and
the endogenous PrPC can begin on the cell surface, but the subcellular sites at which the
PrPC is converted to new PrPRES remain unclear. Virtually all of the PrPRES produced in
cultured N2a neuroblastoma cells is internalized and rapidly truncated at the N-terminus by
endolysosomal proteases (69). Evidence for similar events can be found in scrapie brain and
lymphoid tissues (94). However, much of the PrPRES is only visualized in vivo at the cell
membrane where it usually remains full-length, suggesting that it may be formed and initially
accumulated on the cell surface without being endocytosed and exposed to intracellular
proteases.

Although isolated detergent-extracted PrPRES can instigate PrPC conversion and chronic
infection in neuroblastoma cells, PrPRES that is still associated with membranous vesicles is
much more efficient at doing so per unit of PrPRES (90,95). Cell-free conversion reactions have
shown that when PrPC is GPI-anchored to membranes, PrPRES can much more readily induce
PrPC conversion when the two isoforms are attached to the same membrane (96,97). On the
other hand, if the GPI-anchor of PrPC is cleaved by a phospholipase, then it is free to be
converted by PrPRES in a separate membrane. Interestingly, PrPC need not be fully dissociated
from its membrane to be converted by PrPRES on a separate membrane. For example, GPI-
anchorless PrPC can bind to certain membranes with the help of residues 34-94 in the flexible
N-terminal domain and, in this configuration, can be converted by PrPRES on separate
membrane vesicles (96). Altogether, these findings support the view that the GPI-anchoring
of PrPC to membranes constrains its interactions with PrPRES such that conversion is only
efficient when PrPRES is anchored in cis to the same membrane. However, in apparent
contradiction to this conclusion are studies showing that TSE infectivity tightly bound to steel
surfaces can readily induce infections in vivo (98). At present, it is not clear how to reconcile
these observations unless cells can extract PrPRES/infectivity from the wires. Another
possibility is that a distinct orientation of steel-bound PrPRES, perhaps with exposed GPI
anchors, allows it to induce the conversion of membrane-bound PrPC without dissociating from
the steel.

CELL-TO-CELL SPREAD OF TSE PRIONS
Once an individual cell is propagating prions, a central unresolved issue is how the infection
then spreads to other cells. Cell proximity appears to be important for efficient spread in cell
culture (99). The greater apparent specific infectivity of infectivity associated with membrane-
bound PrPRES (95), as well as the greater efficiency of conversion when GPI-anchored PrPC

and PrPRES are inserted into the same membranes (96,97), led us to propose that the cell-to-
cell spread of infection might occur primarily via transfer of PrPRES-containing membrane
microparticles (Figure 7) (97). Fusion of such particles into recipient cells could insert
PrPRES into the plasma membrane in a topology compatible with conversion of GPI anchored
PrPC molecules.
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Exosomes
Consistent with this idea are observations that PrPC, PrPRES, and scrapie infectivity can be
released from cultured scrapie-infected cells in association with small (50–90 nm) vesicles
called exosomes (100). Exosomes are assembled in cytoplasmic organelles known as
multivesicular bodies and secreted via exocytosis (Figure 7). Released exosomes can then fuse
with other cells and deliver their cargos. Appropriately, the topology of exosomes is such that
exofacial membrane proteins such as PrPRES would maintain an exofacial topology upon fusion
with the plasmalemma of a new cell. Both non-neuronal and neuronal prion-infected cell lines
can release exosomes that are infectious for mice, supporting the concept that exosomes may
be a significant mechanism for the spread of these infections in vivo (100,101). However,
extensive efforts have failed so far to visualize exosomes in brain tissue (78). Exosomes can
be found in germinal centers of lymphoid tissues, where they derive from B cells and not
follicular dendritic cells, the cell type which putatively amplifies infectivity. In scrapie infected
follicles, B cell-derived exosomes lack demonstrable abnormal PrP (102).

Tunneling nanotubes
Another potential spreading mechanism is the transfer of membrane-associated PrPRES

between cells via recently-described entities called tunneling nanotubes (89,103,104).
Tunneling nanotubes are thin membranous bridges that can form between cells and mediate
the transfer of organelles, plasma membrane components (including GPI-anchored proteins),
cytoplasmic molecules, and pathogens (Figure 7) (105). Interestingly, tunneling nanotubes can
transport vesicles that, like those responsible for neuritic transport of PrPRES (89), are small,
acidic and of endosomal/lysosomal origin. Although their existence remains to be documented
in vivo, tunneling nanotubes have been observed in a variety of cultured cell types (105). For
example, murine retroviruses are known to exploit tunneling nanotube-like cell bridges to
spread between cells. These viruses can induce the outgrowth of filapodia from uninfected
cells to virus-infected cells and then migrate along the bridge back to the target cell. It is notable
that murine retroviruses are also known to enhance the release of scrapie prions into the medium
of cultured cells (106). In the latter study, the prions were found in exosome-like structures;
however, it is possible that vesicular structures can also be derived from the shearing of
tunneling nanotubes.

PrP-MEMBRANE ASSOCIATION AND PATHOGENESIS
The usual proximity between PrP molecules and cellular membranes raises the issue of the
influence of these interactions in the neurodegenerative pathology of TSE diseases. The
anchorless PrP transgenic mouse model provides striking evidence that, although the lack of
GPI-anchored PrP does not prevent PrPRES and prion accumulation, it profoundly alters the
manifestations of scrapie infections (29). Indeed, most of the typical clinical and
neuropathogical characteristics of scrapie are either absent or greatly reduced in these mice
despite the accumulation of brain PrPRES to levels comparable to those in scrapie-infected
wild-type mice. This reduced brain damage could be due either to a need for anchored PrPC

on brain cells for toxicity induced by PrPRES and/or to a lower pathogenicity of PrPRES amyloid
plaques compared to the more dispersed, amorphous, and membrane-associated PrPRES

deposits seen in most other TSE/prion diseases. This latter situation would be consistent with
the emerging view that in other protein misfolding diseases such as Alzheimer’s disease, it is
not amyloid plaques, but smaller misfolded protein oligomers that are the most neuropathologic
(107,108). It is likely that potentially toxic protein aggregates are relatively benign when
deposited in the extracellular space as plaques with relatively low surface area-to-mass ratios.
Moreover, microglia tend to surround amyloid plaques and may seal them off from exposure
to the rest of the brain tissue while attempting to degrade them [eg., (109,110)]. This is not to
say that PrPRES amyloid deposits are innocuous, because they clearly can be associated with
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severe pathogenic lesions and clinical disease. However, these pathogenic effects are different
and appear to be slower to result in clinical deficits than those associated with diffuse types of
PrPRES deposits [(29) and B. Chesebro, personal communication].

In TSE-infected wild-type hosts expressing GPI-anchored PrPC, a number of ultrastructural
neuropathological lesions of neuronal and/or astrocyte membranes are considered
pathognomonic. These include membrane proliferation and microfolding, highly abnormal
coated pits, tubulovesicular bodies, and spiral membrane inclusions of axons (111). Other
findings that are typical, but not specific for TSEs, include vacuolation, gliosis, degenerate
processes, dystrophic axons, autophagic vacuoles, clumped synaptic vesicles, and neuronal
death. TSE-associated pathology often involves membrane distortions in proximity to the
accumulation of what has been aptly described as disease-associated PrP (PrPd) because it can
be labeled specifically in histological sections of infected hosts without determination of the
various biochemical properties that are usually used to identify PrPRES. PrPd accumulation
corresponds ultrastructurally with abnormal endocytosis, increased endo-lysosomes, and both
finger-like extensions and invaginations (i.e., microfolding) of plasma membranes (Figure 8)
(78). Extracellular accumulations of PrPd are also observed, as well as suggestions of inter-
cellular transfer of PrPd between neurons and/or glia. PrPd can appear to fill the narrow gap
(~10 nm) between the closely opposed plasmalemmas (Figure 8A). Some aberrant membrane
structures, notably tubulovesicular structures, appear to lack PrPd (78). Tubulovesicular bodies
are small (20–35 nm), irregular spherical or short tubular structures that are packed into
dendrites and occasionally axon terminals (112,113). Tubovesicular body clusters have some
resemblance to multivesicular bodies but differ in their smaller size, lack of a limiting
membrane, and absence of PrPd which suggests that they are not the same as the PrPRES-
containing exosomes that may mediate transfer of infectivity between cultured cells.

How might membrane-associated PrPRES be neurotoxic?
The importance of GPI-anchoring of PrP molecules in TSE pathogenesis is likely connected
mechanistically to the distortions of cellular membranes and membrane trafficking associated
with TSE disease. When PrPC is anchored to membranes by a GPI (or GPI-like) moiety, it
typically assumes the α-helical conformation of native soluble PrPC (114,115), unless its
concentration is raised above a threshold level (116). In the latter situation, fully glycosylated,
GPI-anchored PrPC can oligomerize into a form with higher β-sheet content in raft-like
membranes, but it is not clear whether the polypeptides penetrate the lipid bilayer. In the
absence of GPI-anchors, full-length PrPC and PrP90-231 can bind to lipid membranes and
undergo major changes in conformation, protease-resistance and aggregation state (96,117–
122). In doing so, such PrP molecules can disrupt the lipid bilayer (120,122) and, in the case
of the GSS-associated mutant PrP fragment 82–146, form channels (118). Moreover, oligomers
of full length anchorless PrP can be neurotoxic when added to culture media or inoculated into
the brain (123). When anchorless PrP is artificially expressed in the cytoplasm rather than in
the secretory pathway, its interactions with membranes correlates with cytotoxicity (119).
Despite these multiple observations of seemingly unhealthy interactions between anchorless
PrP molecules and membranes, the fact remains that transgenic mice that express anchorless
PrP are normally healthy and, when infected with scrapie, have neuropathological
manifestations that are quite different from those of wild-type mice. This again highlights the
GPI anchor as a key arbiter in TSE pathogenesis in vivo.

Given that PrPRES tends to be oligomeric, membrane-associated, and difficult for cells to
degrade, it is possible that the mere accumulation of PrPRES aggregates on membranes
compromises fundamental membrane functions. Because most PrPRES molecules have GPI
moieties (124), the GPI anchoring of PrPRES oligomers to membranes should be multivalent.
Multivalent membrane interactions should limit the quaternary interactions between PrPRES
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molecules within the plane of the membrane and may promote sheet-like lateral structures
(125) compatible with the 2-D PrPRES crystals visualized by Wille et al. (45). On the other
hand, whole-cell atomic force microscopy suggests that fibrillar PrPRES aggregates might be
present on the surface of scrapie-infected cells in culture (126).

Whatever the preferred PrPRES quaternary structure(s), it is likely that the accumulation of any
relatively large PrPRES aggregate that is multiply anchored to membranes could distort its local
structure, composition, flexibility, fluidity, dynamics, integrity and, hence, functionality. The
presence of PrPd in abnormal spiral clefts at the cell surface and in endosome-derived
subcellular structures points to aberrant attempts by cells to internalize membranes containing
PrPd aggregates (Figure 8). Membranes containing intense PrPd accumulation can also be
unusually linear and close to short extracellular fibrils (Figure 8E). This suggests that PrPd

accumulation might impart an increased rigidity to membranes which could affect PrPd

internalization and degradation as well as normal endocytic processes. PrPd often appears to
be associated with ubiquitin and clathrin on opposite sides of lipid bilayers of spiral clefts and
internalized coated membranous structures (78). Thus ubiquitin tagging and the membrane-
inverting forces of clathrin could play roles in the generation of these distorted structures. The
packing of PrPd between closely opposed membranes of adjacent cells (Figure 8A) and into
narrow spiral clefts (78) also suggests that PrPd, alone or in conjunction with other molecules,
may cause abnormal adhesion between membrane surfaces.

A pathological role for GPI-anchored PrPC on neurons?
Following infection, transgenic PrP knockout mice that lack PrP altogether (127) or turn off
PrPC expression in adulthood (128) do not exhibit the symptoms of TSE disease. Thus, although
other recent data suggest that some aspects of neurological disease associated with inherited
PrP mutations might be due to deficits in the apparent neuroprotective activities of PrPC

(129), TSE pathogenesis does not appear to be due simply to a loss of PrPC function. On the
contrary, there is evidence that clinical disease may require the presence of PrPC as well as
PrPRES. For instance, wild-type brain tissue grafts in scrapie-infected PrP knockout mice
produce PrPRES that does not cause neuropathology in surrounding tissue that lacks PrPC

(130). Moreover, Mallucci and colleagues have shown that cessation of PrPC expression in the
neurons of adult scrapie-infected transgenic mice reverses spongiosis and delays clinical
disease long term without stopping further accumulation of PrPRES produced in other cell types
(131). In addition, transgenic mice expressing PrPC exclusively in neurons are susceptible to
scrapie (132). These results suggest that neuronal PrPC expression is needed to mediate most
PrPRES-induced neuropathogenesis. However, this is not always true because Raeber and
colleagues have shown that TSE disease can develop in scrapie-infected transgenic mice that
express PrPC only in astrocytes and not to any detectable extent in neurons (133). The reason
for the apparent discrepancy between the Mallucci and Raeber results is not clear but could
relate to differences in the strain and species of prion, the sequence of expressed PrPC, and/or
the levels of PrPC expression in the respective transgenic mouse models.

Direct and indirect mechanisms of PrPRES neurotoxicity
Collectively, these studies leave open the possibilities of both direct and indirect mechanisms
of PrPRES neurotoxicity, which may vary in importance between various TSE disease models
or neuroanatomical sites within hosts. Direct PrPRES toxicity might be mediated by the
membrane disturbances described above, which could have profound effects on processes such
as neuronal homeostasis, intercellular contacts, synaptogenesis, synaptic functions, and axonal
transport. Indirect effects of PrPRES could be mediated by perturbations of glial functions that
in turn cause neuronal lesions (112,134,135). Alternatively PrPRES could corrupt, rather than
knock out, PrPC function (136). Transgenic mice expressing various mutant PrPC molecules
have revealed that perturbations of PrPC structure, expression level or functions alone can cause

Caughey et al. Page 10

Annu Rev Biochem. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neurological disease, even without TSE infection [reviewed in (136)]. It follows then that the
accumulation of PrPRES might cause disease by altering the metabolism or activities of PrPC.
To decipher these possibilities it would be helpful to understand the physiological function of
PrPC, but this remains elusive (104,137). Nonetheless, a number of studies have provided
evidence that PrPC has cytoprotective, anti-apoptotic activities against various cellular stresses
[reviewed in (104,136,137)]. At the same time, injections of PrP antibodies into the brain can
lead to neuronal apoptosis providing evidence that PrPC crosslinking or interference with
PrPC-ligand binding can have adverse consequences (138). Thus, it is possible that contact
between PrPRES and PrPC could have similar effects in TSE-infected individuals. It has been
proposed that PrPC interacts with a physiological ligand in two sites and that disruption of one
of those interactions can elicit cell death (139). Still another possibility is that an intermediate
or byproduct of PrPRES formation is more neurotoxic than mature PrPRES itself. This scenario
could account for the enhanced neuropathogenesis observed in scrapie-infected hosts
expressing GPI-anchored PrPC in neurons.

Interestingly, small amounts of PrPRES have been detected in the cytosol and can inhibit the
ubiquitin-proteosome system, with oligomeric aggregation intermediates being the most
inhibitory in this system (140). At this point, it is unclear which of these direct and indirect
mechanisms of PrPRES-associated neuropathogenesis, or some combination thereof, is most
important in TSE diseases. It seems unlikely that a single discrete mechanism is at play in all
TSE diseases, given their phenotypic diversity.

STRETCHING THE REALM OF PRIONS
Since Prusiner’s coining of the term prion and Wickner’s expansion of the prion concept to
fungal epigenetics, a number of biological phenomena have been described as prions or prion-
like. These include both functional [reviewed in (141,142)] and disease-associated amyloids
in a variety of organisms. The prions of Saccharomyces cerevisiae and other fungi have become
the best characterized both genetically and biochemically [reviewed in (143)]. The [URE3],
[PSI+], [PIN+] and [Het-s] prions are amyloid forms of normally soluble proteins, Ure2p,
Sup35p, Rnq1p and HETs, respectively. The prion forms of Ure2p and Sup35p are inactive
and result in loss-of-function phenotypes for the cell. Rnq1p amyloid primes yeast for [PSI+]
formation (144), but the function of soluble Rnq1p is unknown. The HETs protein function is
also unknown but its amyloid (prion) form is active in mediating heterokaryon incompatibility
in Podospora anserina (145). Thus, unlike most prions, the [Het-s] prion may play a positive
physiological role in the host organism. Wickner and Roberts have also reported evidence for
a novel non-amyloid prion of S. cerevisiae, [β], which takes the form of a self-activating
vacuolar protease B that is necessary for meiosis and aids survival in the stationary phase of
the cell cycle. Even a self-activating protein regulatory network, as opposed to an altered form
of an individual protein, has been shown to share many properties with fungal prions. In this
case, a self-activating MAP kinase cascade appears to be responsible for a non-Mendelian
hereditary unit called [C] which is responsible for inheritance, and possibly the cell-to-cell
spread, of the crippled growth phenotype in P. anserina (146).

Whether in fungi or mammals, the ability of amyloids to nucleate or seed their own growth
gives them self-propagating activity that is at least partly analogous to that of prions. Indeed,
some experimental amyloidoses in mammals have shown evidence of being transmissible in
the sense that amyloid taken from an amyloidotic individual can sometimes greatly accelerate
amyloidosis in another individual. However, it is important to emphasize that such
“transmissions” have only been shown under unnatural, experimental conditions in which the
recipient animal is highly primed for susceptibility to amyloidosis and would be expected to
develop amyloidosis spontaneously given time.
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AA amyloidosis
One prototypic example of an apparently transmissible amyloid disease is AA amyloidosis, a
malady of humans and animals involving the widespread accumulation of serum amyloid A
(AA) protein amyloid, especially in the kidney, liver and spleen. Most cases of AA amyloidosis
in mammals appear to occur spontaneously due to chronic inflammation or genetic peculiarities
that elevate blood levels of AA and predispose the organism to AA amyloid formation.
However, it has long been known that inoculation of extracts of material from amyloidotic
mice (a.k.a., amyloid enhancing factor) into other mice can rapidly induce amyloidosis as long
as the recipients are themselves strongly primed for amyloidosis by proinflammatory
treatments such as silver nitrate injections (147). Evidence now points to aggregated AA as
amyloid enhancing factor (148). As with the synthetic prion experiments discussed above
(19), these experiments raise the question of whether the amyloid inoculum initiates disease,
as is clearly the case with legitimate TSE prions, or merely enhances an ongoing pathogenic
process.

AA amyloidosis is wreaking havoc in the captive cheetah population, complicating efforts to
rescue this endangered species from extinction (149,150). Amyloidotic cheetahs shed AA
amyloid in the feces, and this fecal amyloid can accelerate AA amyloidosis when injected
intravenously into silver nitrate-primed mice (151). Given that murine AA amyloid can
accelerate amyloidosis in mice when administered orally, these results suggest a plausible
fecal-oral route for the natural transmission of AA amyloidosis in cheetahs. More study will
be required to demonstrate the actuality of such a transmission cycle. If proven to be true,
cheetah AA amyloidosis might become the first known naturally transmissible, non-PrP prion
in mammals. Even so, the question of whether the transmitted amyloid initiates or enhances
amyloidosis in naïve cheetahs will remain. Moreover, one striking characteristic of captive
cheetahs relative to those in the wild is their chronic inflammation and high blood AA levels
(150). These factors could make them susceptible to spontaneous amyloidosis, as is the case
with silver nitrate-treated mice. If so, then the high incidence of amyloidosis in captive cheetahs
might be due to spontaneous disease rather than infections with amyloid from other animals.

Apolipoprotein AII (ApoAII) amyloidosis
ApoAII is an amyloidogenic protein that causes mouse senile amyloidosis and a hereditary
human disease due to a mutation in the APOA2 gene. Like experimental AA amyloidosis,
mouse senile amyloidosis affects visceral organs and can be stimulated by the experimental
administration of exogenous amyloid via the gastrointestinal tract, possibly after consumption
of ApoAII amyloid in the feces of amyloidotic cagemates (152). ApoAII amyloid accumulation
also occurs spontaneously in aged mice, raising the possibility that inoculated ApoAII amyloid
merely accelerates systemic amyloidosis.

Aβ amyloidoses
In Alzheimer’s disease (AD), cerebral Aβ angiopathy, and, to some extent, in many aged
humans who are cognitively normal, Aβ, a small proteolytic fragment of the Aβ precursor
protein (βAPP), accumulates in amyloid deposits in the brain. Whether the amyloid form of
Aβ is the primary pathogenic entity in AD remains a matter of debate, with recent evidence
leaning toward smaller sub-amyloid Aβ oligomers being more neurotoxic (107,108). Although
there is no evidence that AD per se is transmissible, studies in transgenic mouse models of AD
have suggested that Aβ amyloidosis can be stimulated by intracerebral injections of brain
extracts from AD patients or amyloidotic βAPP transgenic mice (153). Once again, as was the
case with the AA and ApoAII amyloidosis inoculation studies noted above, it is unclear whether
the Aβ amyloid caused amyloidosis or merely accelerated an ongoing pathogenic process
because the transgenic recipients ultimately develop deposits spontaneously without
inoculation exogenous of the Aβ amyloid extracts. Another major unresolved issue, when
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comparing this amyloid-inducing activity with a TSE prion disease, is the extent to which the
induced Aβ-amyloidotic lesions can spread from localized sites of seeding by the inoculum to
other sites within the host.

CPEB
Another protein that has been described as having prion-like properties is cytoplasmic
polyadenylation element binding protein (CPEB) (154). The behavior of ectopically expressed
neuronal CPEB or its N-terminal domain in yeast led Si and coworkers to propose that distinct
CPEB states in neurons might serve as a mechanism for stabilizing plastic changes in synapses.
In their model, a self-perpetuating aggregated state of CPEB is induced in activated synapses,
altering local mRNA translation and helping to sustain long term facilitation. Although this is
an intriguing potential mechanism for synaptic regulation, it would be difficult to consider it
a prion-like phenomenon in neurons because of the lack of CPEB-mediated transmission of
the phenotypic change to other cells and organisms.

Amyloid spreading mechanisms?
Consideration of the above examples of prion or prion-like entities raises the key issue of
spreading mechanisms. It is now commonplace to find proteins that can exist in two or more
states with at least one of those states being able to perpetuate itself via self-seeding or
autocatalytic activity. Indeed, most proteins are predicted to be capable of forming amyloids
under certain conditions (142). As noted above, the ability of a self-perpetuating protein state
to spread between cells and organisms is a hallmark of prions. In yeast and at least some other
fungi, the spread of cytoplasmic prions can occur through cytoplasmic exchange or transfer
during cell division, mating (in which cells fuse), or cytoduction (a largely experimental
abortive mating procedure in which cytoplasmic mixing occurs while nuclear fusion is
blocked). In mammals, horizontal prion spreading mechanisms would tend to be much more
complex, involving host-to-host transfers through the environment and tissue barriers, and cell-
to-cell transfers without overt cytoplasmic mixing. With most mammalian cells, mechanisms
for the horizontal exchange of cytoplasmic molecules larger than 1 kDa are not readily
apparent, except perhaps in some cases for exosomes and tunneling nanotubes as described
above. The apparent lack of such mechanisms would seem to reduce the likelihood of finding
purely cytoplasmic prions in mammals.

As noted above, many mammalian diseases lead to the accumulation of extracellular, rather
than cytoplasmic, amyloid which might more readily migrate between cells to spread within
tissues and hosts. With inducible systemic amyloidoses, such as AA and ApoAII amyloidoses,
hematogenous spread appears to occur. Blood-borne amyloid is particularly capable of
penetrating some tissues via fenestrated capillaries, which allow passage of large molecules
such as proteins (155). On the other hand, access of such blood-borne amyloids to the central
nervous system is severely limited. Furthermore, it is not yet clear whether extracellular
amyloids, such as Aβ amyloid, that are produced within the brain are capable of spreading
effectively from their sites of initial deposition to other regions. If it turns out to be true that
various brain amyloids have little capacity to propagate throughout the central nervous system,
or to invade the CNS from peripheral tissues, then the hazards of localized amyloid inoculations
will likely be small. However, if amyloids can propagate throughout the CNS like TSE prions,
then there might be real reason to fear the possibility of amyloid infections. For the time being
it appears that, relative to other self-propagating protein aggregates, TSE prions are unusually
adept at spreading between and within mammalian hosts by practical routes. TSEs are also the
only prion diseases known to involve a protein that is normally GPI anchored, a feature that
accounts at least in part for the unique biology and neurovirulence of these devastating
transmissible diseases.
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KEY TERMS/DEFINITIONS
1. prion: an infectious protein or self-propagating protein-based element of epigenetic

inheritance with the capacity to spread between hosts

2. protein misfolding disease: disease associated with the deposition of a misfolded
host protein

3. amyloid: protein fibrils exhibiting a cross β-core structure and specific staining
characteristics with diagnostic dyes (thioflavins S and T, Congo red)

4. protofilament: fibrillar protein polymers that form amyloid fibrils by lateral
association

SUMMARY LIST
1. Cell-free propagation of TSE prions has effectively ruled out the need for an

exogenous, pathogen-encoding nucleic acid, but polyanions such as poly A RNA, can
play an important role in prion replication.

2. The 3D structure of TSE prions remains largely a mystery, but recent technical
advances have greatly enhanced the understanding of the molecular architecture of
yeast prions and other amyloid fibrils.

3. The ability to propagate within and between hosts is a key characteristic of prions
which distinguishes them from other autocatalytic protein states.

4. The GPI anchor distinguishes prion protein from other amyloidogenic proteins and
has strong influences on TSE pathogenesis.

5. TSE pathogenesis involves major membrane disturbances in the brain, which may in
part be mediated by the accumulation of abnormal GPI-anchored PrP molecules.

6. Several non-PrP-based mammalian amyloidoses appear to be transmissible under
experimental conditions. Further studies will be required to determine if transmission
of such amyloids between hosts under practical circumstances poses a risk to humans
or animal health.

FUTURE ISSUES
1. Complete molecular composition of TSE prions and basis for poor infectivity of

amyloid fibrils derived from recombinant PrPC

2. 3D structures of prions and their different strains

3. Neurotoxic entities in TSE diseases and other protein misfolding diseases

4. Critical neuropathogenic pathways in TSE diseases

5. In vivo mechanism(s) of cell-to-cell spread of TSE prions

6. Natural spreading capacities of disease-associated non-PrP amyloids and amyloid-
like protein aggregates: Do they pose risks of infection?

7. Effective diagnostic tests and therapies for TSE diseases

8. How widespread and diverse are prions in biology?

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS/ACRONYMS

PrPC normal cellular isoform of the prion protein (PrP)

PrPRES abnormal, partially protease-resistant, prion disease-associated isoform of
PrP; largely synonymous with PrPSc

PMCA protein misfolding cyclic amplification

rPrP-PMCA recombinant PrP PMCA

QuIC quaking-induced conversion; an rPrP-PMCA-like reaction that is shaken
rather than sonicated

PrPd disease-specific isoform of PrP detected by immunological staining of tissues
without implying any other biochemical or infectious properties

TSE transmissible spongiform encephalopathy

GPI glycophosphatidylinositol

PK proteinase K
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Figure 1.
Seeded PrP polymerization mechanisms. In the non-catalytic model, the conformational
interchange between the PrPC and PrPRES conformations is rapid, but the PrPRES conformer
is poorly populated unless stabilized by binding to an existing PrPRES multimer. In the
autocatalytic model, the conformational conversion of PrPC to PrPRES is rare unless catalyzed
by contact with an existing PrPRES multimer.
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Figure 2.
Models of TSE prion amplification by PMCA. A. PMCA flow chart based on (3,4). B. Seeded
polymerization model for PrPRES formation with the aid of a polyanion (e.g. polyA RNA)
(4). Adapted from (156).
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Figure 3.
Ultrastructures and models of PrPRES fibrils. A. Negative-stained transmission electron
micrographs of proteinase K-treated wild-type or GPI-anchorless PrPRES amyloid fibrils
(34). B. Electron micrographs and crystallographically refined images of hexagonal 2D crystals
and of proteinase K-treated PrPRES. On the left, the 2D crystals are shown together with fibrils.
Adapted from (45). C. Top-down view of PrPRES trimers according to the spiral (47,48) and
β-helix (46) models. Glycans (aqua), α-helices (blue) and β-strands (green) are highlighted.
Adapted from (48). D. Parallel, in-register β-sheet model of synthetic fibrils of human PrP
residues 120-231. Adapted from (50).
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Figure 4.
Model of biogenesis and accumulation of PrPRES in scrapie-infected cells. As a GPI-anchored
plasma membrane glycoprotein (upper right), PrPC is first synthesized in the endoplasmic
reticulum (ER), processed in the Golgi apparatus, and transported to the cell surface (bottom).
PrPRES, together with apparent cofactors, directly induces the conversion of GPI-anchored
PrPC on the cell surface and/or in endosomes. PrPC that is released from the cell may be
converted on extracellular deposits such as amyloid fibrils. Once PrPRES is made, it can
accumulate on the cell surface, in intracellular vesicles (e.g. lysosomes) and aggresomes, or in
extracellular deposits. Under conditions of mild proteasome inhibition, cytotoxic cytoplasmic
PrP aggregates (e.g., aggresomes) can be found (157,158). Scrapie infection alone can inhibit
proteasomes, apparently due to the presence of cytoplasmic PrP oligomers (140).
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Figure 5.
Different patterns of PrPRES deposition in brain tissue of scrapie-infected mice expressing
wildtype (top) versus anchorless PrPC (bottom) (29). The sections shown are from the
hippocampus in the vicinity of the dentate gyrus. The photos are courtesy of Dr. Bruce
Chesebro, Rocky Mountain Laboratories.
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Figure 6.
Neuritic transport of PrPRES during acute infection. SN56 mouse neuroblastoma cells were
treated with Alexa Fluor 568-labeled mouse PrPRES and imaged at 4 d post-infection. Arrows
(left panel) indicate examples of fluorescent PrPRES particles transported within neuritic
processes that contact other neurites and cells (89). Left panel shows Alexa Fluor 568
fluorescence. Right panel shows Alexa Fluor 568 fluorescence superimposed on a differential
interference contrast image.
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Figure 7.
Potential mechanisms of intercellular spread of prions. A) Exosomes/membrane
microparticles. Prion-infected cells release PrPRES-containing membrane vesicles that deliver
PrPRES (red squares) to membranes of uninfected cells to initiate new PrPRES formation (blue
squares) in recipient cells (95–97). These include exosomes, vesicles generated by invagination
of the limiting membranes of multivesicular bodies (MVBs) and released by MVB fusion with
the plasma membrane (100). Delivery of membrane vesicles could occur at the cell surface
(not shown) or in an endocytic compartment. B) Tunneling nanotubes (TNTs). TNTs are
visualized as thin intercellular projections (Top view, Merged, arrow) through space (see Side
view, Merged) in a co-culture of two cell lines expressing either a GPI-anchored protein tagged
with GFP (green) or one tagged with mCherry (magenta) fluorescent protein. The arrowhead
(Top view, Merged, white area) shows a TNT that has facilitated the transfer of GFP-tagged
protein onto the surface of the mCherry-expressing cell. Side view (Merged) corresponds to a
side view of a 3D volume rendering of the area indicated by the dotted rectangle in Top view
(Merged). DIC, differential interference contrast image.
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Figure 8.
Abnormal PrP (PrPd) accumulation and membrane distortions on the surface of neurons and
astrocytes in scrapie-infected sheep brain tissue. PrPd is labeled with immunogold particles.
A. PrPd on the plasma membrane of a neuron without morphological changes. B. Complex
dendrite membrane disturbances (microfolding-asterisks) associated with the formation of
abnormal pits (not immunolabeled). C. PrPd accumulation associated with the formation of
excess coated pits (arrows) and with the transfer to membranes of adjacent processes (arrow
heads). D. coated membrane invaginations, one of which shows a spiral, twisted neck (not
immunolabeled). E. PrPd on the plasma membrane of astrocytic processes containing abundant
glial filaments. Parts of the plasmalemma of some processes have linear segments (arrowheads)
suggesting increased membrane rigidity and incipient fibril formation. Adapted from (78).
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