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Abstract Prion diseases, often called transmissible spongiform
encephalopathies (TSESs), are infectious diseases that accompany
neurological dysfunctions in many mammalian hosts. Prion
diseases include Creutzfeldt-Jakob disease (CID) in humans,
bovine spongiform encephalopathy (BSE, “mad cow disease”)
in cattle, scrapie in sheep, and chronic wasting disease
(CWD) in deer and elks. The cause of these fatal diseases is a
proteinaceous pathogen termed prion that lacks functional
nucleic acids. As demonstrated in the BSE outbreak and its
transmission to humans, the onset of disease is not limited to a
certain species but can be transmissible from one host species
to another. Such a striking nature of prions has generated huge
concerns in public health and attracted serious attention in the
scientific communities. To date, the potential transmission of prions
to humans via foodborne infection and iatrogenic routes has
not been alleviated. Rather, the possible transmission of
human to human or cervids to human aggravates the terrifying
situation across the globe. In this review, basic features about
prion diseases including clinical and pathological characteristics,
etiology, and transmission of diseases are described. Based on
recently accumulated evidences, the molecular and biochemical
aspects of prions, with an emphasis on the molecular interactions
involved in prion conversion that is critical during prion
replication and pathogenesis, are also addressed.
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Prion diseases are perhaps the most mysterious and
peculiar diseases in nature. These diseases do not rely on
the general dogmas of modern biology, seen in other
infectious diseases caused by conventional pathogens
such as viruses and bacteria. However, after all of the
controversial debates, the idea that an infectious agent
devoid of genetic material could replicate, the protein-only
hypothesis [ 76], has become the most widely accepted paradigm
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for prion propagation and represents a novel pathophysiological
phenomenon. Search for convincing evidence supporting
an infectious agent other than prions has failed, but
generation of infectious artificial (synthetic) prions [55]
ultimately provides evidence for the protein-only hypothesis.

Kuru, a prion disease of the Fore people in Papua New
Guinea who practiced ritualistic cannibalism, and CID, a
classical human prion disease, were first described several
decades ago [20, 43, 50]. Scrapie, a prototypic prion disease
found in sheep, has been clinically recognized for centuries
[9]. However, none has driven global devastation until
BSE, a prion disease in cattle, emerged in the United
Kingdom [103] and spread to other European countries.
Subsequently, BSE has been reported to occur in 25
countries worldwide and spread to non-European countries
including Canada, the United States, and Japan (Office
International des Epizooties, http://www.oie.int/eng/info/
en_esb.htm).

A massive BSE outbreak in the 1980s and 1990s
resulted in huge economic, social, and political trouble.
During this period in the United Kingdom, BSE was found
in hundreds of thousands of cattle yearly, driving economic
damage to astronomical figures. In the mid-1990s, subsequent
to the summit of the BSE outbreak, the transmission of
BSE to humans who consumed contaminated food further
exacerbated the panicky situation in Europe and beyond. It
became evident that BSE had crossed the species barrier
and created a new variety of human prion disease called
variant CJD (vCID) [106]. BSE~contaminated food for animals
also caused feline spongiform encephalopathy (FSE) in
both domestic and large captive cats, as well as exotic
ungulate encephalopathy (EUE) in a number of ungulate
species in zoos [104]. These have led to bans on the import
and export of beef and bovine products, which have
frequently and continuously resulted in conflicts on trading
until today.

Concerns about the prevalence of prion disease all over
the globe are not limited to the matters with BSE and its
transmission to other species. Prions from other sources, in
particular, cervids with CWD, might pose a similar risk to
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humans (4]. Independent of BSE, CWD is widespread
among free-ranging and captive deer and elk populations
in North America and is also found in elk in Korea
imported from Canada [96, 107]. Although the etiology and
transmission mode are not known, CWD transmits laterally
at a highly efficient rate that has never been observed in
any other prion diseases. Although there is no compelling
evidence to suggest that CWD transmits to humans the
ease of lateral transmission of CWD has led to concerns of
episode similar to the British BSE outbreak.

The catastrophic event does not always begin with
prion diseases of animals. Besides the genetic and sporadic
CJD (sCID) cases, CJD transmitted via iatrogenic routes
in humans threatens public health. Hundreds of patients
have been infected by CJD during surgical procedures
using prion-contaminated instruments, organ and tissue
transplantations, therapies using hormones, and vaccination
[105]. More recently, a few cases of CJD transmission via
blood transfusion have been reported [58, 72]. These alerting
reports raised another layer of concern about human public
health because blood was believed to be an inefficient
reservoir for prion transmission, and thus prion contamination
of blood supply had never been suspected.

Little is known about prion diseases despite the terrifying
facts. These fatal neurodegenerative diseases have no
reliable preclinical screening tests and effective treatments,
To comprehend the threat of prion diseases and to develop
diagnostics and therapeutics, it is absolutely required to
understand about the basics as well as details of diseases.
Specifically, it is important to understand how prions
emerge, replicate, and transmit. The most fundamental
questions behind the etiology, replication, and transmission
of prions are how normal prion proteins become the
disease-associated isoforms and what the consequences of
this event are during prion pathogenesis. This review deals with
those questions and discusses the molecular mechanisms
of the conformational conversion of prion proteins (PrP)
and the role of cellular factors in the process.

PRrRIONS

Prions, proteinaceous particles devoid of genetic material,
are the infectious pathogens that cause prion diseases [77].
Unlike other infectious agents, prion is unusually resistant
to the many chemical and physical treatments commonly used
to inactivate other conventional pathogens such as bacteria,
fungi, and viruses [77]. Despite intensive treatments of the
infected tissue homogenates with UV radiation, heat, and
nucleases that damage nucleic acids, the infectivity of the
prion agents was not reduced [2, 36, 76]. Recently, a
synthetic prion driven from recombinant PrP was shown to
be infectious when challenged in laboratory transgenic
animals [55].

Table 1. Mammalian orthology and chromosomal location of
the PrP gene®.

Species Locus symbol Chromosome
Human PRNP 20p12.17
Chimpanzee PRNP 20

Cattle PRNP 13q17
Sheep PRNP 13q17-18°
Goat PRNP 13ql5
River buffalo PRNP 14q15
Silver fox PRNP 14

Cat PRNP A3

Dog PRNP 24

Mink PRNP 11

Rabbit (European) PRN-P NR

Rat Prnp 3g36
Chinese hamster PRNP NR

Syrian hamster PRN-P NR

Mouse prnp 2(75.2 cM)

*The data were retrieved on March 2007 from the Mouse Genome
Database, Mouse Genome Informatics, The Jackson Laboratory, Bar
Harbor, Maine (http://www.informatics.jax.org).

*The position of the PRNP locus of sheep was assigned to chromosome
13ql15, 13q1.7 or chromosome 10 in other studies and databases.

NR: not reviewed.

Prion Proteins (PrP): PrP¢ and PrP*
Cellular PrP, designated PrP®, is encoded on the gene locus
PRNP in the genome of hosts [77]. PrP gene orthologs
have been revealed in a number of animal species and their
chromosomal loci have been determined in some species
(Table 1). The human PrP gene includes a single open reading
frame encoding a protein composed of 253 amino acid
residues [77]. Mature PrP® is found as a glycosylated protein
of 209 amino acids with a disulfide bond [77]. In animals, the
PrP gene itself'is widely expressed during development and in
the adult, with the highest concentration in, but not limited to,
neuronal cells of the brain [17, 62, 70]. At the cellular level,
PrP® is synthesized in the cytoplasm, transported through
the ER and Golgi, and displayed on the plasma membrane
[39]. In neuronal cells, PrP is concentrated in lipid-rich
domains of the plasma membrane, known as caveolae-like
domains [39, 77]. The protein moiety of PrP® localizes in the
extracellular matrix but is attached to the plasma membrane
by the glycosylphosphatidylinositol anchor [39, 77, 98].
Prions are composed of PrP*, a misfolded form of host
PrP¢ [15, 77]. The primary amino acid sequences and the
state of modifications in both isoforms of PrP* and PrP®
are identical except for their three-dimensional conformations,
which consequently differentiate the biochemical and
biophysical properties of both isoforms (Table 2). The
secondary structure of PrP® proposed by nuclear magnetic
resonance studies includes three a-helices and two very
short B-sheets [44, 83]. Fourier-transformed infrared and
circular dichroism spectrometry studies suggest that PrP¢



Table 2. Comparison of PrP® and PrP™.
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Properties PrP¢

PrP*

Protein Normal, cellular protein

Infectivity Not infectious

Folding Dominated by a-helices

Solubility Easily soluble (hydrophilic)

Protease digestion Sensitive

Antibody reactivity Highly reactive to most anti-PrP antibodies

Abnormal, disease-associated protein
Infectious; pathogenic

B-sheet abundant conformation
Insoluble (hydrophobic)

Partially, but highly resistant

Not reactive to most anti-PrP antibodies®

*Availability of PrP%-specific antibody is controversial.

is composed of ~40% o-helical and 3% [-sheet conformations,
whereas PrP* is composed of ~30% o-helical and 40%
B-sheet conformations [16, 71]. The increase of P-sheet
contents in PrP* is due to the major conformational
transition of the hydrophobic region (amino acid residues
~90-140) and a portion of the helices in PrP® molecules.
This molecular event makes the molecule hydrophobic
and resistant to proteinase K (PK) digestion [65]. The
conformationally altered region in PrP* is thought to form
the repeated stretches of short B-sheets and aggregates to
generate multimers of PrP*, which can grow further into
PrP amyloid fibrils [37]. It is not clear yet if these aggregates
are the cause of the cell damage or are simply a byproduct
of the underlying disease process.

Roles of PrP in Physiology and Pathogenesis

The expression of PrP° in a tissue- and time-specific
manner along with its subcellular localization on the lipid
rafts implicates a certain important biological function of
PrP¢. However, independent studies with several different
PrP null mouse strains have not found any major impairment
as well as distinct physiological and behavioral changes
[10, 62, 66, 85, 88]. Nevertheless, many studies using different
model systems have proposed several possible roles of
PrP°. Although it remains to confirm the suggested functions
of the protein, PrP“ appears to play a role in lymphocyte
activation [11], synaptic plasticity [60], neuroprotection
[18, 88], signal transduction [67], and metabolic functions
related to copper-binding properties [8]. More recently, PrP®
is known to be involved in differentiation and neurogenesis
of neural stem cells [99] as well as long-term renewal in
hematopoetic stem cells [113].

Although the function of PrP in animal physiology is
ambiguous, the involvement of PrP® to the pathogenesis of
prion disease is clearly understood. Expression of PrP® is a
prerequisite to demonstrate a susceptibility of prion diseases
in the hosts [79]. It was not possible to transmit the disease
when prions were inoculated in PrP-deficient mice [10,
62, 88]. These mice did not develop any signs of illness.
Furthermore, the incubation time of disease became
shortened when prions were transmitted to the transgenic
mice, overexpressing PrP® in the brain at least several
times higher than wild-type mice [29, 92].

PRION DISEASES

Prion diseases are also known as TSEs because the diseases
are transmissible from one host to another, and manifest
a spongiform appearance as a result of the destruction
of brain tissue [77]. Prion diseases are caused by the
unconventional proteinaceous pathogen, prion. This pathogen
manifests the neurological conditions characterized by
progressive, but invariably fatal, degeneration in the central
nervous system (CNS) during a long incubation period
[77]. CIDs in humans, BSE in cattle, scrapie in sheep, and
CWD in deer and elks are among the most notable prion
diseases (Table 3). Other human prion diseases include kuru,
Gerstmann-Straussler-Scheinker (GSS) syndrome, and fatal
familial insomnia (FFI). Prion diseases also occur in other
animal species such as goat, mink, cats, and exotic ungulates.

Clinical and Pathological Features of Prion Diseases
The unique characteristics of prion diseases are the disease
confinement to the CNS, a prolonged incubation time, and
a progressive, uniformly fatal course of disease [77].
Human and animal hosts with prion diseases manifest a
number of clinical features involved in impaired brain
functions [78]. Before the human patients die of prion
diseases, the damage in the brain is reflected in such signs
as loss of coordination, insomnia, and rapid dementia. Similar
symptoms such as irritable demeanor and ataxia are
exhibited in animals with prion diseases.

Prion diseases share several neuropathological features
including neuronal loss, reactive gliosis, deposition of
prion amyloids called plaques, and presence of large vacuoles
that generates a spongiform appearance in brain tissue
[22]. Unlike the pathology caused by bacterial and viral
pathogens, the pathology of TSEs lacks inflammatory
responses to prions [1]. Generation of anti-prion antibody
is absent in the infected hosts.

Etiology of Prion Diseases

The etiology of prion diseases varies; the source of prions
can be either external or internal (Table 3) [77]. The cause of
prion diseases is categorized into the spontaneous, inherited,
and acquired groups. Acquired prion diseases are caused
by ingestion of, or exposure to external prion material
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Table 3. The prion disease in humans and animals.

(I;.rlon a Host Mechanism of transmission Year

isease recognized

Kuru Human (Fore people) Infectious; Exposure to contaminated human tissues during cannibalistic 1957
rituals

sCID Human Sposptaneous; Somatic mutations or spontaneous conversion of PrP° to 1920
PrP>*

fCID Human Genetic; Heritable mutations in the PRNP gene 1924

iCJD Human Infectious; Exposure to prion-infected surgical equipment, or tissue 1974
transplants; blood transfusion; human growth hormone therapy

vCJD Human Infectious; Exposure to BSE-infected food including meat 1996

GSS Human Genetic; Heritable mutations in the PRNP gene 1936

FFI Human Genetic; Heritable mutations in the PRNP gene 1986

sFI Human Unknown; Spontaneous; Somatic mutations or spontaneous conversion 1997
of PrP° to PrP*

Scrapie Sheep, Goat Infectious; Ingestion or contact with scrapie-infected animals, tissues 1732
and secretions derived from the infected animals, or contaminated
environment; possible oral exposure

T™ME Mink Infectious; Ingestion of prion-contaminated feed 1947

BSE Cattle Infectious; Ingestion of prion-contaminated feed 1986

FSE Cat, Ocelot, Asiatic Infectious; Ingestion of BSE-contaminated feed 1990

golden cat, Tiger, Lion,

Puma, Cheetah
CWD Deer, Eik, Moose Unknown; Infectious; Spontaneous; Contact with or ingestion of prions 1967
EUE Kudu, Oryx, Nyala, Infectious; Foodborne exposure to BSE-infected tissue 1986

Eland, Gemsbok

’sCID (sporadic Creutzfelt-Jakob disease), fCID (familial Creutzfelt-Jakob disease), iCJD (iatrogenic Creutzfelt-Jakob disease), vCID (variant Creutzfelt-
Jakob disease), GSS (Gersmann-Straussler-Scheinker syndrome), FFI (fatal familial insomnia), sFI (sporadic fatal insomnia), TME (transmissible mink
encephalopathy), BSE (bovine spongiform encephalopathy), FSE (feline spongiform encephalopathy), EUE (exotic ungulate encephalopathy).

derived from either homologous or heterologous sources
[78). Infection of the externally derived prion (PrP*) induces
conformational changes of the natively expressed normal
PrP€, leading to the development of many different prion
diseases such as vCJID, kuru, BSE, FSE, EUE, and
iatrogenic CJD. Inherited and spontaneous prion diseases
are caused by internal factors such as germ-line or somatic
mutations on the PRNP gene and a spontaneous change in
the conformation of PrP® to PrP* [33]. When there are
mutations present in the PRNP gene, the mutated normal
PrP€ is more prone to be refolded into the disease-associated
rogue PrP%, leading to development of familial CID, GSS,
and FFI. The spontaneous internal change implies a random
protein-misfolding event, leading to the development of
sCJID. Regardless of their etiology, all prions are infectious
and can be transmitted from one individual host to another.

Prion Strain

Prions have strains that have been maintained through serial
transmissions. Different prion strains are characterized by
difference in incubation time, distribution of prion deposits
in the brain, and clinical symptoms in vivo [93]. Prion strains
are also distinguished by different biochemical parameters
such as glycosylated patterns, denaturation profiles, and
molecular sizes of PK-resistant abnormal PrP* [93]. The

diversity of prion strains appears to be determined by the
conformation of PrP*, even though prions lack great diversity
in amino acid sequences across the different strains.

Species Barrier in Prion Transmission

An important feature of prion diseases is that prions
generally transmit from one species to another much less
efficiently than within the same species [93]. In rare cases,
prion transmission between different species is possible
only after prolonged incubation times. For instance, in a
laboratory setting, mouse prions readily infect mice, but
not hamsters or transgenic mice expressing hamster PrP
[48, 92]. Inefficient transmission to a different species is
referred to as the species barrier. Usually, a species barrier
prevents the prion transmission in a host species infected by
heterologous prions. However, the onset of the disease is not
limited to a certain species and can be transmissible from
one host species to another by overcoming the species barrier.
In the cases of vCJD, humans might become infected with
prions after ingesting meat from cattle infected by BSE [106].

Spread of Prion within a Host

Although the CNS is the major target for prions, a small
amount of prions are replicated and accumulated in the
secondary lymphoid organs and tissues in the periphery



such as Peyer’s patches, lymph nods, and spleen, long
before the PrP* appears in the brain [31, 49]. In natural or
artificial exposure in which hosts received prions by oral
route ingestion or peritoneal inoculation, the prions are
taken up through the gastrointestinal tract, migrate to the
lymphoreticular system, and propagate there [1]. A variety
of specialized cells including follicular dendritic cells, M
cells, and B lymphocytes are known to be involved in the
uptake, migration, and propagation of prions. However,
propagation of prions in the lymphoreticular system does
not appear to be essential for neuroinvasion. Instead, the
prion migrates to the brain along peripheral nerves associated
with the affected peripheral organs and tissues [80]. Once
the prion invades the CNS, it appears to destroy nerve cells
and cause neurodegeneration in the brain.

MECHANISM OF PRION PATHOGENESIS,
REPLICATION, AND CONVERSION

Prions manifest the diseases through as yet unknown
pathogenic mechanisms. However, it appears that prion
propagation based on conformational conversion is closely
linked with prion pathogenesis.

Prion Pathogenesis
Prion pathogenesis remains enigmatic. Every prion disease
shares a common molecular mechanistic feature in that
PrP* undergoes conformational conversion to the disease-
associated PrP% in the host cells during pathogenesis [77].
Prion pathogenesis not only requires expression of PrP*
but occurs proportionally to the level of expressed PrP°.
As aresult of prion conversion triggered by prion infection,
mutations on the PrP gene, or unknown reasons, a misfolded
PrP* is generated, progressively accumulated, and deposited
as amyloids in the brain [23]. Although prion pathogenesis is
associated with PrP% accumulation, it is not clear whether
the gain of toxic PrP* function is responsible for the
downstream events that cause pathologic phenotypes such as
neurotoxicity, cellular stress, cell death, and neurodegeneration.
Some recent studies suggest that PrP* can cause pathologic
effects directly to neuronal cells or indirectly through glial
cells by triggering signal transduction cascades for apoptosis
[40, 63]. Alternatively, the loss of physiological PrP® function
due to the conformational conversion can result in
disruption of signal transduction for survival or protection
in which PrP® physiologically participates [7, 54]. Prion
pathogenesis is also thought to be facilitated not by PrP*
itself or loss of PrP®, but by an intermediate prion conformer
formed during PrP¢ conversion to PrP* [14].

Conversion, Replication, and Aggregation of Prion
During prion pathogenesis, PrP® undergoes conformational
alteration and nascent PrP% is generated. Two different
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models have been suggested for prion conversion and
aggregation. The nucleated polymerization model suggested
by Jarrett and Lansbury [45] represents a hypothetical
process of prion aggregation, where multimeric PrP* acts
as a polymerization nucleus. In this model, the PrP** multimer
rapidly stabilizes the many monomeric PrP molecules by
incorporating into the PrP* oligomers. The template-assisted
conversion model proposed by Prusiner [75] postulates
that the abnormally conformed monomeric PrP* serves as
a template to convert PrP® to the aberrant conformation by
interaction between these two molecules. In this model,
prion aggregate forms afterwards from the converted PrP*.
Both models quite differ in the role of PrP* aggregates
during prion propagation. PrP* aggregates are not considered
essential for the prion conversion processes in the template-
assisted conversion model, but they are indispensable for
prion propagation in the nucleated polymerization model.

Evidence for an Auxiliary Factor in Prion Conversion
Based on the template-assisted conversion model, PrP*
recruits and converts PrP¢ to form nascent PrP* [77].
Several lines of direct and indirect evidence suggest that a
cofactor is involved in the conversion process of PrP€ to
PrP% [19, 55, 87, 100]. In cell-based or animal systems,
conversion of PrP€ to PrP* has been successfully reproduced
[79, 81]. PrP* was propagated and prion infectivity
was maintained by prion replication. To date, molecular
conversion in various cell-free systems failed to reproduce
the proposed prion conversion process. Conversion of PrP®
to PrP* seems to be difficult in most cell-free reactions
unless it is assessed under the condition that many other
molecules besides PrP are also present. Using brain
homogenate of normal and scrapie-sick hamsters, the
group of scientists independently led by Soto and Supattapone
amplified PK-resistant PrP> in vitro [59, 87]. Recently,
Soto’s group showed that in vitro propagation of PrP*
resulted in amplification of prion infectivity [12]. This
indicates that other molecule(s) such as a host cofactor(s)
is crucial for PrP® conversion to occur.

Synthetic prion studies [55] by Prusiner and his colleagues
suggested the requirement of a cofactor(s) or a chaperon
molecule(s) for the robust generation of infectious
artificial prions. Although synthetic prions were infectious
in transgenic mice, transmission of disease was not rapid
because, presumably, synthetic prions with a proper infectious
conformation formed inefficiently, making the infectivity
of this artificial prion tremendously low. This argues that
generation of synthetic prion in the absence of an auxiliary
factor caused the inefficient generation of infectious prions.

Additionally, the studies using transgenic animals also
suggested an auxiliary factor that interacts with PrP¢ and
enhances conformational alteration of PrP¢ to PrP* [100].
In prion transmission studies using human prions in
transgenic mice expressing human and chimeric mouse-
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human PrP, Telling et al. [100] found that efficient prion
transmission was dependent on homotypic interaction
between PrP¢ and a hypothetical macromolecular cofactor,
provisionally designated protein X. According to the
proposed model, the conversion requires protein X that
interacts with PrP€. Thus, it seems that PrP® and protein X
form an initial binary complex where subtle conformational
alteration of PrP® is enhanced, and then the conformational
conversion of PrP to PrP* occurs in a ternary complex
composed of PrP* and the binary complex [100]. As a
result, nascent PrP* is generated from PrP® and may
participate in a conversion process to generate additional
Prp*.

Although the identity of protein X has not been fully
revealed, additional lines of evidence such as molecular
biological studies of PrP* formation in scrapie-infected
neuroblastoma cells transfected with chimeric, mutated,
and truncated PrP genes have suggested that cofactors play
an important role in the conversion process from PrP® to

Table 4. PrP-binding proteins.

PrP*, and revealed characteristics of the interaction between
PrP® and the hypothetical cofactor [46, 84, 114].

Putative Cofactor Proteins Interacting with PrP

Although no molecule has been found to be a legitimate
cofactor of PrP, several proteins have been identified to
interact with PrP¢ and/or PrP*, and the list of molecules
that interact with PrP is growing (Table 4) [6, 13, 25, 30,
32, 38,47, 53, 64, 67-69, 73, 82, 86,91, 97, 110, 111]. The
native localization of proteins identified to interact with
PrP is found throughout every cellular compartment. Because
prion conversion appears to occur at the caveolae-like
domains of the plasma membrane, it is likely that the
cofactor involved in prion conversion would be a protein
that resides or is readily available in, lipid-rich rafts.
Thus, any protein known to interact with PrP but not
available in prion conversion sites is thought to be irrelevant
to prion conversion. However, it may have relevance to a
biological phenomenon other than prion conversion. Some

Proteins® Identification method

Cellular localization References

GFAP

Glyscosaminoglycan
(heparin sulfate)

Ligand blot
In vitro affinity binding

Bel-2 Yeast two-hybrid system

Hsp60 Yeast two-hybrid system

LRP/LR Yeast two-hybrid system

p66/STI1 Immunoprotein chemistry, 2-D
gel proteomics

Nrf2, APLP1 Expression cloning using lambda
phage

Dystroglycan complex ColP’

Caveolin-1, Fyn Antibody-mediated cross-linking
and ColP®

PLG ColP

Laminin In vitro binding assay

NCAM Chemical crosslinking, ColP®,

and LC-MS/MS°¢

Yeast two-hybrid system
Enzymatic assay

In vitro cleavage

Screening of a cDNA expression
phage display library

Yeast two-hybrid system
Crosslinking, cosedimentation
Crosslinking, CoIP’, LC-MS/MS*

Synapsin 1b, Grb2, Pint]
PLG & tPA

PLG & plasmin
Angiostatin & PLG

NRAGE
Tubulin
Protein complex*

Cytosol [69]

Extracellular matrix [13, 32]
Membranes of endoplasmic reticulum and [53]
mitochondria

Mitochondrial matrix, cytosol [25]
Plasma membrane [82]
Cytosol, nucleus, plasma membrane [64, 111]
Nucleus, unknown [110]
Plasma membrane, endosomal compartments [47]
Plasma membrane (lipid rafts), cytoplasm [67]
Secreted, extracellular matrix, lipid rafts [30, 95]
Secreted, extracellular matrix [38]
Plasma membrane [91]
Synaptic vesicle, cytosol, unknown [97]
Secreted, extracellular matrix, lipid rafts [26]
Secreted, extracellular matrix, lipid rafts [52]
Secreted, extracellular matrix, lipid rafts [86]
Cytosol [6]
Cytosol [68]
Cytosol [73]

*GFAP (glial fibrillary acidic protein), LRP/LR (laminin receptor precursor/laminin receptor), STI1 (stress-inducible protein 1), Nrf2 (NF-E2-related factor
2), APLPI1 (amyloid precursor-like protein 1), PLG (plasminogen), NCAM (neural cell adhesion molecule), Pintl (PrP interactor 1, uncharacterized), tPA
(tissue type plasminogen activator), NRAGE (neurotrophin receptor interacting MAGE homolog).

®ColP: coimmunoprecipitation.
‘LC-MS/MS: liquid chromatography-mass spec/mass spec.

“The protein complex composed of ribosomal protein PO, B-actin, CNPase (2'-3'-cyclic nuclotide 3'-phosphodiesterase), creatine kinase B, neuron-specific
enolase, clathrin heavy-chain 1, a-spectrin, Na+/K+ ATPase a3 subunit, GFAP, PLP (proteolipid protein), STXBP1 (syntaxin-binding protein 1), C-14-3-3,

and BASP1 (brain abundant signal protein 1).



putative proteins investigated toward their functions in
prion conversion are selected and further discussed below.

Neural Cell Adhesion Molecule

Using an in situ formaldehyde crosslinking method in
mouse neuroblastoma (N2a) and prion-infected N2a
(ScN2a) cells, the neural cell adhesion molecule (NCAM)
was identified as a PrP® interacting protein [91]. Although
in vitro binding studies demonstrated specific interaction
and determined binding regions in both PrP® and NCAM
molecules, prion challenge in NCAM-deficient mice did
not yield changes in the onset and pathology of disease,
suggesting that NCAM is not involved in PrP* replication
[91]. Instead, interaction between PrP® and NCAM appear
to facilitate neurite outgrowth during development of the
nervous system by transducing signals through a pathway
associated with fyn kinase [90].

Laminin Receptor Precursor Protein and
Glycoaminoglycan

Among many putative cofactors, laminin receptor precursor
(LRP/LR) and glycosaminoglycan (heparan sulfate) were
studied most extensively [5, 13, 24, 32, 35, 41, 42, 56, 94,
101, 102, 108]. Employing the yeast two-hybrid system,
LRP/LR was identified as an interacting protein for PrP®
[82]. Cell binding and internalization studies demonstrated
that LRP/LR directly interacted with PrP® in vitro [35]
and mediated PrP* uptake to the cells [34]. Moreover, the
studies employing RNA interference and antibody against
LRP/LR in the cultured cell lines infected with prions
revealed that PrP> propagation required LRP/LR, suggesting
that LRP/LR participates in PrP* formation [56]. Similar
studies with heparin sulfate, which has long been known to
interact with both PrP¢ and PrP*, demonstrated that this
glycosaminoglycan served as a cell-surface receptor for
prions and participated in PrP* biosynthesis, suggesting a
role in PrP* propagation [5, 13, 24, 32, 41, 94, 102, 108].
However, the role of both LRP/LR and glycosaminoglycan
in prion pathogenesis has not been evaluated in animal
model systems. Development of knock-out or transgenic
animals of these molecules and prion bioassay in these
animals will help to address the functional relevance of
these molecules to prion pathogenesis [57].

Kringle Domain-Containing Proteins

Among numerous PrP-interacting molecules, a group of
molecules that harbor kringle domains are notable. This
group of proteins includes plasminogen (Plg) and its
internal proteolytic fragments such as plasmin (Pln) and
angiostatins (AS), hepatocyte growth factor, lipoprotein
(a), plasminogen activators (PA), and others. To date, Plg,
Pln, AS K1-3 (AS composed of the first three kringle
domains), and tissue type PA (tPA), but not urokinase type
PA (uPA), are known to interact with PrP [21, 26-28, 30,
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51,52, 61,74, 86, 95]. All these interactions seem to be
mediated by lysine residues in PrP and their binding site in
kringle domains of proteins.

Although Plg was found to interact exclusively with
PrP* in blood and brain tissue homogenates of prion-infected
humans and animals [30, 61], many studies suggested that
it interacted with both PrP* and PrP® depending on
binding conditions, or more likely interacted with PrP® [21,
26-28, 51, 52, 74, 86, 95]. Independently, screening of a
phage display cDNA expression library for identification
of a PrP® ligand revealed that a-helical recombinant
mouse PrP, which represents the folded state of PrP¢,
interacted with kringle domains of Plg [86].

High-affinity interaction between PrP® and Plg was
shown in several in vitro studies where binding property,
binding affinity, biophysical alteration, and biochemical
consequence of the interaction were assessed [21, 2628,
51, 52, 74, 86]. Because Pln and AS are internal proteolytic
fragments of Plg, which contain kringle domains, the
mechanism of their interaction with PrP¢ appeared to be
virtually identical to that of Plg. AS K1-3 interacted with
PrP® in a positive cooperative manner [86]. Interaction of
PrP¢ with Pln resulted in cleavage of PrP® at lysine residue
110, generating N-terminally truncated PrP molecules
(termed C1) in vitro [52, 74]. However, generation of the C1
fragment of PrP® by Pln was not confirmed in Plg null
mice [3]. In pathological conditions, the specific activity of
Pln was lower, but the Plg concentration was higher in
CJD patients than in control groups [112].

Interestingly, in vitro activation of Plg to Pln was
stimulated by interaction of PrP® with another kringle
domain-containing protein, tPA [26, 28]. Activity of tPA
was greatly increased in the presence of PrP, and cleavage
of PrP® by PIn occurred in a tPA-dependent manner [26,
28]. The N1 fragment of PrP (PrP23-110), liberated by
Pln, showed interaction with tPA and stimulated Plg
activation [27, 28, 74]. In vitro binding and chromogenic
assays demonstrated that lysine clusters exposed at both
ends of the N1 fragment of PrP® played an essential role in
Plg activation. Interaction between PrP® and tPA occurred
through the independent binding sites in PrP® and the
second kringle domain in tPA [26].

The pathophysiological relevance of PrP® interaction
with Plg and tPA was not clearly understood, even after
prion challenge in Plg- and tPA-deficient mice [89, 109].
When these mice were intracerebrally infected with prions,
anticipated alterations in survival time, PrP> accumulation,
and pathology were not obviously different from the controls
[89, 109]. The average incubation time was either shortened
or unchanged. Instead, Plg-deficient mice intraperitoneally
infected with prions demonstrated minimal prolongation of
incubation time, little accumulation of PrP*, and less
severe pathology [89]. Thus, it seems that Plg may play a
role in peripheral prion pathogenesis. More comprehensive
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and detailed studies are required to understand the role of
kringle domain-containing proteins in prion pathogenesis.

During the last few decades, great deals of prion research
have been made toward our understanding about prions
and prion diseases. A class of devastating diseases believed
to be caused by viruses is now known to be caused by
proteinaceous prions. Unusual properties of prions were
characterized and the biochemical composition of prions
was revealed. The generation of infectious artificial prions
and propagation of prions in vitro provided the ultimate
evidence for a protein-only hypothesis. However, unclearness
in mechanistic details about the prion conversion, replication,
and pathogenesis still remains as a major obstacle for the
better understanding of prion diseases.

Although many lines of evidence strongly argue that cellular
cofactors besides PrP molecules are necessary for prion
conversion, the identity of the cofactors has resisted to be
revealed. Further studies on the identification of PrP-interacting
proteins and functional ascertainment of the identified PrP-
interacting proteins should continue. Those efforts will
ultimately provide evidence to explain many phenomena
involved in prion diseases. In addition to the perspectives
related to pathophysiology, investigations dealing with
protein-protein interactions between PrP and its interacting
proteins will be important to elucidate a fundamental
molecular event required for a role of PrP® under
physiological states. Because the physiological function
of PrP¢ may also be involved with prion pathogenesis by
the loss of function mechanism, it is of great interest to
elucidate the cellular response and corresponding signaling
pathways mediated by the interaction. This may provide an
important lead for developing diagnostic markers for prion
diseases. Lastly, understanding of the interactions of PrP
with its interacting proteins in both physiological and
disease states will result in a major impact on identifying a
new target for prion therapy.
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