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Abstract. Protein aggregation and amyloid fibril deposits are characteristic
features of more than twenty pathologic conditions characterized by plaque
deposition in the central nervous system. Recent studies point out
relationships between protein misfolding and numerous serious diseases.
Despite different origins (sporadic, familial or transmissible), they are
sometimes called conformational diseases to emphasize aberrant
conformations as the putative cause of deposits that precede or accompany the
clinical manifestation of the disease. Neurological disorders such as
Alzheimer’s disease (AD), Prion disorders (PrD), Parkinson’s disease (PD),
and Huntington’s disease (HD) are the most typical examples of
protein-based dementias, characterized by protein conformational transitions
(a-helix/random coil to B-sheet) that cause aggregation followed by
fibrillization. Although it is very tempting to postulate a common mechanism
of toxicity based on conformational and structural analogies, it should be
noted that the factors responsible for conformational transition,
oligomerization, aggregation, and plaque formation, are still subject of
speculation and additional data is required to test the amyloid fibril
hypothesis.
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INTRODUCTION

Considerable attention is currently focused on under-
standing how protein structure influences its function.
More specifically, the propensity of some proteins to
aggregate has spurred interest in this area due to its po-
tential role in several neurodegenerative diseases.

Large numbers of intracellular and extracellular
proteinaceous fibers have been observed in numerous
neuropathies. At least 23 different amyloidoses and
other proteinopathies characterized by aggregate for-
mation have been defined (Stefani and Dobson 2003).
The presence of protein aggregates in tissue serve as
hallmarks of the above disorders and have been used to
imply a causative relationship between the pathologies
and the observed aggregates (Religa and Winblad
2003). The amyloid hypothesis has emerged in light of
these correlations (Dobson 2001, Kelly 1998). Accu-
mulation of protein aggregates, predominantly in the
fibrillar form in brain parenchyma or vessels, is associ-
ated with signs of neurodegeneration caused by oxida-
tive stress (Brzyska et al. 2001, Castellani et al. 2004,
Mattson 2002, Pogocki 2003, Raina et al. 2004, Squier
2001, Van Der Vlies etal. 2003), disturbance of calcium
homeostasis (Brzyska and Elbaum 2003, Mattson 1994,
2002), apoptosis, or necrosis (Offen et al. 2000, Rego
and Oliveira 2003).

The aggregated proteins characteristic of AD, PrD,
HD, and PD lack significant primary sequence
homology, however, they share a high degree of similar-
ity in their ability to undergo conformational changes,
form fibrillar structures, and resist proteolysis in vitro and
in vivo. Thus, despite major differences in amino acid
composition, the cellular location and type of lesion gen-
erated by these proteins and the pathological mechanisms
postulated for these proteins are similar (Hashimoto et al.
2003, Murphy 2002).

In addition to their structural resemblance, while in ag-
gregated form, they might share comparable pathways of
aggregation (Hashimoto et al. 2003, Murphy 2002,
Stefani and Dobson 2003), making it very tempting to
postulate a common mechanism of their neurotoxicity.
Predictions of amyloid fibril-forming proteins have been
forwarded based on their conformational analogy
(Kallberg et al. 2001). As a result, given that the propen-
sity to undergo conformational transition (o-he-
lix—[-sheet) appears to be responsible for aggregation
and fibrillization leading to the neurotoxicity, stabiliza-
tion of a-helix secondary structure to prohibit/delay de-

posit formation can be considered as a possible therapeutic
approach in the putative conformational diseases
(Kazantsev et al. 2002, Soto 2002, Soto et al. 1996, 2000).

In this review we focus on the most frequent
neurodegenerative disorders to examine the possibility
that, in spite of differences in the target cell, intracellular
location, medical manifestations, and complicated eti-
ology, these disorders might share common key step of
pathogenesis.

ALZHEIMER’S DISEASE

AD is the leading cause of dementia in the elderly.
The etiology of AD is complex with the same clinical
symptoms and neuropathological profile being ob-
served in both sporadic and familial forms (Duara et al.
1993). Extracellular amyloid plaques and intracellular
neurofibrillary tangles are two proteinaceous pathologi-
cal lesions observed in the brains of Alzheimer’s pa-
tients. Amyloid plaques consist of heterogeneous
peptides 39-42 amino acids long, with the 42 amino acid
peptide responsible for plaque formation (Iwatsubo et
al. 1994). Amyloid-B (AP) is one of the proteolytic
products of a multiple processing of a larger, approxi-
mately 70 kDa, membrane-bound amyloid-f protein
precursor (APP). A results from the consecutive cleav-
age of APP by two endopeptidases: 3- and y-secretases.
The first is a membrane aspartyl protease (BACEI)
(Hussain et al. 1999, Sinha et al. 1999, Vassar et al.
1999, Yan et al. 1999). The second, y-secretase, has not
been yet clearly defined, although presenilin 1 and 2
(PS-1 and PS-2), two transmembrane proteins seem to
be required to generate AP (Price et al. 1998, Sisodia
and St George-Hyslop 2002). Mutations in APP and in
the multiple transmembrane domains of PS-1 and PS-2
are linked to familial AD (Citron et al. 1992). More spe-
cifically, these mutations can shift the membrane cleav-
age to generate A4 rather than A .49, thus favoring a
more amyloidogenic peptide. The above observations
are consistent with a primary causal role of AP in plaque
formation and AD pathology.

AMYLOID-B

In solution, AP is capable of adopting several differ-
ent conformations depending on the solvent type. Gen-
erally, mixture of B-sheet and random coil structures is
observed in physiological buffers. However, conditions
of high peptide concentration favor self-aggregation



and enrichment of the B-sheet structure is observed
(Barrow et al. 1992). Membrane-like environments ren-
der the amyloid peptide more prone to adopt a-helix
conformation (Shen and Murphy 1995).

Itis presumed that A peptides contain two regions of
higher hydrophobicity; C-terminal residues 32-42 and
the short span of residues 17-21 creating regions of in-
creased probability for B-sheet formation. Additionally,
residues 9-21 can undergo o.—f3 conformational transi-
tion (Soto et al. 1994) and replacement of any residue
within the sequence residues 17-23 by proline increases
solubility of AP and diminishes the -sheet content and
fibril formation (De Strooper et al. 1995). Thus
fibrillogenesis has been shown to be linked to o—f3 con-
version.

Insoluble aggregates, when examined by electron mi-
croscope, revealed the presence of long, unbranched fi-
brils up to 10 nm in diameter (Fraser etal. 1991, Serpell et
al. 1995), consistent with several laterally aggregated fi-
bers. Solid state NMR determinations performed on a
short amyloid peptide 10-35 suggested that the peptide
forms a parallel B-sheet structure (Benzinger et al. 1998).
This result was confirmed by a quantum solid state NMR
of B-amyloid 1-40 peptide pointing to parallel B-sheet ar-
rangements (Benzinger et al. 2000). Interestingly, results
obtained through atomic force microscopy (Stine et al.
1996), and indirectly by x-ray diffraction (Inouye et al.
1993), suggest the presence of thin aggregates, which
could play arole in protofilaments formation. To this end,
using molecular modeling, Chaney and colleagues
(1998) suggested that three protofilaments intertwine to
create the fibril-form structure, composed of six units in
cross-section (Chaney et al. 1998).

PRION DISORDERS

PrD are fatal neurodegenerative disorders of an infec-
tious (Cervenakova et al. 2003, Marsh et al. 1974,
Pattison et al. 1972), genetic (Bianca et al. 2003,
Gajdusek and Gibbs Jr. 1975, Gambetti et al. 2003, Orge
et al. 2003), or sporadic (Gajdusek and Gibbs Jr. 1975,
Gambetti et al. 2003) origin, that are caused by a patho-
genic isoform (PrPSC) of'anormal cellular protein (PrPC)
(Weissmann and Flechsig 2003). PrD differ in the age of
onset (Centers for Disease Control and Prevention
2003), incubation period (Kingsbury et al. 1983,
Valleron et al. 2001), duration of clinical disease
(Spencer et al. 2002), neurophysiological features (Me-
rino-Ramirez and Escudero-Torella 2000), and PrP™
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deposit localization in the tissue (Head et al. 2004).
However, the only component and key agent in their
pathogenesis is a small (50-150 kDa) proteinaceous in-
fectious particle (prion) Prp™ (Alper etal. 1966), which
is found in an abnormal oligomeric form that is protease
resistant (Prusiner 1982). Even though neuronal loss,
astrogliosis and spongiosis are characteristic for late
stages of the pathologies (Budka et al. 1995, Jamrozik et
al. 1997), they can also be characterized as transmissible
spongiform encephalopaties (TSE). TSE agents can
cross the species barrier (Bruce 2003), and this is
strongly associated with the degree of homology in the
PRNP gene between the infected donor and the recipient
(Dormont 1999). In humans PRNP is located on the
chromosome 20 (Sparkes et al. 1986), with the coding
region found in exon 3 (Kretzschmar et al. 1986).

The most common of the human TSE is sporadic
Creutzfeldt-Jakob disease (CJD), accounting for ap-
proximately 80% of all cases (5 variants were defined),
while autosomal dominant transmission accounts only
for approximately 10% of all CJD cases (Masters et al.
1981). The other human genetic forms include familial
fatal insomia (FFI), Gerstmann-Straussler-Scheinker
syndrom (GSS), and prion protein cerebral amyloid
angiopathy (PrP-CAA). Interestingly, over 20 muta-
tions of the prion gene have been reported, thus pointing
to the complex nature of the pathology. Forms acquired
by infection include kuru, iatrogenic CJD, and possibly,
anew variant of CJD (nvCJID) (Young et al. 1999). TSE
are rare and the majority of human PrD are sporadic,
though even genetic forms of the disorders are
transmissible (Dormont 1999).

Although the nature of the infectious agent has been a
subject of intensive investigation for more than half a
century (Gajdusek and Zigas 1957), the mechanism of
PtP or PrP™ infectivity remains to be elucidated.

PrP STRUCTURE

The cellular prion protein, PrPC, is a water soluble
membrane glycoprotein with a high o-helix content
(Liberski 2003, Pan et al. 1993). According to the "pro-
tein only" hypothesis (Alper et al. 1967, Griffith 1967)
TSE results from conversion of a ubiquitous cellular
PP form into a [-sheet enriched "scrapie"-conforma-
tion PrP™ that is protease resistant and insoluble in sev-
eral detergents. The above hypothesis assumes that the
protein’s conformational change is mainly responsible
for the onset of TSE.
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Using solution NMR, the conformation of PP ob-
tained from the mouse mPrPiyi.231 and hamster
hsPrPo.231 has revealed a well defined globular domain
from residue 124 to 228 and a disordered N-terminal
flexible tail (23-133). The PrP* globular region con-
sisted of a pair of anti-parallel B-sheets and several
o-helix segments (Riek et al. 1996). More recently,
Zahn and colleagues (2000) reported the solution NMR
structure of recombinant human protein, hPrP23.»30, and
observed that within the globular segment there are
three a-helices formed by residues 144-154, 173-194,
and 200-228 and anti-parallel p-sheet segments
128-131, and 161-164 (Zahn et al. 2000).

Under physiological buffered conditions, the full
length PrP is soluble, but in acidic, low salt conditions a
conversion to B-sheet aggregates could be triggered by a
low concentration of denaturants (Thompson et al.
2000). The hydrophobic C-terminal domain of the
PrP¢6.126 peptide and its His residue could participate in
the observed a-helix to 3-sheet conversion and subse-
quent aggregation (Salmona et al. 1999). The presence
of the disulfide bond in PrPy; .3, contributes to the pep-
tide stability, its reduction generates a conversion of the
native a-helix to B-sheet conformation. The above re-
sults are further supported by x-ray diffraction measure-
ments which point to the possibility that conversion of
the central core PrP region facilitate the transformation
of a-helix to the B-sheet conformation (Inouye et al.
2000). Thus it is likely that short -segments located in
the core proximity could gain structural stability by
self-aggregation.

HUNTINGTON’S DISEASE

HD is a late onset hereditary neurodegenerative disor-
der generated by the expansion of the CAG/polyglutamine
(polyQ) repeat located in exon 1 of the gene encoding
huntingtin protein (htt) mapped to the chromosome 4
(Gusellaetal. 1983, The Huntington’s Disease Collabo-
rative Group 1993). The disease is one of nine
autosomal dominant neurodegenerative disorders gen-
erated by this type of genetic change. These disorders
are manifested by uncontrolled movements, motor im-
pairments and dementia. While aggregated polyQ are
the main deposits in the patient’s cerebral cortex and
striatum (MacDonald 2003) and aggregation of htt in
neurones has been linked to HD (Busch et al. 2003), the
molecular mechanism responsible for this pathology re-
mains unclear. The correlation between the number of

CAG repeats and the risk of developing HD has been
noted. Individuals with 40 or more CAG repeats will al-
ways develop the neuropathology, while presence of 35
CAG repeats or fewer will not result in the pathology
(Penney Jr. et al. 1997).

In contrast to AD and PD, where presence of protein
aggregates are pathological hallmarks, the link of the
aggregates and HD is much more controversial (Bates
2003). Postmortem brains of HD patients reveal aggre-
gated htt in neuronal intranuclear inclusions and
dystrophic neurites (DiFiglia et al. 1997). The polyQ
aggregates are observed in brains of HD transgenic mice
and are seen as nuclear inclusions (Davies et al. 1997).

HUNTINGTIN STRUCTURE

Due to the low solubility of polyQ htt fragments and
some difficulties in the polypeptide synthesis, its struc-
ture has not been completely defined. Moreover, molec-
ular modeling (Masino and Pastore 2001), biophysical
characterization and antibody-binding studies (Ko et al.
2001) have provided conflicting results concerning its
structure. The htt protein was predicted as a-helical/ran-
dom coil except for the N-terminus neighboring the
polyQ segment (Masino and Pastore 2001). Circular
dichroism (CD) studies of normal (Altschuler et al.
1997) and expanded polyQ containing 5-49 Q, bound to
different flaking peptides (Chen et al. 2001), as well as
NMR data (Masino et al 2002), suggested random coil
structures. For these segments, interestingly, low reso-
lution CD studies indicate that synthetic polyQ has a
[-sheet conformation in acidic solution. This conforma-
tion is present even in trifluoroethanol, a high a-helix
promoting solvent (Perutz et al. 1994). Studies of htt ag-
gregation reveal globular and protofibrillar intermedi-
ates, the last high in B-structure (Poirier et al. 2002).
Furthermore, Congo Red binding prevents formation of
mature fibrils. Additionally, the exon-1 peptide of htt
with 51 Q repeats has been shown to polymerize into fi-
bers that yield an x-ray diffraction pattern suggesting
formation of B-sheet and B-strands characteristic for the
fibers (Perutz et al. 2002). The physiological relevance
of the above studies on polyQ and their aggregates
remains to be proven.

PARKINSON’S DISEASE

PD is the most frequent neurodegenerative move-
ment disorder. Motoric disabilities, rest tremor, postural



instability, anxiety, depression, autonomic and
dementive abnormalities are the most common clinical
manifestations for this disease (Btaszczyk 1998,
Delwaide and Gonce 1988, Peterson etal. 1988). PD has
a multifactorial etiology involving genetic susceptibil-
ity (Kruger et al. 1998, Polymeropoulos et al. 1997) and
environmental factors (metals and pesticides) (Man-
ning-Bog et al. 2002, Tanner 1989). Dopamine defi-
ciency caused by loss of dopaminergic neurons in
substantia nigra pars compacta is responsible for the
motor dysfunction symptoms (Narabayashi 1995). The
presence of Lewy bodies (LB) in surviving dystrophic
neurites are some of the major pathological manifesta-
tions of PD (Lewy 1912). Interestingly, LB have been
found not only in PD, but also in other neurodegenera-
tive dementias such as AD (Jensen et al. 1995), demen-
tia with LB (DLB) (Baba et al. 1998, Okazaki et al.
1961), and multiple system atrophy (MSA) (Spillantini
etal. 1998b, Tuetal. 1998). LB are composed of aprox.
10 nm amyloidogenic fibrils (Giasson et al. 1999). Their
main structural component, a-synuclein, is able to form
fibers similar in their secondary structure to those
observed in the PD brain (Spillantini et al. 1998a).

a-SYNUCLEIN

This small, 14 kDa protein, is a highly conserved
presynaptic macromolecule abundant in various regions
of the brain (Jakes et al. 1994, Quilty et al. 2003). The
name "synuclein" was selected as a result of the pro-
tein’s location within synapses and the nuclear envelope
(Maroteaux et al. 1988). a-Synuclein belongs to the
family of intrinsically unstructured (natively unfolded)
proteins, that have low content of ordered structure
(mainly random coil as determined by CD) under physi-
ological conditions (Kim 1997). This property is a con-
sequence of a low overall hydrophobicity and large net
charge leading to a strong electrostatic repulsion
(Uversky etal. 2000). Based on the a-synuclein primary
structure the following three regions of the protein have
been postulated: (i) residues 1-60 of the N-terminal end
composed of a-helix forming ability; (ii) residues
61-95, hydrophobic region, highly amyloidogenic; (iii)
residues 96-140, acidic region rich in proline residues
(Davidson et al. 1998, George et al. 1995, Mannig-Bog
et al. 2002). A triplet of tyrosine residues, a unique fin-
gerprint of a- and B-synucleins, is confined to this re-
gion (Hedge and Jagannatha Rao 2003). Presence of
highly conservative hexamer motif (KTKEGV) (four
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repeats in region I, two repeats in the central region)
suggests similarity of a-synuclein to a-helical domains
of apolipoproteins, able to bind lipids (Clayton and
George 1998, George et al. 1995). Consistently with this
structural similarity a significant increase in o-helix
content was reported upon a-synuclein binding to syn-
thetic vesicles formed by acidic phospholipids
(Davidson et al. 1998). However, the protein undergoes
aggregation leading to fibrillar structures in PD brain,
which adopt a B-sheet secondary structure (Serpell et al.
2000).

The familial PD mutations A30P and A53T as well as
rat and zebra finch synucleins carry threonine at posi-
tion 53. These synucleins have faster rates of fibril for-
mation than native protein (Serpell et al. 2000). Fibril
formation from native as well as mutated proteins in-
volved nucleation dependent mechanism with forma-
tion of the seeds that preceded fibril elongation
(Conway et al. 2000, Wood et al. 1999).

PROTEIN AGGREGATION

Based on observations that protein structure is associ-
ated with the cellular processes, it could be postulated
that failure to fold correctly is responsible for biological
malfunction resulting in different forms of pathologies.
"Misfolded" proteins could therefore possess biological
activity generating impairment of cell’s viability. It is
very tempting to speculate, based on previously pub-
lished reports, that the above neurodegenerative dis-
eases could share common pathways of protein
aggregation, protease resistance, and fibrillar structure
thus making it a generic property of several polypeptide
chains (see Table I).

The kinetics of protein self-aggregation gives two
distinctive models. The nucleation mechanism suggests
that the rate limiting step is the initial step of nucleus
formation, followed by a rapidly growing elongation
step (Jarrett et al. 1993). The template model postulates
that presence of aggregate induces conformational
changes of the non-B monomer to aggregate prone [
conformer.

The observed spontaneous A pH-dependent self ag-
gregation (Pallitto and Murphy 2001) takes place in sev-
eral distinct steps: (i) refolding of monomers or dimers
to unstable B-sheet conformers; (ii) filament initiation
by cooperate aggregation into nuclea consisted of sev-
eral monomers; (iii) filament elongation taking place by
intermediate addition and end to end association; (iv) fi-
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Table I
Properties of neurodegenerative proteins
pathology protein aggregation conformation oligomerization  fibrillar morphology
in aggregates
Alzheimer's disease B-amyloid + B-sheet + +
Prion disorders prion protein + B-sheet + +
Huntington's disease huntingtin + B-sheet ? +
Parkinson's disease a-synuclein + B-sheet + +

bril formation and growth by lateral aggregation and
end to end association.

Studies of prion peptide PrPe.126 and recombinant hu-
man prion proteins, PrPo31 aggregation, as determined by
turbidity measurements (Pallitto and Murphy 2001), are
consistent with the nucleation model and the accompani-
ment of conformational conversion to 3-sheet.

a-Synucleins (wild-type and mutants) are capable of
concentration and time dependent self-aggregation re-
sulting in fiber formation (Hashimoto et al. 1997, Hoyer
etal. 2002). The fibers are similar to those isolated from
LB obtained from PD patients (Conway et at. 1998).
Nucleation dependent elongation with fibril formation
has been reported for several forms of a-synuclein
(Conway et al. 2000, Wood et al. 1999). Presence of in-
termediate, partially folded or "misfolded" proteins,
correlates with the efficiency of fibrils formation
(Uversky et al. 2001).

Self-association of monomeric htt proteins into ag-
gregates depends on polyQ domain length. High molec-
ular weight, fibrillar aggregates has been reported to
form with nucleation limited lag-time kinetics. Addition
of "seeds" containing preformed htt fibers can abolish
the time delay (Scherzinger et al. 1999).

Several reports have suggested the template mode of
protein aggregation. The time limited step required to
form prion proteins aggregates (Cohen and Prusiner
1998) have been postulated to be limited by the
conformational transition time. Conformational flexi-
bility could regulate BA aggregation by a template-de-
pendent dock-lock propagation mechanism (Esler et al.
2000a,b). Interestingly, proteins containing long polyQ
regions have been reported to attract normal length
polyQ macromolecules to form protein aggregates, thus
inducing conformational transition from monomers to
[B-sheet filaments (Kazantsev et al. 1999).

It should be noted that these two modes of protein ag-
gregation are not mutually exclusive, it is very likely
that BA, PrP, a-synuclein and htt could undergo both
spontaneous and induced conformational change, lead-
ing to aggregate formation. The clear definition which
mechanism or mechanisms are responsible for the ob-
served protein aggregation remains to be defined.

AGGREGATION AND
NEUROTOXICITY

Understanding how the above proteins induce brain
damage is one of the main focuses of neuropathology.
Due to the fact that a substantial part of neurodegenera-
tive diseases are manifested by inappropriate protein
deposits, it was postulated that the aggregated proteins
are linked to the diseases. Deposits can be extracellular,
intracellular, or can be present in the nucleus. Peripheral
tissues and organs are not free of proteinaceous aggre-
gates. In the context of selected neuropathologies, it is
of importance to note that the ability to form amyloid
structure is a general property of a peptide chain, not
confined to the few selected diseases. In addition, there
are other protein fibrilar aggregates not related to
amyloid diseases.

It was reported that oligomeric intermediates, rather
than the fibrils, are the main toxic species (Hartley et al.
1999). Dimers and trimers of BA derived from neuropile
and vascular amyloid deposits have been reported to
contribute to the toxicity in rat hippocampal neuronal
and glial cell cultures (Roher et al. 1996).

Infectivity of scrapie prion fragments has not been
correlated with aggregates (as judged by amyloid stain-
ing properties) or presence of P-sheet conformation
(Wille etal. 2000). No correlation has been observed be-
tween htt aggregation and cell death (Kuemmerle et al.



1999). In addition, misfolded or only partially folded
a-synuclein could be more toxic to cells than its aggre-
gates and formation of deposits could have protective
properties resulting from cellular self-defense (Hedge
and Jagganatha Rao 2003).

The hypothesis that the amyloid toxicity is confined
to predominantly early aggregates rather than to mature
fibrils supports findings of poor correlation between
clinical symptoms of AD patients and number of
plaques observed in their brains (Dickson et al. 1995).

However, a hypothesis attributing involvement of
small oligomeric species in early stages of neurological
changes, followed by plaque formation responsible for
serious devastation of neuronal tissue could bridge the
toxicity theories of soluble and aggregated forms of
amyloidogenic protein species (Klein 2002).

Clearly, the overall image of the toxic forms of the
above proteins and their actions still remains undefined
and awaits experimental verification.

ACKNOWLEDGMENT

This work was financed by KBN as a research project
3 POSF 005 24 in 2003-2006.

REFERENCES

Alper T, Haig DA, Clarke MC (1966) The exceptionally
small size of the scrapie agent. Biochem Biophys Res
Commun 22: 278-284.

Alper T, Cramp WA, Haig DA, Clarke MC (1967) Does the
agent of scrapie replicate without nucleic acid? Nature
214: 764-766.

Altschuler EL, Hud NV, Mazrimas JA, Rupp B (1997) Ran-
dom coil conformation for extended polyglutamine
stretches in aqueous soluble monomeric peptides. J Pept
Res 50: 73-75.

Baba M, Nakajo S, Tu PH, Tomita T, Nakaya K, Lee VM,
Trojanowski JQ, Iwatsubo T (1998) Aggregation of al-
pha-synuclein in Lewy bodies of sporadic Parkinson’s dis-
ease and dementia with Lewy bodies. Am J Pathol 152:
879-884.

Barrow CJ, Yasuda A, Kenny PT, Zagorski MG (1992) Solu-
tion conformations and aggregational properties of syn-
thetic amyloid beta-peptides of Alzheimer’s disease.
Analysis of circular dichroism spectra. J Mol Biol 225:
1075-1093.

Bates G ( 2003) Huntingtin aggregation and toxicity in Hun-
tington’s disease. Lancet 361: 1642-1644.

Benzinger TL, Gregory DM, Burkoth TS, Miller-Auer H,
Lynn DG Botto RE, Meredith SC (1998) Propagating

Protein aggregation in the brain 47

structure of Alzheimer’s beta-amyloid(10-35) is parallel
beta-sheet with residues in exact register. Proc Natl Acad
Sci U S A 95: 13407-13412.

Benzinger TL, Gregory DM, Burkoth TS, Miller-Auer H,
Lynn DG, Botto RE, Meredith SC (2000) Two-dimen-
sional structure of beta-amyloid(10-35) fibrils. Biochem-
istry 39: 3491-3499.

Bianca M, Bianca S, Vecchio I, Raffacle R, Ingegnosi C,
Nicoletti F (2003) Gerstmann-Straussler-Scheinker dis-
ease with P102L-V129 mutation: a case with psychiatric
manifestations at onset. Ann Genet 46: 467-469.

Blaszezyk JW (1998) Motor deficiency in Parkinson’s dis-
ease. Acta Neurobiol Exp (Wars) 58: 79-93.

Bruce ME (2003) TSE strain variation. Br Med Bull 66:
99-108.

Brzyska M, Elbaum D (2003) Dysregulation of calcium in
Alzheimer’s disease. Acta Neurobiol Exp (Wars) 63:
171-183.

Brzyska M, Bacia A, Elbaum D (2001) Oxidative and
hydrolytic properties of beta-amyloid. Eur J Biochem 268:
3443-3454.

Budka H, Aguzzi A, Brown P, Brucher JM, Bugiani O,
Gullotta F, Haltia M, Hauw JJ, Ironside JW, Jellinger K
(1995) Neuropathological diagnostic criteria for
Creutzfeldt-Jakob disease (CJD) and other human
spongiform encephalopathies (prion diseases). Brain
Pathol 5: 459-466.

Busch A, Engemann S, Lurz R, Okazawa H, Lehrach H,
Wanker EE (2003) Mutant huntingtin promotes the
fibrillogenesis of wild-type huntingtin: a potential mecha-
nism for loss of huntingtin function in Huntington’s dis-
ease. J Biol Chem 278: 41452-41461.

Castellani RJ, Perry G, Smith MA (2004) Prion disease and
Alzheimer’s disease: pathogenic overlap. Acta Neurobiol
Exp (Wars) 64: 11-17.

Centers for Disease Control and Prevention (CDC) (2003)
Update: Creutzfeldt-Jakob disease associated with
cadaveric dura mater grafts-Japan, 1979-2003. MMWR
Morb Mortal Wkly Rep 52: 1179-1181.

Cervenakova L, Yakovleva O, McKenzie C, Kolchinsky S,
McShane L, Drohan WN, Brown P (2003) Similar levels
of infectivity in the blood of mice infected with human-de-
rived vCJD and GSS strains of transmissible spongiform
encephalopathy. Transfusion 43: 1687-1694.

Chaney MO, Webster SD, Kuo YM, Roher AE (1998) Mo-
lecular modeling of the Abetal-42 peptide from Alzhei-
mer’s disease. Protein Eng 11: 761-767.

Chen S, Berthelier V, Yang W, Wetzel R (2001)
Polyglutamine aggregation behavior in vitro supports a re-
cruitment mechanism of cytotoxicity. J Mol Biol 311:
173-182.

Citron M, Oltersdorf T, Haass C, McConlogue L, Hung AY,
Seubert P, Vigo-Pelfrey C, Lieberburg I, Selkoe DJ (1992)
Mutation of the beta-amyloid precursor protein in familial



48 K. Trzesniewska et al.

Alzheimer’s disease increases beta-protein production.
Nature 360: 672-674.

Clayton DF, George JM (1998) The synucleins: a family of pro-
teins involved in synaptic function, plasticity, neurodegenera-
tion and disease. Trends Neurosci 21: 249-254.

Cohen FE, Prusiner SB (1998) Pathologic conformations of
prion proteins. Annu Rev Biochem 67: 793-819.

Conway KA, Harper JD, Lansbury PT (1998) Accelerated in
vitro fibril formation by a mutant alpha-synuclein linked to
early-onset Parkinson disease. Nat Med 4: 1318-1320.

Conway KA, Lee SJ, Rochet JC, Ding TT, Williamson RE,
Lansbury PT Jr (2000) Acceleration of oligomerization,
not fibrillization, is a shared property of both al-
pha-synuclein mutations linked to early-onset Parkinson’s
disease: implications for pathogenesis and therapy. Proc
Natl Acad Sci U S A 97: 571-576.

Davidson WS, Jonas A, Clayton DF, George JM (1998) Sta-
bilization of alpha-synuclein secondary structure upon
binding to synthetic membranes. J Biol Chem 273:
9443-9449.

Davies SW, Turmaine M, Cozens BA, DiFiglia M, Sharp AH,
Ross CA, Scherzinger E, Wanker EE, Mangiarini L, Bates
GP (1997) Formation of neuronal intranuclear inclusions
underlies the neurological dysfunction in mice transgenic
for the HD mutation. Cell 90: 537-548.

De Strooper B, Simons M, Multhaup G, Van Leuven F,
Beyreuther K, Dotti CG (1995) Production of intracellular
amyloid-containing fragments in hippocampal neurons
expressing human amyloid precursor protein and protec-
tion against amyloidogenesis by subtle amino acid substi-
tutions in the rodent sequence. EMBO J 14: 4932-4938.

Delwaide PJ, Gonce M (1988) Pathophysiology of Parkin-
son’s signs. In: Parkinson’s disease and movement disor-
ders (Eds. J. Jankovic and E. Tolosa). Urban and
Schwarzenberg, Baltimore-Munich, p. 59-73.

Dickson DW, Crystal HA, Bevona C, Honer W, Vincent I,
Davies P (1995) Correlations of synaptic and pathological
markers with cognition of the elderly. Neurobiol Aging 16:
285-298.

DiFiglia M, Sapp E, Chase KO, Davies SW, Bates GP,
Vonsattel JP, Aronin N (1997) Aggregation of huntingtin
in neuronal intranuclear inclusions and dystrophic neurites
in brain. Science 277: 1990-1993.

Dobson CM (2001) The structural basis of protein folding and
its links with human disease. Philos Trans R Soc Lond B
Biol Sci 356: 133-145.

Dormont D (1999) Bovine spongiform encephalopaty and the
new variant of Creutzfeldt-Jakob disease. In: Prions. Mo-
lecular and cellular biology (Ed. D.A. Harris) Horizon Sci-
entific Press, Norfolk, England, p. 177-191.

Duara R, Lopez-Alberola RF, Barker WW, Loewenstein DA,
Zatinsky M, Eisdorfer CE, Weinberg GB (1993) A com-
parison of familial and sporadic Alzheimer’s disease. Neu-
rology 43: 1377-1384.

Esler WP, Felix AM, Stimson ER, Lachenmann MJ, Ghilardi
JR, Lu YA, Vinters HV, Mantyh PW, Lee JP, Maggio JE
(2000a) Activation barriers to structural transition deter-
mine deposition rates of Alzheimer’s disease a beta amy-
loid. J Struct Biol 130: 174-183.

Esler WP, Stimson ER, Jennings JM, Vinters HV, Ghilardi
JR, Lee JP, Mantyh PW, Maggio JE (2000b) Alzheimer’s
disease amyloid propagation by a template-dependent
dock-lock mechanism. Biochemistry 39: 6288-6295.

Fraser PE, Duffy LK, O’Malley MB, Nguyen J, Inouye H,
Kirschner DA (1991) Morphology and antibody recogni-
tion of synthetic beta-amyloid peptides. J Neurosci Res 28:
474-485.

Gajdusek DC, Gibbs CJ Jr (1975) Familial and sporadic
chronic neurological degenerative disorders transmitted
from man to primates. Adv Neurol 10: 291-317.

Gajdusek DC, Zigas V (1957) Degenerative disease of the
central nervous system in New Guinea; the endemic occur-
rence of kuru in the native population. N Engl ] Med 257:
974-978.

Gambetti P, Kong Q, Zou W, Parchi P, Chen SG (2003) Spo-
radic and familial CJD: classification and characterisation.
Br Med Bull 66: 213-239.

George JM, Jin H, Woods WS, Clayton DF (1995) Character-
ization of a novel protein regulated during the critical pe-
riod for song learning in the zebra finch. Neuron 15:
361-372.

Giasson BI, Uryu K, Trojanowski JQ, Lee VM (1999) Mutant
and wild type human alpha-synucleins assemble into elon-
gated filaments with distinct morphologies in vitro. J Biol
Chem 274: 7619-7622.

Griffith JS (1967) Self-replication and scrapie. Nature 215:
1043-1044.

Gusella JF, Wexler NS, Conneally PM, Naylor SL, Anderson
MA, Tanzi RE,Watkins PC, Ottina K, Wallace MR,
Sakaguchi AY (1983) A polymorphic DNA marker genet-
ically linked to Huntington’s disease. Nature 306:
234-238.

Hartley DM, Walsh DM, Ye CP, Diehl T, Vasquez S, Vassilev
PM, Teplow DB, Selkoe DJ (1999) Protofibrillar intermedi-
ates of amyloid beta-protein induce acute electrophysiologi-
cal changes and progressive neurotoxicity in cortical
neurons. J Neurosci 19: 8876-8884.

Hashimoto M, Yoshimoto M, Sisk A, Hsu LJ, Sundsmo M,
Kittel A, Saitoh T, Miller A, Masliah E (1997) NACP, a
synaptic protein involved in Alzheimer’s disease, is differ-
entially regulated during megakaryocyte differentiation.
Biochem Biophys Res Commun 237: 611-616.

Hashimoto M, Rockenstein E, Crews L, Masliah E (2003)
Role of protein aggregation in mitochondrial dysfunction
and neurodegeneration in Alzheimer’s and Parkinson’s
diseases. Neuromolecular Med 4: 21-35.

Head MW, Ritchie D, Smith N, McLoughlin V, Nailon W,
Samad S, Masson S, Bishop M, McCardle L, Ironside JW



(2004) Peripheral tissue involvement in sporadic, iatro-
genic, and variant Creutzfeldt-Jakob disease: an
immunohistochemical, quantitative, and biochemical
study. Am J Pathol 164: 143-153.

Hegde ML, Jagannatha Rao KS (2003) Challenges and com-
plexities of alpha-synuclein toxicity: new postulates in un-
folding the mystery associated with Parkinson’s disease.
Arch Biochem Biophys 418: 169-178.

Hoyer W, Antony T, Cherny D, Heim G, Jovin TM,
Subramaniam V (2002) Dependence of alpha-synuclein
aggregate morphology on solution conditions. J Mol Biol
322: 383-393.

Hussain I, Powell D, Howlett DR, Tew DG, Meek TD, Chap-
man C, Gloger IS, Murphy KE, Southan CD, Ryan DM,
Smith TS, Simmons DL, Walsh FS, Dingwall C, Christie G
(1999) Identification of a novel aspartic protease (Asp 2)
as beta-secretase. Mol Cell Neurosci 14: 419-427.

Inouye H, Fraser PE, Kirschner DA (1993) Structure of
beta-crystallite assemblies formed by Alzheimer beta-am-
yloid protein analogues: analysis by x-ray diffraction.
Biophys J 64: 502-519.

Inouye H, Bond J, Baldwin MA, Ball HL, Prusiner SB,
Kirschner DA (2000) Structural changes in a hydrophobic
domain of the prion protein induced by hydration and by
Ala>Val and Pro>Leu substitutions. J Mol Biol 300:
1283-1296.

Iwatsubo T, Odaka A, Suzuki N, Mizusawa H, Nukina N,
Thara Y (1994) Visualization of A beta 42(43) and A beta
40 in senile plaques with end-specific A beta monoclonals:
evidence that an initially deposited species is A beta
42(43). Neuron 13: 45-53.

Jakes R, Spillantini MG, Goedert M (1994) Identification of
two distinct synucleins from human brain. FEBS Lett 345:
27-32.

Jamrozik Z, Przybylowski T, Zakrzewska-Pniewska B,
Rafalowska J (1997) Obstructive sleep apnea syndrome in
patient with Creutzfeldt-Jakob disease. Clinical and mor-
phological report. Folia Neuropathol 35: 149-154.

Jarrett JT, Berger EP, Lansbury PT Jr (1993) The C-terminus
of the beta protein is critical in amyloidogenesis. Ann N'Y
Acad Sci 695: 144-148.

Jensen PH, Sorensen ES, Petersen TE, Gliemann J, Rasmus-
sen LK (1995) Residues in the synuclein consensus motif
of the alpha-synuclein fragment, NAC, participate in
transglutaminase-catalysed cross-linking to Alzheimer-
-disease amyloid beta A4 peptide. Biochem J310: 91-94.

Kallberg Y, Gustafsson M, Persson B, Thyberg J, Johansson J
(2001) Prediction of amyloid fibril-forming proteins. J
Biol Chem 276: 12945-12950.

Kazantsev A, Preisinger E, Dranovsky A, Goldgaber D,
Housman D (1999) Insoluble detergent-resistant aggre-
gates form between pathological and nonpathological
lengths of polyglutamine in mammalian cells. Proc Natl
Acad Sci U S A 96: 11404-11409.

Protein aggregation in the brain 49

Kazantsev A, Walker HA, Slepko N, Bear JE, Preisinger E,
Steffan JS, Zhu YZ, Gertler FB, Housman DE, Marsh JL,
Thompson LM (2002) A bivalent huntingtin binding pep-
tide suppresses polyglutamine aggregation and
pathogenesis in Drosophila. Nat Genet 30: 367-376.

Kelly JW (1998) The alternative conformations of
amyloidogenic proteins and their multi-step assembly
pathways. Curr Opin Struct Biol 8:101-106.

Kim J (1997) Evidence that the precursor protein of non-A
beta component of Alzheimer’s disease amyloid (NACP)
has an extended structure primarily composed of ran-
dom-coil. Mol Cells 7: 78-83.

Kingsbury DT, Kasper KC, Stites DP, Watson JD, Hogan
RN, Prusiner SB (1983) Genetic control of scrapie and
Creutzfeldt-Jakob disease in mice. J Immunol 131:
491-496.

Klein WL (2002) Abeta toxicity in Alzheimer’s disease:
globular oligomers (ADDLSs) as new vaccine and drug tar-
gets. Neurochem Int 41: 345-352.

Ko J, Ou S, Patterson PH (2001) New anti-huntingtin
monoclonal antibodies: implications for huntingtin con-
formation and its binding proteins. Brain Res Bull 56:
319-329.

Kretzschmar HA, Stowring LE, Westaway D, Stubblebine
WH, Prusiner SB, Dearmond SJ (1986) Molecular cloning
of a human prion protein cDNA. DNA 5: 315-324.

Kruger R, Kuhn W, Muller T, Woitalla D, Graeber M, Kosel
S, Przuntek H, Epplen JT, Schols L, Riess O (1998)
Ala30Pro mutation in the gene encoding alpha-synuclein
in Parkinson’s disease. Nat Genet 18: 106-108.

Kuemmerle S, Gutekunst CA, Klein AM, Li XJ, Li SH, Beal
MF, Hersch SM, Ferrante RJ (1999) Huntington aggre-
gates may not predict neuronal death in Huntington’s dis-
ease. Ann Neurol 46: 842-849.

Lewy FH (1912) Paralysis agitans. I. Pathologische anatomie.
In: Handbuch der Neurologie (Ed. M. Lewandowski)
Band III, Springer, Berlin, p. 920-933.

Liberski P, Sikorska B, Bratosiewicz-Wasik J, Wali§ A,
Brown P, Brown D (2003) Exuberant cellular reaction of
the optic nerves in experimental Creutzfeldt-Jakob disease
in rodents: an ultrastructural study. Acta Neurobiol Exp
(Wars) 63: 309-318.

MacDonald ME (2003) Huntingtin: alive and well and work-
ing in middle management. Sci STKE 2003: pe48.

Manning-Bog AB, McCormack AL, Li J, Uversky VN, Fink
AL, Di Monte DA (2002) The herbicide paraquat causes
up-regulation and aggregation of alpha-synuclein in mice:
paraquat and alpha-synuclein. J Biol Chem 277:
1641-1644.

Maroteaux L, Campanelli JT, Scheller RH (1988) Synuclein:
a neuron-specific protein localized to the nucleus and
presynaptic nerve terminal. J Neurosci 8: 2804-2815.

Marsh RF, Semancik JS, Medappa KC, Hanson RP, Rueckert
RR  (1974) Scrapie and transmissible mink



50 K. Trzesniewska et al.

encephalopathy: search for infectious nucleic acid. J Virol
13: 993-996.

Masino L, Pastore A (2001) A structural approach to
trinucleotide expansion diseases. Brain Res Bull 56:
183-189.

Masino L, Kelly G, Leonard K, Trottier Y, Pastore A (2002)
Solution  structure of polyglutamine tracts in
GST-polyglutamine fusion proteins. FEBS Lett 513:
267-272.

Masters CL, Gajdusek DC, Gibbs CJ Jr (1981) Creutzfeldt-
-Jakob disease virus isolations from the Gerstmann-
-Straussler syndrome with an analysis of the various forms
of amyloid plaque deposition in the virus-induced
spongiform encephalopathies. Brain 104: 559-588.

Mattson MP (1994) Calcium and neuronal injury in Alzhei-
mer’s disease. Contributions of beta-amyloid precursor
protein mismetabolism, free radicals, and metabolic com-
promise. Ann N'Y Acad Sci 747: 50-76.

Mattson MP (2002) Oxidative stress, perturbed calcium ho-
meostasis, and immune dysfunction in Alzheimer’s dis-
ease. J Neurovirol 8: 539-550.

Merino-Ramirez MA, Escudero-Torrella M (2000) Sleep dis-
orders associated to prion diseases. Rev Neurol 31:
147-151.

Murphy RM (2002) Peptide aggregation in neurodegenera-
tive disease. Annu Rev Biomed Eng 4: 155-174.

Narabayashi H (1995) The neural mechanisms and progres-
sive nature of symptoms of Parkinson’s disease-based on
clinical, neurophysiological and morphological studies. J
Neural Transm Park Dis Dement Sect 10: 63-75.

Offen D, Elkon H, Melamed E (2000) Apoptosis as a general
cell death pathway in neurodegenerative diseases. J Neural
Transm Suppl 58: 153-166.

Okazaki H, Lipkin LE, Aronson SM (1961) Diffuse
intracytoplasmic ganglionic inclusions (Lewy type) asso-
ciated with progressive dementia and quadriparesis in
flexion. J Neuropathol Exp Neurol 20: 237-44.

Orge L, Galo A, Sepulveda N, Simas JP, Pires M (2003) Scra-
pie genetic susceptibility in Portuguese sheep breeds. Vet
Rec 153: 508.

Pallitto MM, Murphy RM (2001) A mathematical model of
the kinetics of beta-amyloid fibril growth from the dena-
tured state. Biophys J 81: 1805-1822.

Pan KM, Baldwin M, Nguyen J, Gasset M, Serban A, Groth
D, Mehlhorn I, Huang Z, Fletterick RJ, Cohen FE (1993)
Conversion of alpha-helices into beta-sheets features in the
formation of the scrapie prion proteins. Proc Natl Acad Sci
U S A 90: 10962-10966.

Pattison TH, Hoare MN, Jebbett JN, Watson WA (1972)
Spread of scrapie to sheep and goats by oral dosing with
foetal membranes from scrapie-affected sheep. Vet Rec
90: 465-468.

Penney JB Jr, Vonsattel JP, MacDonald ME, Gusella JF,
Myers RH (1997) CAG repeat number governs the devel-

opment rate of pathology in Huntington’s disease. Ann
Neurol 41: 689-692.

Perutz MF, Johnson T, Suzuki M, Finch JT (1994) Glutamine
repeats as polar zippers: their possible role in inherited
neurodegenerative diseases. Proc Natl Acad SciUS A 91:
5355-5358.

Perutz MF, Pope BJ, Owen D, Wanker EE, Scherzinger E
(2002) Aggregation of proteins with expanded glutamine
and alanine repeats of the glutamine-rich and
asparagine-rich domains of Sup35 and of the amyloid
beta-peptide of amyloid plaques. Proc Natl Acad SciUS A
99: 5596-5600.

Peterson GM, Nolan BW, Millingen KS (1988) Survey of dis-
ability that is associated with Parkinson’s disease. Med J
Aust 149: 66, 69-70.

Pogocki D (2003) Alzheimer’s b-amyloid peptide as a source
of neurotoxic free radicals: the role of structural effects.
Acta Neurobiol Exp (Wars) 63: 131-145.

Poirier MA, Li H, Macosko J, Cai S, Amzel M, Ross CA
(2002) Huntingtin spheroids and protofibrils as precursors
in polyglutamine fibrilization. J Biol Chem 277:
41032-41037.

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia
A, Dutra A, Pike B, Root H, Rubenstein J, Boyer R,
Stenroos ES, Chandrasekharappa S, Athanassiadou A,
Papapetropoulos T, Johnson WG, Lazzarini AM,
Duvoisin RC, Di Iorio G, Golbe LI, Nussbaum RL (1997)
Mutation in the alpha-synuclein gene identified in families
with Parkinson’s disease. Science 276: 2045-2047.

Price DL, Tanzi RE, Borchelt DR, Sisodia SS (1998) Alzhei-
mer’s disease: genetic studies and transgenic models.
Annu Rev Genet 32: 461-493.

Prusiner SB (1982) Novel proteinaceous infectious particles
cause scrapie. Science 216: 136-144.

Quilty MC, Gai WP, Pountney DL, West AK, Vickers JC
(2003)  Localization  of  alpha-, beta-, and
gamma-synuclein during neuronal development and alter-
ations associated with the neuronal response to axonal
trauma. Exp Neurol 182: 195-207.

Raina AK, Zhu X, Smith MA (2004) Alzheimer disease and
the cell cycle. Acta Neurobiol Exp (Wars) 64: 107-112.
Rego AC, Oliveira CR (2003) Mitochondrial dysfunction and
reactive oxygen species in excitotoxicity and apoptosis:
implications for the pathogenesis of neurodegenerative

diseases. Neurochem Res 28: 1563-1574.

Religa D, Winblad B (2003) Therapeutic strategies for Alz-
heimer’s disease based on new molecular mechanisms
Acta Neurobiol Exp (Wars) 63: 393-396.

Riek R, Hornemann S, Wider G, Billeter M, Glockshuber R,
Wuthrich K (1996) NMR structure of the mouse prion pro-
tein domain PrP(121-321). Nature 382: 180-182.

Roher AE, Chaney MO, Kuo YM, Webster SD, Stine WB,
Haverkamp LJ, Woods AS, Cotter RJ, Tuohy JM, Krafft
GA, Bonnell BS, Emmerling MR (1996) Morphology and



toxicity of Abeta-(1-42) dimer derived from neuritic and
vascular amyloid deposits of Alzheimer’s disease. J Biol
Chem 271: 20631-20635.

Salmona M, Malesani P, De Gioia L, Gorla S, Bruschi M,
Molinari A, Della Vedova F, Pedrotti B, Marrari MA,
Awan T, Bugiani O, Forloni G, Tagliavini F (1999) Molec-
ular determinants of the physicochemical properties of a
critical prion protein region comprising residues 106-126.
Biochem J 342: 207-214.

Scherzinger E, Sittler A, Schweiger K, Heiser V, Lurz R,
Hasenbank R, Bates GP, Lehrach H, Wanker EE (1999)
Self-assembly of polyglutamine-containing huntingtin
fragments into amyloid-like fibrils: implications for Hun-
tington’s disease pathology. Proc Natl Acad Sci U S A 96:
4604-46009.

Serpell LC, Sunde M, Fraser PE, Luther PK, Morris EP, Sangren
O, Lundgren E, Blake CC (1995) Examination of the struc-
ture of the transthyretin amyloid fibril by image reconstruc-
tion from electron micrographs. J Mol Biol 254: 113-118.

Serpell LC, Berriman J, Jakes R, Goedert M, Crowther RA
(2000) Fiber diffraction of synthetic alpha-synuclein fila-
ments shows amyloid-like cross-beta conformation. Proc
Natl Acad Sci U S A 97: 4897-4902.

Shen CL, Murphy RM (1995) Solvent effects on self-assem-
bly of beta-amyloid peptide. Biophys J 69: 640-651.

Sinha S, Anderson JP, Barbour R, Basi GS, CaccavelloR, Da-
vis D, Doan M, Dovey HF, Frigon N, Hong J, Jacob-
son-Croak K, Jewett N, Keim P, Knops J, Lieberburg I,
Power M, Tan H, Tatsuno G, Tung J, Schenk D, Seubert P,
Suomensaari SM, Wang S, Walker D, John V (1999) Puri-
fication and cloning of amyloid precursor protein
beta-secretase from human brain. Nature 402: 537-540.

Sisodia SS, St George-Hyslop PH (2002) Gamma-secretase,
Notch, Abeta and Alzheimer’s disease: where do the
presenilins fit in? Nat Rev Neurosci 3: 281-290.

Soto C (2002) Altering prion replication for therapy and diag-
nosis of transmissible spongiform encephalopathies.
Biochem Soc Trans 30: 569-574.

Soto C, Branes MC, Alvarez J, Inestrosa NC (1994) Struc-
tural determinants of the Alzheimer’s amyloid beta-pep-
tide. J Neurochem 63: 1191-1198.

Soto C, Golabek A, Wisniewski T, Castano EM (1996) Alz-
heimer’s beta-amyloid peptide is conformationally modi-
fied by apolipoprotein E in vitro. Neuroreport 7: 721-725.

Soto C, Kascsak RJ, Saborio GP, Aucouturier P, Wisniewski
T, Prelli F, Kascsak R, Mendez E, Harris DA, Ironside J,
Tagliavini F, Carp RI, Frangione B (2000) Reversion of
prion protein conformational changes by synthetic
beta-sheet breaker peptides. Lancet 355: 192-197.

Sparkes RS, Simon M, Cohn VH, Fournier RE, Lem J, Klisak
I, Heinzmann C, Blatt C, Lucero M, Mohandas T (1986)
Assignment of the human and mouse prion protein genes
to homologous chromosomes. Proc Natl Acad Sci U S A
83: 7358-7362.

Protein aggregation in the brain 51

Spencer MD, Knight RS, Will RG (2002) First hundred cases
of variant Creutzfeldt-Jakob disease: retrospective case
note review of early psychiatric and neurological features.
BM1J 324: 1479-1482.

Spillantini MG, Crowther RA, Jakes R, Cairns NJ, Lantos PL,
Goedert M (1998a) Filamentous alpha-synuclein inclusions
link multiple system atrophy with Parkinson’s disease and
dementia with Lewy bodies. Neurosci Lett 251: 205-208.

Spillantini MG, Crowther RA, Jakes R, Hasegawa M,
Goedert M (1998b) Alpha-synuclein in filamentous inclu-
sions of Lewy bodies from Parkinson’s disease and de-
mentia with lewy bodies. Proc Natl Acad Sci U S A 95:
6469-6473.

Squier TC (2001) Oxidative stress and protein aggregation
during biological aging. Exp Gerontol 36: 1539-1550.
Stefani M, Dobson CM (2003) Protein aggregation and ag-
gregate toxicity: new insights into protein folding,
misfolding diseases and biological evolution. ] Mol Med

81: 678-699.

Stine WB Jr, Snyder SW, Ladror US, Wade WS, Miller MF,
Perun TJ, Holzman TF, Krafft GA (1996) The
nanometer-scale structure of amyloid-beta visualized by
atomic force microscopy. J Protein Chem 15: 193-203.

Swietnicki W, Morillas M, Chen SG, Gambetti P, Surewicz WK
(2000) Aggregation and fibrillization of the recombinant hu-
man prion protein huPrP90-231. Biochemistry 39: 424-431.

Tanner CM (1989) The role of environmental toxins in the eti-
ology of Parkinson’s disease. Trends Neurosci 12: 49-54.

The Huntington’s Disease Collaborative Research Group
[No authors listed] (1993) A novel gene containing a
trinucleotide repeat that is expanded and unstable on Hun-
tington’s disease chromosomes. Cell 72: 971-983.

Thompson A, White AR, McLean C, Masters CL, Cappai R,
Barrow CJ (2000) Amyloidogenicity and neurotoxicity of
peptides corresponding to the helical regions of PrP(C). J
Neurosci Res 62: 293-301.

Tu PH, Galvin JE, Baba M, Giasson B, Tomita T, Leight S,
Nakajo S, Iwatsubo T, Trojanowski JQ, Lee VM (1998)
Glial cytoplasmic inclusions in white matter
oligodendrocytes of multiple system atrophy brains con-
tain insoluble alpha-synuclein. Ann Neurol 44: 415-422.

Uversky VN, Gillespie JR, Fink AL (2000) Why are "natively
unfolded" proteins unstructured under physiologic condi-
tions? Proteins 41: 415-427.

Uversky VN, Li J, Fink AL (2001) Evidence for a partially
folded intermediate in alpha-synuclein fibril formation. J
Biol Chem 276: 10737-10744.

Valleron AJ, Boelle PY, Will R, Cesbron JY (2001) Estima-
tion of epidemic size and incubation time based on age
characteristics of vCJD in the United Kingdom. Science
294: 1726-1728.

Van Der Vlies D, Woudenberg J, Post JA (2003) Protein oxi-
dation in aging: endoplasmic reticulum as a target. Amino
Acids 25: 397-407.



52 K. Trze$niewska et al.

Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA,
Denis P, Teplow DB, Ross S, Amarante P, Loeloff R, Luo Y,
Fisher S, Fuller J, Edenson S, Lile J, Jarosinski MA, Biere
AL, Curran E, Burgess T, Louis JC, Collins F, Treanor J,
Rogers G, Citron M (1999) Beta-secretase cleavage of Alz-
heimer’s amyloid precursor protein by the transmembrane as-
partic protease BACE. Science 286: 735-741.

Weissmann C, Flechsig E (2003) PrP knock-out and PrP
transgenic mice in prion research. Br Med Bull 66: 43-60.

Wille H, Prusiner SB, Cohen FE (2000) Scrapie infectivity is
independent of amyloid staining properties of the N-termi-
nally truncated prion protein. J Struct Biol 130: 323-338.

Wood SJ, Wypych J, Steavenson S, Louis JC, Citron M, Biere
AL (1999) Alpha-synuclein fibrillogenesis is nucle-
ation-dependent. Implications for the pathogenesis of Par-
kinson’s disease. J Biol Chem 274: 19509-19512.

Yan R, Bienkowski MJ, Shuck ME, Miao H, Tory MC,
Pauley AM, Brashier JR, Stratman NC, Mathews WR,
Buhl AE, Carter DB, Tomasselli AG, Parodi LA,
Heinrikson RL, Gurney ME (1999) Membrane-anchored
aspartyl protease with Alzheimer’s disease beta-secretase
activity. Nature 402: 533-537.

Young K, Piccardo P, Dlouhy S, Bugiani O, Tagliavini F,
Ghetti B (1999) The human genetic prion disease. In:
Prions. Molecular and cellular biology (Ed. DA Harris)
Horizon Scientific Press, Norfolk, England, 137-175.

ZahnR, Liu A, Luhrs T, Riek R, von Schroetter C, Lopez Gar-
cia F, Billeter M, Calzolai L, Wider G, Wuthrich K (2000)
NMR solution structure of the human prion protein. Proc
Natl Acad Sci U S A 97: 145-150.

Received 12 January 2004, accepted 22 February 2004



