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The Molecular Basis of Familial Danish Dementia

Preface

The main focus of this thesis is the characterisation of the aggregation and mem-
brane interaction of the 34-amino acid peptide SerADan, a modified variant of
the ADan peptide, which is the primary component of protein deposits in Famil-
ial Danish dementia (FDD). The main bulk of the thesis work is presented in the
two papers. Paper 1 focuses on biophysical characterisation by spectroscopic
and microscopic methods of SerADan. Paper 2 describes development and docu-
mentation of a novel method for secondary structure characterisation of protein
aggregates by vacuum-ultra violet circular dichroism spectroscopy. In chapter 1,
I will summarise current knowledge of protein misfolding for the amyloid dis-
eases, characteristics of the deposited polypeptides and the prevailing hypoth-
eses of disease. Chapter 2 describes FDD, FBD and the deposited proteins in
more detail while chapter 3 presents and discusses the two central papers. Addi-
tionally, chapter 4 (appendix) covers additional work on expression and purifica-
tion of precursor proteins to ADan and ABri, which is deposited in Familial Brit-
ish dementia (FBD).

The majority of the PhD study time was devoted to characterisation of SerADan,
ADan and the precursor proteins, for which the bulk of the work was carried out
in the laboratories of Professor Daniel E. Otzen (Department of Molecular Biol-
ogy, Interdisciplinary Nanoscience Centre, Aarhus University, Denmark, previ-
ously Department of Life Sciences, Aalborg University, Denmark). Electron
microscopy was carried out at the Institute of Medical Microbiology and Immu-
nology, Aarhus University, in collaboration with Professor Gunna Christiansen.
Concentration-dependent calcein-release was performed by Brian Vad and X-ray
fibre distraction was performed by Christian B. Andersen, Protein Structure and
Biophysics group, Novo Nordisk A/S, Mélev, Denmark. The secondary project
was development and description of dry-phase protein synchrotron radiation cir-
cular dichroism in collaboration with Dr Seren V. Hoffmann at the Institute for
Storage Ring Facilities (ISA), Aarhus University, Denmark. With few exceptions,
the work was performed at the ASTRID storage ring facility, Aarhus University.

The PhD project was funded by pre-doctoral grants from Aalborg University, the
Danish Research Training Council and the BioNET research network, funded by
the Villum Kann Rasmussen Foundation. In addition, I received a COST Short
Term Scientific Mission grant for a visit to Structure and Function of Membrane
Biology Laboratory, Université Libre, Bruxelles, Belgium in collaboration with
Dr Erik Goormaghtigh. The purpose was characterisation of membrane proteins
advanced infrared spectroscopy methods.
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The Molecular Basis of Familial Danish Dementia

Resumé

Hovedemnet for denne athandling er biofysisk karakterisering af et peptid knyttet
til the neurodegenerative sygdom Arvelig Dansk Demens. Derudover blev
anvendelsen af synkrotronstrilings cirkuler dikroism undersogt med hensyn til
karakterisering af protein aggregater.

Arvelig Dansk Demens er associeret med proteolytisk klovning og aggregering
af det 34-amino syre peptid ADan, der i1 lighed med andre amyloid-dannende
polypeptider er i stand til at danne transmembrane kanaler og hvis celletoksicitet
kan finde sted gennem vekselvirkning med cellemembranen. Peptidet indeholder
to cysteiner og kan derfor forefindes 1 en lineer, reduceret eller cirkuler, oxideret
form, blandt hvilke den reducerede form har den hgjeste celletoksicitet. Vi
karakteriserede the afledte peptid SerADan i hvilket de to cysteiner er udskiftet
med serin for at efterligne det reducerede peptid. Derudover er fenyl-
aminosyrerester i position 15 udskiftet med tryptofan for at inkorporere en
fluorescensmarker. SerADan aggregerer hurtigt ved pH 5.0 og 7.5 gennem en
serie af konformationelle stadier til en B-rig fibril-lignende struktur. Til trods for
den generelle lighed med amyloid-lignende fibriller viser rontgen fiber diffraktion
ikke det klassiske amyloide kryds-3 menster og SerADan fibre binder ikke amy-
loid-specifikke farvemarkerer. Dette kan formentlig tilskrives en mangel pé
organiserede kontakter mellem P-plader og tilstedeverelse af bindingssteder.
Aggregering forhindres af negativt ladede lipid vesikler ved neutral/sur pH og
lav ionstyrke mens oget ionstyrke eliminerer effekten af liposomerne, hvilket
tyder pa at elektrostatiske vekselvirkninger spiller en vigtig rolle. Lipid/peptid-
kontakten leder til dannelse af stabile B-rige strukturer, som er forskellige fra
aggregater 1 oplesning, og permeabilisering af liposomerne, der her vises som
frigivelse af den 623 Da fluorefor calcein. Ved @ldning af SerADan i oplesning
reduceres den permeabiliserende effekt i forst omgang, hvorefter den elimineres.
Det eksperimentelle arbejde, der prasenteres i denne athandling, viser at
aggregater, der ikke har klassiske amyloide egenskaber, kan samles gennem serie
aftrin og danne et hierarki af hgjere-orden strukturer i tilfzelde, hvor hurtig dannelse
af stabile, lokale B-strenge kunne forhindrer omdannelse til klassisk amyloid
struktur. Det viser ogsé at en snaver balance kan findes mellem aggregering og
membran-interaktion med det deraf folgende potentiale for celletoksicitet.
Konkurrencen mellem lipidbinding og aggregering kan tenkes at tilsvare en
tvedeling af aggregeringsmekanismen for ADan in vivo mellem ophobning af
inerte aggregater og dannelse af celletoksiske, permeabiliserende strukturer.

Som et sideprojekt til athandlingens hovedemne undersogte jeg anvendelsen af
synkrotronstralings cirkuler dikroisme til karakterisering af torrede
proteinaggregater og fibriller. Brugen af synkrotronstraling kan udvide det




Resumé

tilgeengelige belgelengdeomrdde ned til ~130nm for terrede proteiner, hvilket
potentielt kan give ny strukturel information. For at muliggere sammenligning
og estimere den strukturelle effekt af torring pa ikke-aggregerede prover benyttede
vi et udvalg af modelproteiner i vad og ter fase. Der var tale om o-heliske, -
plade og blandende strukturer. Vi viste at terringsprocessen ikke leder til store
@ndringer 1 den sekundare struktur og ikke inducerer orienteringseffekter. Vi
observerede et lav-belgelengde band ved 130-160nm hvis intensitet og
topplacering er folsom overfor sekundar struktur og som potentielt kunne
indeholde information om @ndringer i super-sekunder struktur. Dette band er
tidligere beskrevet for peptider, men ikke for globulare proteiner eller
proteinaggregater, og det er kompatibelt med publicerede teoretiske beregninger
af m-orbitalovergange. Sammen med principal komponent analyse tillader vores
data os at differentiere mellem to typer proteinfibriller; de klassiske fibriller dannet
af lysozym er strukturelt tettere forbundet med ikke-amyloide aggregater af
SerADan end med de klassiske a-synuclein fibriller. Denne analyse tillader os
ogsa at beskrive ellers ukendte forskelle 1 sekundaer struktur mellem SerADan
fibre dannet ved pH 5.0 og 7.5. En mere detaljeret analyse er pakravet for der er
muligt at drage klare strukturelle konklusioner, men en omfangsrig SRCD-baseret
database over spektre af torrede proteiner kan maske bidrage til differentiering
mellem forskellige typer super-sekunder struktur og typer af protein-aggregater.
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Summary

The main topic of this thesis is the biophysical characterisation of a peptide asso-
ciated with the neurodegenerative illness Familial Danish Dementia (FDD). Ad-
ditionally, the use of synchrotron radiation circular dichroism on protein aggre-
gates was investigated.

Familial Danish Dementia is linked to proteolytic formation and aggregation of
the 34-residue ADan peptide, which is capable of forming transmembrane chan-
nels in a manner similar to other amyloidogenic polypeptides and whose cyto-
toxicity may be mediated by membrane interactions. The peptide contains two
cysteines and can therefore exits in the linear, reduced and circular, oxidised
form, of which the reduced form is the more cytotoxic in culture. We character-
ised the derived peptide SerADan, in which the two cysteines found in ADan
were substituted with serines to emulate the reduced peptide. Additionally, the
phenyl residue at position 15 was replaced with a tryptophan residue acting as a
fluorescent marker. SerADan aggregates rapidly at pH 5.0 and 7.5 in a series of
conformational transitions to form B-sheet rich fibril-like structures. Despite the
overall morphological similarities with amyloid-like fibrils, X-ray fibre diffrac-
tion does not yield the classical amyloid cross-f3 pattern, nor do the SerADan
fibres bind amyloid-specific dyes. This is probably due to the absence of organ-
ized B-sheet contacts and surface binding sites. Aggregation is prevented by ani-
onic lipid vesicles at neutral/acidic pH and low ionic strength, while increased
ionic strength abolishes the effect of the anionic liposomes suggesting an impor-
tant role for electrostatic interaction. The lipid/peptide association leads to for-
mation of stable B-sheet structures, which are different from the solution aggre-
gates, and permeabilisation of the liposomes, here demonstrated as the release of
the 623 Da fluorophore calcein. Solution ageing of SerADan first reduces and
then abolishes the ability of the peptide assembly to alter membrane permeabil-
ity. The work presented within this thesis demonstrates that non-fibrillar aggre-
gates can assemble in a series of steps to form a hierarchy of higher-order assem-
blies, where rapid formation of stable local B-sheet structure may prevent rear-
rangement to amyloid proper. It also shows that a fine balance can exist between
non-fibrillar aggregation and membrane interaction with associated potential
cytotoxicity. The competition between lipid binding and aggregation may reflect
bifurcating pathways for the ADan peptide in vivo between accumulation of inert
aggregates and formation of cytotoxic permeabilising species.

As an offshoot of the main thesis subject, I investigated the use of synchrotron
radiation circular dichroism (SRCD) for characterisation of dried protein aggre-
gates and fibrils. The use of synchrotron radiation can extend the spectral range
down to ~130nm for dry proteins and has the potential to provide new structural




Summary

information. To allow comparison and to estimate the structural effect of drying
on non-aggregated samples, we used a selection of model proteins, including o-
helical, B-sheet, and mixed-structure proteins, in the wet and dried phases. We
showed that drying does not lead to large changes in the secondary structure and
does not induce orientational artefacts. The access to the higher-energy regions
allowed us to observe a low-wavelength band in the range 130-160nm, whose
intensity and peak position is sensitive to secondary structure and may also re-
flect changes in super-secondary structure. This band has previously been ob-
served for peptides but not for globular proteins, and is compatible with previ-
ously published theoretical calculations related to t-orbital transitions. In combi-
nation with principal component analysis, our SRCD data allow us to distinguish
between two different types of protein fibrils, high-lighting that bona fide fibrils
formed by lysozyme are structurally more similar to the nonclassical fibrillar
aggregates formed by the SerADan peptide than with the amyloid formed by o-
synuclein. The analysis also allows us to describe otherwise unidentified differ-
ences in secondary structure between SerADan fibres at pH 5.0 and 7.5. A more
detailed study is required for any firm conclusions to be drawn, but a comprehen-
sive SRCD-based database of dried protein spectra may provide a useful method
to differentiate between various types of super-secondary structure and aggre-
gated protein species.
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Frequently used abbreviations

Ordered alphabetically

AB Amyloid B-peptide of Alzheimer’s disease
(AB), Oligomeric form of AP

APPP AP precursor protein

ABri Amyloid peptide of Familial British dementia
ABriPP  ABri precursor protein

ACBP Acyl-CoA-binding protein

ACP Acylphosphatase

AD Alzheimer’s disease

ADAM10 ADAM metallopeptidase domain 10

ADan Amyloid peptide of Familial Danish dementia
ADan-pE ADan with N-terminal pyroglutamate
ADanPP  ADan precursor protein

ADDLs  AB-derived diffusible ligands

AEC Anion-exchange chromatography

AFM Atomic force microscopy

ALS Amyotrophic lateral sclerosis

APP Gene encoding ABPP

ATR Attenuated total reflection

B2m B,-microglobulin

Bri C-terminal proteolytic fragment of BriPP, wildtype analogue of patho-
genic ABri and ADan peptides

BriPP Bri precursor protein

BriPP,.  C-terminal, extra-cellular domain of BriPP
BriPP, Short form of BriPP beginning at position 57

CA Carbonic anhydrase

CAA Cerebral amyloid angiopathy

CD Circular dichroism

CNS Central nervous system

ConA Concanavalin A

CR Congo red

Cy Critical concentration of fibrillation
CSF Cerebrospinal fluid

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPG 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]

EM Electron microscopy

FBD Familial British dementia

FDD Familial Danish dementia

FFI Fatal familial insomnia

FTIR Fourier-transform infrared spectroscopy
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GAG
HFIP
HSPGs
HypF
HypF-N
IAPP
ITM2A-C

ITM2-LG
LTP
MPL
MTT

n*

NAC
NFTs
NMR
0oxABri
oxADan
oxBri
PCA

PD

PSA
PSENL1, 2
redABri
redADan
redBri
rm-I119
ROS
SAP
SCAA
SDS
SEC
SerADan
SH3
SPPL2a,b
SRCD
SSNFOS
STEM
TEM
TFE

ThS

ThT
TII27
Tnfn3
TTR

Glycosaminoglycan
1,1,1,3,3,3-hexafluoropropan-2-ol

Heparan sulphate proteoglycans

Hydrogenase maturation factor of Escherichia coli
N-terminal domain of HypF

Islet amyloid polypeptide

Gene encoding integral membrane protein 2 (ITM2) isoform A-C.
ITM2B corresponds to BriPP.

Integral membrane protein 2-like gene
(Hippocampal) long-term potentiation

Fibril mass-per-length
3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide
Critical fibrillation nucleus

Nickel-affinity chromatography
Neurofibrillar tangles

Nuclear magnetic resonance spectroscopy
Oxidised form of ABri by disulphide C5-C22
Oxidised form of ADan by disulphide C5-C22
Oxidised form of Bri by disulphide C5-C22
Principle component analysis

Parkinson’s disease

Porcine serum albumin

Gene encoding presenilin 1 or 2

Reduced form of ABri

Reduced form of ADan

Reduced form of Bri

The ninth type III domain of fibronectin
Reactive oxygen species

Serum amyloid P-component

Sporadic cerebral amyloid angiopathy
Sodium dodecylsulphate

Size-exclusion chromatography

Variant of ADan (C5S, C22S, FI5W)

SH3 domain of phosphatidylinositol-3'-kinase
Signal peptidase-like protease 2a, b
Synchrotron radiation circular dichroism
SDS-stable non-fibrillar oligomeric species
Scanning transmission electron microscopy
Transmission electron microscopy
2,2,2-trifluoroethanol

Thioflavin S

Thioflavin T

Titin, Ig repeat 27

Tenescin, third fibronectin type III repeat
Transthyretin
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Amyloid: Protein folding,
misfolding and disease

The interest in protein misfolding has increased over the past decade, partly due
to the importance of maintaining protein structure and function in pharmaceuti-
cal, enzymatic and other industrial protein preparations [1] and partly due to the
emerging significance of protein misfolding in disease including cancer and de-
mentia (table 1) [2]. The underlying mechanism of disease understandably de-
pends on the relevant protein. Protein misfolding results in loss of biological
activity and this loss-of function can have greatly damaging effects on cell and
organ function. This is the case for cystic fibrosis and p53-deficient cancers [3].
Conversely, gain-of-function, or perhaps rather ‘gain-of-cellular-toxicity’, is be-
lieved to be at the basis of many of the protein deposition diseases including the
two well-known neurodegenerative amyloidoses Alzheimer’s disease and Par-
kinson’s disease [4]. Familial Danish dementia (FDD) and the closely related
Familial British dementia (FBD) belong to this latter group and are the focus of
the present work.

Disease Affected proteins

Inability to fold

Cystic fibrosis Cystic fibrosis transmembrane conductance regulator
Marfan syndrome Fibrillin

Amyotrophic lateral sclerosis Superoxide dismutase

Scurvy Collagen

Maple syrup urine disease a-ketoacid dehydrogenase complex

p53-deficient cancer p53

Fabry’s disease o-Galactosidase A

Osteogenesis imperfecta Type | procollagen pro o

Toxic, non-native folds
Scrapie/kuru/Creutzfelt-Jacob/FFI 2 Prion protein

Parkinson’s disease o-synuclein

Alzheimer’s disease Amyloid precursor protein
Huntington’s disease Huntingtin
Spinocerebellar ataxia Ataxin

Cataracts Crystalins

Mislocation owing to misfolding

Familial hypercholesterolemia LDL receptor
o-antitrypsin deficiency o-antitrypsin
Tay-Sachs disease B-hexosaminidase
Retinitis pigmentosa Rhodopsin
Leprechaunism Insulin receptor

Table 1. Examples of
protein misfolding
diseases. Adapted
from [2, 3]. @ Fatal
familial insomnia.

15



1. Amyloid: Protein folding, misfolding and disease

Table 2 (opposite). A. Amyloidoses/diseases with amyloid-like deposits and associated proteins
or peptides. B. Examples of inclusions with amyloid-like properties. Adapted from [4, 8, 10, 11]

1.1 Amyloidosis and amyloid characteristics

1.1.1 The protein misfolding disorders and amyloidoses

The amyloid diseases, or amyloidoses, are a diverse group of generally life-threat-
ening protein misfolding disorders with one unifying characteristic: The pres-
ence of systemic or organ-specific extra-cellular deposits of insoluble amyloid
[4, 5]. The first amyloidoses were described in the early 19" century as presence
of abnormal tissues that appeared ‘waxy’ or ‘lardaceous’ upon gross inspection
[6, 7]. Much controversy resulted from the subsequent attempts at characterisa-
tion of the amyloid material, particularly following observations by Virchow in
1853 of the cellulose-like staining properties of ‘waxy’ spleen tissue and of cor-
pora amylacea from human brain tissue. 150 years later, it is commonly accepted
that the deposits, or plaques, are predominantly proteinaceous with a single-spe-
cies fibrous fibril' as the main component [8]. The iodine-sulphuric acid staining
reaction of Virchow has been replaced by amyloid-specific dyes among which
Congo red (CR) and thioflavin S (ThS) are most commonly used for staining of
tissue while thioflavin T (ThT) is useful for in vitro characterisation [9].

The amyloidoses are a part of the larger group of protein misfolding disorders
and more than 20 amyloid-forming proteins or peptides have been identified to
date [8, 10] (table 2.A) including several associated with well-known diseases
such as type II diabetes mellitus (IAPP) and Alzheimer’s disease (AP). Some of
these polypeptides are full-length proteins, e.g. B,-microglobulin (,m), that lose
their native structure and deposit in a misfolded, B-rich conformation [12]. Oth-
ers are truncated, usually intrinsically unfolded, fragments of longer precursor
proteins, ¢.g. AB, ABri and ADan. Under the definition of amyloid used by pa-
thologists, intra-cellular deposits (table 2.B), as in the case of Lewy bodies of
Parkinson’s disease, are not considered amyloid, but rather amyloid-like [8] al-
though the deposits appear structurally alike. Similarly, fibrils formed in vitro are
more accurately referred to as amyloid-like. The fibril is the central component
of amyloid, but additional non-fibrillar components are consistently present in
biological amyloid, e.g. serum amyloid P-component (SAP), heparan sulphate
proteoglycans (HSPGs) and apolipoprotein E [7]. The roles of these additional
species are as yet unresolved although some studies suggest a role as enhancers
of amyloid formation or protection of plaques from clearance mechanisms [13].

1.1.2 Functional amyloid

Amyloid has not been exclusively linked to disease. Numerous discoveries of
functional amyloid have been made within the past decade highlighting its possi-
ble beneficial functions. Several prion types have been identified in fungi includ-
ing the S. cerevisiae Sup35 [14, 15] which has become an important model sys-
tem. Briefly, Sup35 is a normally soluble member of the yeast translation termi-

16

1 Derived from Latin fibrilla meaning ‘small fibre’.
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A. Proteins and peptides associated with amyloidoses or diseases with amyloid-like deposits in human

Disease

Aggregating protein or peptide

Neurodegenerative localised amyloidoses
Alzheimer’s disease @

Spongiform encephalopathies 2

Familial British dementia ©

Familial Danish dementia

AB, proteolytic fragment of AP protein precursor (ABPP)

Prion protein and fragments thereof

ABri, proteolytic fragment of ABri precursor protein (ABriPP)
ADan, proteolytic fragment of ADan precursor protein (ADanPP)

Neurodegenerative diseases with inclusion bodies with amyloid-like properties

Parkinson’s disease @

Dementia with Lewy bodies @

Frontotemporal dementia with Parkinsonism
Huntington’s disease

Spinocerebellar ataxias ¢

Spinocerebellar ataxia 17 ¢

Spinal and bulbar muscular atophy ¢

Hereditary dentatorubral-pallidoluysian atrophy ¢

Nonneuropathic systemic amyloidoses
AL amyloidosis 2

AA amyloidosis @

Familial Meditteranean fever @

Senile systemic amyloidosis 2

Familial amyloidotic polyneuropathy ¢
Haemodialysis-related amyloidosis @
ApoAl amyloidosis ¢

ApoAll amyloidosis ¢

ApoAlV amyloidosis

Finnish hereditary amyloidosis ¢
Lysozyme amyloidosis ¢

Fibrinogen amyloidosis ¢

Icelandic hereditary cerebral amyloid angiopathy ¢

Nonneuropathic localised diseases

Type |l diabetes @

Medullary carcinoma of the thyroid 2

Atrial amyloidosis @

Hereditary cerebral haemorrhage with amyloidosis
Pituitary prolactinoma

Injection-localised amyloidosis 2

Aortic medial amyloidosis @

Hereditary lattice corneal dystrophy ¢

Corneal amyloidosis associated with trichiasis 2
Cataract 2

Calcifying epithelial odontogenic tumour @
Pulmonary alveolar proteinosis ¢
Inclusion-body myositis @

Cutaneous lichen amyloidosis 2

Senile seminal vesicle amyloidosis

a-synuclein

a-synuclein

Tau and fragments thereof

Huntingtin with polyQ expansion

Ataxins with polyQ expansion

TATA box-binding protein with polyQ expansion
Androgen receptor with polyQ expansion
Atrophin with polyQ expansion

Immunoglobulin light chains or fragments
Fragments of serum amyloid A protein (SAA)
Fragments of serum amyloid A protein

Wild-type transthyretin (TTR)

Mutants of transthyretin

B2-microglobulin (32m)

N-terminal fragments of apolipoprotein Al (ApoAl)
N-terminal fragment of apolipoprotein All (ApoAll)
N-terminal fragment of apolipoprotein AlV (ApoAlV)
Fragments of gelsolin mutants

Mutants of lysozyme

Variants of fibrinogen Aa-chain and fragments thereof
Mutant of cystatin C

Islet amyloid polypeptide (IAPP), also named amylin
Calcitonin

Atrial natriuretic factor (ANF)

Mutants of AB

Prolactin

Insulin

Medin, fragment of lactadherin

Mainly C-terminal fragments of kerato-epithelin
Lactoferrin

v-Crystallins

Unknown

Lung surfactant protein C

AB

Keratins

Fragments of semenogelin |

a Predominantly sporadic, in some cases hereditary forms associated with specific mutations are documented. * Five
percent of cases are transmitted (e.g. iatrogenic). ¢ Systemic deposits are documented. ¢ Predominantly hereditary,
although in some cases sporadic forms are documented.

B. Examples of intracellular, amyloid-like inclusions in human and their primary protein component

Inclusion name Main component Site Example of associated disease

Lewy bodies o-synuclein Neurons Parkinson’s disease
(intracytoplasmic) Alzheimer’s disease with Lewy bodies

Huntington bodies polyQ expanded huntingtin Neurons Huntington’s disease
(intranuclear)

Neurofibrillary tangles Hyperphosphorylated protein tau Neurons Alzheimer’s disease
(intracytoplasmic) Frontotemporal dementia

Hirano bodies Actin Neurons Neurodegenerative disorders
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1. Amyloid: Protein folding, misfolding and disease
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nation complex [16]. Sequestration of Sup35 into insoluble amyloid form results
in decreased concentration and in generation of the dominantly inherited [PSI1*]
phenotype, which confers suppression of nonsense mutations by increasing the
read-through rate of nonsense stop codons. The protein-only inherited [PSI*] el-
ement is structurally self-perpetuating in a manner similar to the mammalian PrP
prions [17]. Like prions, several [PSI*] ‘strains’ have been described with differ-
ing morphological and kinetic characteristics [18]. Amyloid-like fibrils have also
been isolated from bacterial biofilms [19, 20]. The fibril structure assist in adher-
ence to surfaces and is biochemically resistant to degradation making it an excel-
lent biofilm component. Protective, functional amyloid has also recently been
described in phyla ranging from fungi to mammals [21-23]. The formation of
melanin, the polymer that confers protection against small toxins, pathogens and
UV-radiation in skin and eyes, is dependent on the generation of insoluble fibres
consisting of the Pmell7 subunit that have strikingly similar properties to dis-
ease-related amyloid. Consequently, amyloid plays protective or functional roles
in bacteria, fungi and higher eukaryotes.

1.1.3 Familial and sporadic, localised and systemic amyloidoses

Some amyloidoses occur sporadically while others are exclusively hereditary
(e.g. British and Danish Familial dementias), transmissible (spongiform encepha-
lopathies) or a result of external factors (e.g. haemodialysis-associated amyloido-
sis) [24]. Several amyloidoses, including Alzheimer’s disease (AD) and Parkin-
son’s disease (PD), arise sporadically as the body ages or as early-onset disease
as a result of an inherited mutation. For AD, numerous variants have been identi-
fied of the ABPP-encoding APP gene and the presenilin genes (PSEN1 and PSEN2)
that are related to early-onset or particularly aggressive variants of the disease
[25]. In contrast, possession of the €4 allele of the gene encoding apolipoprotein
E is associated with increased susceptibility to late-onset, sporadic AD.

For systemic amyloidoses, protein deposits can be found in several tissues e.g.
heart, liver and kidneys in reactive serum AA amyloidosis and/or skeletal tissue
and joints in haemodialysis-related amyloidosis [26]. In extreme situations, the
deposited mass can reach several kilograms, which in itself can cause organ dam-
age by physical disruption and compression of vasculature. Deposition of smaller
amounts can also cause organ dysfunction, e.g. renal failure resulting from depo-
sition of lysozyme, apolipoproteins Al and All or fragments of fibrinogen Aa-
chain in renal vasculature or glomeruli [26-28]. For the localised amyloidoses,
the mass of deposited material can be very low and clinical symptoms are associ-
ated with cell death co-localised with protein deposits [29]. The predominant
hypothesis holds that cell death is cause by the presence of toxic protein oligomers
via a number of subtle mechanisms (covered in more detail in section 1.4). De-
posits are restricted to one organ, but the localised amyloidoses have highly var-
ied organ- and cellular specificities, e.g. islets of Langerhans in the pancreas in
type II diabetes mellitus [30]. However, toxicity due to protein deposits rather
than obstruction may also play a role in systemic disease [31].
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Figure 1. Proteolytic

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGATI IGLMVGGVVIA processing of ABPP by
é & ? \A{ o-, B- and y-secretase
and the sequences of
the resulting peptides.
Adapted from [36]

LVFFAEDVGSNKGAIIGLMVGGVV P3
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV AB, .,
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA AR,

1.1.4 Aspects of Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative amyloidosis
and arguably the most studied. It is characterised clinically by progressive de-
mentia, loss of cognitive function and ultimately death. Histopathological ex-
amination shows neuronal loss and plaques composed of A distributed through-
out the central nervous system (CNS) but with particular intensity in the cerebral
cortex [32-34] in addition to neurofibrillar tangles (NFTs) composed of paired
helical filaments of hyperphophorylated microtubule-associated protein tau [35].
The AP peptide is proteolytic fragment of the A precursor protein (ABPP), which
contains a single transmembrane helix (figure 1). A small fraction of ABPP is
processed sequentially by the membrane-bound - and y-secretases to yield A
[36-38] while the larger fraction is processed by o- and y-secretases to give non-
pathogenic P, peptide. Cleavage by y-secretase results in fragments of variable
length from 39 to 43 residues with AP, , and AB, ,, as the predominant species.
These cleavage sites are positioned midway along the transmembrane helix leav-
ing the soluble AP peptide with an exposed hydrophobic C-terminal region. Bio-
physical characterisation of AR , and AP, has shown that the longer peptides
is the more amyloidogenic [39] and correlations have been observed between

occurrence of disease and elevation of total serum AP and A, , [40, 41].

1-42 [
The classical amyloid plaque consists of a dense, fibrillar core surrounded by
dystrophic neurites of axonal and dendritic origin, reactive microglia and fibril-
lar astrocytes [42] but AP immunostaining has revealed that diffuse CR-negative
deposits is widespread in the cortex and cerebellum [43, 44]. These non-fibrillar
or preamyloid plaques are rarely associated with cellular abnormalities of the
surrounding tissue. Similar non-fibrillar deposits, termed cotton wool plaques
from their distinct appearance, are observed in certain variants of AD with spas-
tic paraparesis [45, 46]. These lack the dense core but have sharply defined bounda-
ries and are primarily composed of AP, . In addition to the presence of
parenchymal plaques, AD is often accompanied by development of cerebral amy-
loid angiopathy (CAA) [47, 48]. Amyloid accumulates in the walls of cerebral
and leptomeningeal arteries, arterioles and smaller vessels, resulting in severe
cases in loss of smooth muscle cells and degenerative changes progressively
weakening the vessel wall dramatically increasing the risk of haemorrhagic stroke.
Perivascular amyloid deposits can often be observed surrounding affected ves-
sels. Several hereditary forms of CAA exist associated with deposition of A and
AD-unrelated proteins or peptides of which several are associated with other
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Table 3. Selected
sporadic and
hereditary cerebral
amyloid angiopathies.
Adapted from [48, 49].
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Gene Chromosome  Precursor Amyloid protein

Sporadic cerebral amyloid angiopathy (SCAA)
SCAAIn AD ABPP 21 ABPP AB
Hereditary cerebral angiopathies
HCHWA-D ABPP (E22Q) 21 ABPP Ap
FAD ABPP, PS1, PS2 21,14,1 ABPP AB

Flemish ABPP (A21G)

Italian 1 ABPP (E22K)

Arctic ABPP (E22G)

lowa ABPP (D23N)

Italian 2 ABPP (A42T)

Austrian ABPP (T43l)

Iranian ABPP (T43A)

French ABPP (V44M)

Florida ABPP (145V)

London ABPP (V461/F/G/L)
HCHWA-I CYSTC 20 Cystatin C ACys
FAP/MVA TTR 18 Transthyretin ~ TTR
FAF GEL 99 Gelsolin AGel
PrP-CAA PRNP 20 Prion protein APrP
FBD ITM2B 13 ABriPP ABri
FDD ITM2B 13 ADanPP ADan

HCHWA-D: Hereditary cerebral haemorrhage with amyloidosis - Dutch type; FAD: Familial
Alzheimer's disease; HCHWA-I: Hereditary cerebral haemorrhage with amyloidosis - Icelandic
type; FAP/MVA: Familial amyloid polyneuropathy/meningo-vascular amyloidosis; FAF: Familial
amyloidoses Finnish type; Prp-CAA: Prion disease with cerebral amyloid angiopathy.

neurodegenerative amyloidoses (table 3). However, CAA in the absence of AD
or other amyloidoses appears to be an aspect of normal ageing [48, 49]. The
incidence of sporadic CAA increases sharply after the age of 60 and may account
for as many as 15% of cerebral haemorrhagic incidents in the elderly.

1.2 Amyloid and amyloid-like properties and structure

The next question that arises is what are the structural and mechanistic character-
istics that define the fibril component of amyloid. For laboratory purposes and
particularly for in vitro work, the following three detectable characteristics pro-
vide a useful definition of amyloid-like fibrils [7, 50]: i) Affinity for amyloid-
specific stains such as CR and the thioflavin dyes ThS and ThT, ii) B-rich struc-
ture with organisation giving rise to a characteristic cross-3 pattern observable
by X-ray fibre diffraction and iii) ultrastructure composed of long fibres with
variable periodicities, branching and curvature, as observed by electron
microscopy (EM) or atomic force microscopy (AFM). Additionally, fibril-for-
mation often proceeds via a characteristic nucleation-dependent mechanism which
may be attenuated by addition of seeds of preformed fibrils [51] (covered in more
detail in section 1.3).

1.2.1 Staining with amyloid-specific dyes

Binding of amyloid-specific dyes has long been central to identification of amy-
loid in post-mortem samples and thereby to the understanding of development
and pathology of amyloidoses. Congo red (CR) is a sulfonated azo dye (figure
2.A) consisting of two negatively charged amine- and sulphonate-substituted naph-
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thalene groups separated by a biphenyl group and binds to amyloid-like fibrils
with a visual change in colour from red-orange to pale red [9]. The amyloid-
characteristic apple-green birefringence is thought to arise from linear orienta-
tion of CR molecules along the fibril, but the exact nature of the binding is not
well understood [53-56]. Nonetheless, the resulting spectral shift and increased
absorbance intensity may be used for quantitative analysis of in vitro fibrillation
in the visual range, although the light-scattering from insoluble fibrils and satu-
rable binding demands that care must be taken in determining the appropriate
concentrations and in data interpretation [57]. The binding specificity of CR is
relatively high but whereas the characteristic birefringence appears to be specific
for the continuous B-sheet structure of amyloid, CR also binds all-o, o+, all-B
and PB-helical proteins [58, 59] as well as extended [B-sheets of the short-chain
polyamines polyglycine and poly-L-serine albeit with low affinity [60]. An alter-
native to CR for tissue staining is thioflavin S (ThS), which is a blend of several
compounds with diverse properties [9].

A.C d i
ongo re Figure 2. Structure of

the amyloid-binding

NH, SO3
C dyes Congo red (A)
Q N:NN:N O and thioflavin T (B).
Q Adapted from [9] and
303- NH,

[52], respectively.

B. Thioflavin T

Thioflavin T (ThT) is a good choice for studies of fibril formation in vitro. It is a
fluorescent benzoethiazole dye that bind amyloid with higher sensitivity than CR
but somewhat greater nonspecificity [9]. ThT binds poorly to natively folded
proteins and non-fibrillar structures formed along the fibrillation pathway [52,
61] although non-amyloid conformations with ThT-affinity have been described
[62, 63]. The ThT molecule has a well-defined structure (figure 2.B) and con-
tains a single positive charge. Binding of ThT to fibrils elicits a dramatic red-
shift in excitation maximum from ~350nm to ~450nm while the emission maxi-
mum is moderately shifted from ~440nm to ~480nm resulting in minimal back-
ground fluorescence allowing quantitative analysis [64, 65]. ThT is particularly
useful for continuous detection of fibrils in solution, e.g. in assay application,
because it does not interfere appreciably with the formation of fibril structure
[66]. However, the affinity of the charged ThT molecule towards fibrils varies
greatly depending on pH. Differential binding is also observed depending on the
properties of the fibrillating polypeptide making direct quantitative comparison
between fibril species challenging [52, 67]. Several fibril species that bind ThT
poorly or do not bind the dye in detectable amounts have been identified includ-
ing fibrillar structures of poly-L-serine or poly-L-lysine, fibrils formed of 3,m
[61] or truncated amylin peptide [68] and ThT-negative, CR-positive fibrils of
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AR, ,, [69]. Several models have been suggested for the binding of ThT to amy-
loid fibrils, including association of ThT micelles [70]. However, recent studies
suggest that ThT binds with its long axis parallel to the fibril within cavities [71,
72], e.g. between protofilaments (see section 1.2.3), and it has been suggested
that CR binds in a similar manner [53]. Lockhart and co-workers [73, 74] identi-
fied three ThT binding site on A fibrils including a high-affinity site with low
binding stoichiometry (1 mole per 300 mole AP in fibril from). Groenning et al.
[72] demonstrated two binding sites for insulin fibrils although the high-affinity
site has somewhat higher capacity (1 mole ThT per mole fibrillar insulin). Inter-
estingly, ThT bound to the high-affinity site was found to be responsible for the
increase in ThT fluorescence upon binding.

1.2.2. Morphology of amyloid-like fibrils

The morphology of biological amyloid and amyloid-like fibrils formed in vitro
has been examined comprehensively by AFM, EM and scanning transmission
electron microscopy (STEM). The later method allows measurement of the mass-
per-length (MPL) of fibrils [75]. Despite the seeming overall similarity in fibril
structure, significant morphological differences exist between fibrils composed
of different polypeptides as well as for fibrils of identical polypeptides formed
under different experimental conditions [76-78]. An ensemble of morphologies
within the same sample is also a common find. Fibrils may be found in bundles
or alone, be straight, curled or branched and appear smooth, twisted or as rib-
bons. However, the overall morphology is of highly structured, long, thin fibres
with well-defined dimensions ranging from 6 to 13nm in width [7, 79] and with
varying lengths in the micron range. The mature fibril found in aged samples is
often composed of thinner (2-5nm-wide), laterally associated protofilaments giving
rise to a wide range of possible morphologies (table 4). As such, mature fibrils
can be described based on their dimensions, number of protofilaments and MPL.

Number of Cross-section dimensions (A)
Amyloid protein Mass(kDa) protofilaments  Protofilaments  Fibril
Table 4. Examples of TTR (V30M) 15 4 50 120
fibril and protofilament ~ Immunoglobulin light chain AVI 13 4-6 ~30 90
dimensions. N.A.: Not ApoAl (L60R) ~9 5/6 ~32 100
available. Adapted AA 8.4 5 ~30 100
from [80]. @ from [68]. Lysozyme (D67H) 15 5 ~30 95
® from [81]. TTR, 46 ~1 6 ~28 90
IAPP 2 4 2-many ~50 80-higher
Insulin ® N.A. 2/4/6 ~35 50-100

22

Fibril polymorphism and the variability of fibrils structure among closely related
polypeptides sequences were illustrated by Goldsbury et al. [68, 82], who stud-
ied the fibril ensemble of the amyloidogenic hormone IAPP in vitro by EM and
STEM. A common 5nm-wide protofilament (termed protofibril by the authors)
was found with 2.5-3.0 JAPP monomers per nm measured along the filament axis
by STEM. These protofilaments were rarely found in isolation but rather as con-
stituents of twisted rope-like fibrils or arranged sidewise in flat ribbons (figure
3.A, C-F). A shorter fragment (IAPP, ) covering the amyloidogenic core did
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not form twisted fibrils but only flat ribbons of 3.6nm-wide filaments (figure Figure 3. Diversity of
3.B) signifying the influence of the non-core regions in determining fibril mor- ?sglllyr:w(c)):g:(l)skr)n% or
phology. Twisting of protofilaments and fibrils is predominantly left-handed propa- 1APP (A,C-F) and
gating from the tendency towards inter-stand twisting within 3-sheets determined ][f;'?npfgzsg] (B)- Adapted
by amino acid chirality and steric constraints [50]. Correspondingly, fibrils formed

from the D-form have right-handed twists [83, 84]. The diverse appearance of

IAPP fibrils reflects the frequent observation of a wide range of fibril morphologies

[80, 85-88], which include tubular structures with electron-translucent centres

and straight or twisted fibres with occasional branching and frayed ends expos-

ing individual protofilaments.

Growth micro- and macro-conditions can have a strong impact on morphology
and condition-dependent polymorphism is a frequent observation such as pH and
agitation for AB, , and fragments thereof [89, 90] solution polarity for insulin
[91] or peptide concentration, fibrillation temperature, ionic strength and pres-
ence of ions that may acts as ligands for the pancreatic hormone glucagon [67,
92]. Finally, growth under conditions of high pressure has been shown to lead to
formation of highly curved or circular fibrils for insulin [93] underscoring the

seeds

T

Figure 4. ‘Strain’
behaviour of AB fibrils.
; o . The use or absence of
. [T 8 : agitation during growth
AR~ give rise to two fibril
types. The properties
of the seed determines
the properties of
seeded fibrils [90].

parent fibrils _ daughters grandd_aughters

ent

agitated
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Figure 5. Parallel (A)
and anti-parallel (B)
pleated sheets [96].
The cross- structure
consist of laminated
pleated sheets (shown
as anti-parallel) run-
ning along the fibril di-

rection with strands ori-

ented perpendicular to
the fibril axis. Adapted

from [97].
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morphological diversity of amyloid-like fibrils. Several of these studies also il-
lustrate the principle of fibril ‘strain’ (figure 4), which parallels the strain-behav-
iour of prions. Solutions seeded with fragments of previously formed fibrils
showed preservation of morphology in populations of daughter- and granddaugh-
ter-fibrils. However, the widespread condition-dependent polymorphism and strain
behaviour has raised questions about the generic nature of the fibril structure,
which will be discussed further below.

1.2.3 The cross- fibril structure

The wide range of fibril morphologies raises the question of the basic structure of
the protofilament and whether structural polymorphism originate in differences
of protofilament packing or illustrates more fundamental differences in structure.
Early structural studies of amyloid-like fibrils by X-ray fibre diffraction showed
the characteristic diffraction pattern [94, 95] ascribed to the cross-f organisation
of the extended pleated sheets first described by Pauling (figure 5.A-B) [96]. The
individual B-strands are perpendicular to the fibril axis while the B-sheet is paral-
lel to the fibril direction (figure 5.C) resulting in a diffraction pattern consisting
of 4.7-4.8 A meridional and more diffuse 10-11A equatorial reflections [97]. The
former originates from the distance between the extended B-strands within the -
sheet while the latter is attributed to the distance between two or more laminated
B-sheet although this distance depends on the type of side chains [98]. X-ray
fibre diffraction does not distinguish well between parallel and anti-parallel ori-
entation nor does it provide information about the register of the individual B-
strands, the direction of twisting of the B-sheets or about regions of the polypep-
tide chain outside the regular structure such as loops or turns. However, Blake
and Serpell [99, 100] used the observation of a repeating unit of 24 B-strands to
construct a basic protofilament structure consisting of four laminated, continu-
ous P-sheets for ex vivo fibrils of transthyretin (TTR) variant V30M (figure 6.A).
The mature fibril consists of 4 such protofilaments. The full rotation of the lami-
nated [B-sheets around a central axis result in an inter-strand twist of 15° similar
to the energy-minimising twist observed for -sheets in globular proteins [102].
An analogous model, constructed from electron-density maps obtained from cryo-
electron microscopy of fibrils of the SH3 domain of phosphatidylinositol-3'-ki-
nase [101], shows a double-helix of two pairs of protofilaments, each consisting
of two laminated -sheets. Similarly, an ensemble of polymorph fibrils of insulin
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[81] was found to consist of 2, 4, 6 or more protofilaments (figure 6.B-C) that
appeared identical under the available resolution.
\l
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24 B-strands
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1.2.4 Sub-protofilament structure

The advances in high-resolution methods, particularly within the field of nuclear
magnetic resonance spectroscopy (NMR), has allowed the collection of more
detailed information about the sub-protofilament structure of both short peptides
and full-length amyloidogenic polypeptides. Using AP as an example, if was
found by combination of several methods that the longer peptides AB, .., AB
and AP, , form parallel, in-register $-sheets [103-109] while the shorter A, .
and AB,, form [B-sheets in anti-parallel conformation [110, 111]. Interestingly,
the latter peptide was found to switch to parallel conformation upon octanoylation
of the N-terminus [112]. This can be rationalised in terms of hydrophobic and
electrostatic interactions. The longer peptides have asymmetrical hydrophobic
segments (residues 17-21 and 29-40) and the parallel, in-register conformation
allows for full overlap between these. For the shorter peptides, the segment at
residues 17-21 occupies a central, symmetrical position that allows for anti-par-
allel conformation and interaction between the opposing terminal charges.
Octanoylation abolishes the electrostatic interaction and adds an additional hy-
to parallel organisation.

1-42

1-42

drophobic region switching A, ,
It has been suggested that the structural polymorphism observed for identical
peptides at differing growth conditions stems from protofilament surface char-
acteristics [77], e.g. side chains not directly involved in formation of the cross-3
core. The parallel-to-anti-parallel conformational switching suggests that poly-
morphism may correspond to structural difference at the sub-filament level. This
is further supported by the observation of significant differences in protofilament-
substructure observed by solid state NMR for the previously mentioned poly-
morphic AP, , fibrils grown with or without agitation [90] (figure 4). Quiescent

1-40

Figure 6. Model of
TTR, oy (A) and insulin
(B-C) fibril structures.
Adapted from [100]
and [81], respectively.
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Fibril type Conditions Characteristics

A >1g/L glucagon (pH 2.5) Thin flexible fibrils, sometimes as twisted bundles; high
ThT staining.

B <0.5mg/mL (pH 2.5); agitation Untwisted parallel bundles of two or more filaments; low

ThT staining; CD-spectrum fingerprint at 206nm and
characteristic IR peak at ~1635cm™.

quiescont <0.5g/L (pH 2.5); no agitation Twisted thick fibrils; low ThT staining.
<0.5g/L (pH 2.5); agitation; elevated Low ThT staining; large untwisted parallel bundles of
temperature (50°C) several filaments; similar molecular structure as type B.
D <0.5g/L (pH 2.5); 100-200uM NaCl; agitation High-pitch twisting; low ThT staining.
S (sulphate type) ~0.5g/L glucagon (pH 2-2.5); 1mM SO ?; Regular twisted fibrils; high ThT staining; irregular,
agitation not required a-helix-like CD spectrum.

Table 5. Summary of  samples were found to contain two conformations ratio 2:1, and measurements
%\Igacstge%nfiml [t1yf :’]‘f" of MPL by STEM further suggested that agitated and quiescent protofilaments
contained two and three laminated sheets, respectively. However, monoclonal
antibodies specific for fibrils but not precursors or soluble monomers suggest the

existence of a common fibril-specific structural epitope [113].

A more extensive description of the dependence of sub-filament structural poly-
morphism on fibrillation conditions comes from studies of the 29 amino acid
glucagon peptide [67, 92, 114]. Numerous fibril ‘types’ (table 5) have been de-
scribed exclusively or in mixed populations depending on peptide concentration,
agitation, pH, temperature, ionic strength and presence of specific anions during
fibrillogenesis. The mature fibril types vary not only in morphology (figure 7.A-
D) but also in their stability by thermal or chemical dissociation and their sec-
ondary structure. Fourier transform infrared spectroscopy (FTIR) of dried fibril
samples show some diversity but all display a major B-sheet component in the
1620-1640cm™ range (figure 7.E). In contrast, circular dichroism (CD) yields
very diverse spectra including typical B-structure as well as spectra with o-heli-
cal or B-turn characteristics (figure 7.F). Using types B and D as examples, growth
in the presence of 250mM NaCl changes the CD spectrum from B-turn-like to a
more typical B-sheet-like spectrum without considerably altering the appearance

Figure 7. Morphology | Type B fibrils //..-\_\
of glucagon fibril types N ‘..-.,\
A-D (A-D) [67]. FTIR _ N AR
(E) and CD (F) spectra S TypeDfbris :
of selected types [114]. g ’//’\_\
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in FTIR. Similarly, the addition of as little as 1mM sulphate ions favours a fibril
type which contains noticeable amounts of o-helical structure (type S), which is
also observed for freshly dissolved peptide in the presence of higher concentra-
tions of sulphate ions [92] suggestive of a stabilising role of sulphate towards
helical conformation. It thus appears that fibril polymorphism encompasses every
level from secondary structure, which must be probed by spectroscopic methods,
to quaternary structure, commonly observable as differences in gross morphol-
ogy. For a given polypeptide, the structural preferences within this polymorphic
field of possible conformations are determined by physical (e.g. temperature)
and solution (e.g. ionic strength) conditions and these traits are generally con-
ferred to daughter fibrils upon seeding under dissimilar conditions as those used
for parent fibrillation. This speaks against a single generic fibril structure repre-
senting a global energy minimum and the tendency towards a given fibril type or
strain is likely driven by kinetic factors and directed by constraints from solution
conditions and imprinting from seed ‘templates’.

1.2.5 Models of fibril structure

The extensive work on the structural properties of the AP peptides have led to a
parallel, in-register structural model of full-length AB, , [115] (figure 8.A). The
two B-strands are folded so the peptide contributes one B-strand to each of the
two continuous 3-sheets that make up the protofilament. This model is in general
agreement with subsequent data obtained from e.g. solution NMR [117], mass
spectrometry [118], cryo-EM [119, 120] and mutagenesis studies [121, 122] al-
though a recent structure of AR, [116] obtained from solution NMR combined
with structural constraints from previous studies suggests a staggered arrange-
ment with the laminated sheet leading to partially unpaired B-strands (figure 8.B).
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A similar interpretation of the cross-f3 organisation comes the ability of certain
short, amyloidogenic peptides to form crystalline, fibril-like structures [ 123, 124].

Two peptides from the N-terminal prion domain of the fungal prion Sup35,
GNNQQNY and NNQQNY, were found to form microcrystals that allowed X-
ray diffraction to 1.8A and 1.3A resolution, respectively, revealing continuous,
flat B-sheets with B-strands in parallel, in-register conformation [125]. The inner
core of the laminated B-sheets, or ‘dry face’, is tightly packed with closely nes-

Fibril axis

T “odd” end B2

D23 I B1
Figure 8. Structural
model of AB, , (A) con-
sisting of two laminated
sheets from the same
peptide. An alternative
model (B) describes a
staggered arrange-
ment. Adapted from
[115] and [116],
respectively.
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Figure 9. Classes of
steric zippers. Adapted
from [128].

tled, complementary side chains giving the appearance along the protofilament
axis of an interlocked ‘steric zipper’. The tight packing excludes water from the
core, which is compatible with the structural insensitivity of some fibrils towards
hydration [126]. The polar Asn and GlIn side chains do not form hydrogen bonds
between B-sheets but rather ‘polar zippers’ along the fibril axis [127]. In the ab-
sence of hydrogen bond stabilisation, the two B-sheets are held together by van
der Waals interactions between the closely packed side chains. Similar structures
have been described for a further eight short peptides from amyloidogenic pro-
teins or peptides [128] classified based on B-strand orientation within the B-sheet
and with respect to the opposite B-sheet and which -sheet sides, or faces, are in
contact (figure 9). Interestingly, several of the peptides have two conformations
suggesting variability in side chain packing and the less specific van der Waals
interactions could be a basis for fibril polymorphism.
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Several alternative model for fibril structure suggest that cross-p organisation
may not be relevant for all fibrils. The late Max Perutz [129] observed that the
10A equatorial reflection is missing in X-ray fibre diffraction patterns for fibrils
of polyglutamine repeats and proposed that amyloid-like fibrils may be water-
filled nanotubes composed of ~30nm-wide, cylindrical B-helices with 20 residues
per turn. Similar B-helical structures with circular or triangular cross-sections
have been suggested for other fibril types [130-134]. A second group of alterna-
tive structural models is based on preservation of some native structure [135]: i)
‘Gain-of-interaction” models in which dislocation of a native B-sheet allows inter-
molecular contact between edge strands and direct stacking of monomers pre-
serving residual native structure (e.g. TTR) [136-138], ii) cross-f spine models
in which a central fibril is formed by N- or C-terminal amyloidogenic regions
(e.g. yeast prion Ure2p) or by ‘gain-of-interaction’ association of edge strands
conserving extra-fibrillar domains of native structure (e.g. f2m) [139, 140] and
iil) domain-swapping in which the native structure opens and complementary
domains associate across molecules (e.g. cystatin C) [141, 142].

In summary, despite overall similarities amyloid-like fibrils show a striking de-
gree of polymorphism in their gross morphology and in their underlying struc-
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ture. The self-assembly via hydrogen bonded -strands into continuous B-sheets
or B-helices may the underlying motif of formation of amyloid-like fibrils. This
might be a reflection of the inherent ability of the polypeptide backbone to con-
form to the extended B-strand conformation.

1.3 The mechanism of protein folding and misfolding

1.3.1 The inherent ability of proteins to form fibrils

Many proteins and peptides have been identified in biological amyloid, but two
observations paved the way to a more fundamental understanding of fibril as-
sembly: i) synthetic disease-related peptides are capable of forming amyloid-like
fibrils in vitro with comparable tinctorial, morphological and structural proper-
ties to their in vivo counterparts [143, 144] and ii) globular proteins unrelated to
disease may by induced to form similar fibrils as in the case of SH3, the ninth
type III domain of fibronectin (rm-I119) and acylphosphatase (ACP) [145-147].
The observation of fibrillogenic potential for natively folded proteins led to the
proposal that any protein sequence may be capable of forming amyloid-like fi-
brils under appropriate conditions and that the capacity to conform to the con-
tinuous [-sheet structure may be an intrinsic ability of the polypeptide backbone
[148]. This is supported by the ever-growing list of proteins and peptides
fibrillating in vitro or in vivo, which includes all-B (SH3, rm-II19, 2m), all-o
(apomyoglobin, cytochrome ¢, ), mixed structures (ACP, hen egg white lysozyme,
stefin B), fragments of transmembrane helices (AP, truncated glycophorin A)
and polyamino acids [98, 149-153]. Consequently, the fibril conformation seems
to occupy a permanent place in the energy landscape of folding [154]. While the
native structure encoded within the protein sequence [155] may represent a local
free energy minimum relevant for the isolated polypeptide chain, it has been
suggested that the native fold may be considered a metastable state whereas the
amyloid-like fold represents the global free energy minimum [156].

Formation of intermolecular contacts opens up the alternative aggregation en-
ergy landscape (figure 10) and allows for a range of structures including the
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Figure 10. The energy
landscape of folding
and aggregation. The
formation of intermole-
cular interactions al-
lows access to alterna-
tive structures that may
be more energitically
favourable than the
native structure. Adap-
ted from [157].
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highly stable amyloid-like fibril [157]. However, a single common and preserved
amyloid structural motif can hardly be expected in the light of the absence of
evolutionary pressure in the development of fibril structure excluding those few
proteins that constitute the functional amyloid group. The evolutionary pressure
has rather been on prevention of aggregation-promoting non-native interactions
during protein folding, which offers a partial explanation for the relative rarity of
in vivo amyloidogenesis compared to the readiness with which many otherwise
non-pathogenic proteins have been induced to fibrillate in vitro. In light of the
frequent observation of fibril polymorphism, the nucleation and growth of amy-
loid-like fibrils appears to be a competitive process involving a collection of
highly-ordered structures in a ‘survival of the fittest’-like scenario [114]. From a
mechanistic strand-point, the fibrillation process begins from the monomeric state,
which may belong to an ensemble of unfolded or partially folded conformations
[158, 159] or be native-like [135, 160]. The subsequent assembly may involve
formation of oligomeric species, ordered or amorphous aggregates, all of which
have been implicated on- or off-pathway in the fibrillation process [161].

1.3.2 Models for fibril growth

The classical model of fibrillation is a nucleation-dependent assembly mecha-
nism, which ascribes the frequently observed lag phase before growth of mature
fibrils can be detected®to a rate-limiting formation of a critical fibrillation nu-
cleus (figure 11), defined as the most unstable and therefore least populate spe-
cies along the pathway [162, 163]. The assembly proceeds via step-wise addition
of monomer to the growing fibril [165]. However, the initial equilibria are ther-
modynamically unfavourable until the critical fibrillation nucleus (n*) is reached:
(1) A+A, &A, AL+HASTAL,

The end of the observable lag phase corresponds to the end of the initial slow
nucleation phase and formation of the rare critical nucleus (figure 12.A). This is
followed by thermodynamically favoured end-wise elongation leading to observ-
able fibril growth. The addition of available ‘ends’ in the form of seeds of pre-
formed fibrils should abolish the lag phase. The nucleation-elongation model
also implies a critical concentration (C,) below which fibril formation does not
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occur and a strong concentration dependence of fibrillation kinetics. The addi-
tion of monomers to the growing fibril end may proceed rapidly but can involve
a second rate-limiting step as observed for elongation of Sup35 fibrils [166] or

separate binding and rearrangement steps as observed for AR , [167, 168].
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Nucleation-dependent models have been used successfully for kinetic interpreta-
tion of experimental fibrillation or aggregation data [88, 169-171]. However, the
duration of the lag phase can be independent of or only weakly dependent on
monomer concentration and the elongation phase may show rapid onset, which is
in disagreement with the parabolic early time-course predicted by the nuclea-
tion-dependent model [165, 166, 172]. Secondary processes for production of
growing ends in the form of branching, nucleus-formation on the fibril surface or
fibril fragmentation may result is such abrupt termination of the lag phase [161].
Fragmentation also explains promotion of growth by sonication or agitation [173,
174] and the importance of fibril ‘brittleness’ for fungal prion phenotypes [175].
Lateral surface recruitment and association of smaller spheroids has been ob-
served for short, rod-like prefibrillar insulin oligomers [176]. The relative inde-
pendence of concentration has been attributed to formation of off-pathway spe-
cies lowering the effective monomer concentration [177-179]. Duration of the
lag phase can also be affected by stabilisation of on-pathway monomeric or oli-
gomeric species [180-184].

Alternatively, fibrillation may take place without formation of a critical nucleus
similar to the process of amorphous aggregation [185]. The aggregation-prone
monomer is the highest energy species (figure 12.B) and each essentially irre-
versible assembly step stabilises the larger species. Consequently, such downhill
polymerisation is characterised by first-order dependence on monomer concen-
tration and whereas addition of seeds may affect the distribution of oligomeric
species, it has no effect on the time-course of the assembly as observed for TTR
under partially denaturing conditions and AP covalently modified by aldehyde-

Reaction coordinate

Figure 12. Proposed
reaction schemes for
the nucleation-depen-
dent fibrillation of Ap
(A) and the downhill
polymerisation of TTR
(B), which is initiated
by conversion of the
native monomer to an
aggregation-prone con-
formation. In the former
case, the critical
nucleus is the highest-
energy species. In the
latter case, the native
monomer occupies this
position. Adapted from
[164].
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derivatives of cholesterol [ 164, 186, 187]. Similarly, formation of amorphous but
seeding-competent aggregates of a tandem-repeat of SH3 at neutral pH has been
shown to follow down-hill polymerisation kinetics [188].

1.3.3 Early oligomeric species, on- or off-pathway intermediates

The initial phases of fibrillation, before the appearance of mature fibrils, are of-
ten characterised by nucleation-independent conversion of a portion of the
monomer pool into an ensemble of oligomeric species [189-191]. These early
intermediates are generally classified based on appearance (EM and AFM) and
approximate molecular mass (size-exclusion chromatography [SEC] and gel elec-
trophoresis). A diverse range of structures have been observed including sphe-
roids [69, 192, 193], curvilinear protofibrils [69, 194, 195], ‘micelles’ produced
above a CMC-like threshold monomer concentration [177, 196, 197] and, for
AP, AB-derived diffusible ligands (ADDLSs) [198]. Pore-like structures have also
been observed with striking similarities to pore-forming bacterial toxins suggest-
ing a role in neurodegeneration [199-203].

The presence of oligomeric species and slow disappearance before mature fibrils
can be observed has prompted speculation about their role as potential on-path-
way intermediates. Because of their relative abundance they cannot by definition
be the critical nucleus, but an on-pathway role is supported by structural studies
detecting similar ordered elements for protofibrils as for fibrils [118, 204] and
oligomeric intermediate species have been inferred or identified on-pathway in
several studies [178, 205-207]. Spheroids have been observed to anneal to form
linear or annular structures [200, 203, 208] and participation in fibril elongation
by association of oligomers at fibril ends has been proposed for e.g. Sup35 and
AR, [209, 210] although elongation by monomer addition is well-documented
in many cases [166, 197]. However, fibrillation can occur under mildly denatur-
ing conditions that prevent formation of oligomers [211] and Goldsbury et al.
[208] observed that annealed A, spheroids separated before disappearing from
solution as mature fibrils appeared suggesting an oft-pathway role. The latter
study also demonstrated protofibrils may originate from spheroids, indicating
internal conformational nucleation, and elongate by monomer addition albeit at a
slower rate than mature fibril growth suggesting structural differences requiring
conformational rearrangement to allow conversion to mature fibrils. The early
curliform protofibrils may be on-pathway intermediates that laterally associated
to form mature fibrils [212] but protofibrils may coexist with spheroids under
conditions that disfavour formation of mature fibrils whereas fibrils are capable
of growing under conditions that disfavour the formation of oligomeric species
[191]. As such, early oligomeric species may be kinetically trapped on pathways
competing with formation of mature fibrils [208, 213, 214] and whereas on-path-
way oligomers can be observed for several systems, they are not generally obli-
gate. This is supported by the observation that several small-molecule inhibitors
selectively reduces oligomerisation of AP without affecting fibrillogenesis indi-
cating that oligomerisation and fibrillation can occur by separate pathways [215].
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1.3.4 Formation of aggregation-prone species

Significant work has gone into describing the earliest events in the fibrillation
process, i.e. how the relevant polypeptide chain becomes prone to participating
in aggregation and which factors influence the process. Fibrillation has been ob-
served to occur for globular proteins, intrinsically unfolded proteins or unfolded
proteolytic fragments and the specific formation of the fibrillation-prone monomer
depends on the nature of the precursor polypeptide. Fibrillation of globular pro-
teins generally requires conditions under which fibrillation-prone, partially folded
conformations are populated [10, 158]. This can happen either 1) by introduction
of mutations that destabilise the native state or stabilise the partially folded con-
formation [216-218] or ii) via non-native environmental factors [145, 151, 219,
220] such as low or high pH, high temperature or addition of organic solvents to
alter solvent polarity. The unmasking of fibrillation-prone regions allows for in-
teraction with similar regions on other molecules and the formation of higher
order species. An example is dislocation within a native B-sheet, through muta-
tion or environment factors, leading to exposure of edge 3-strands already in the
required extended conformation and available for formation of an intermolecular
B-sheet. The importance of such exposed edge B-strands is illustrated in the pro-
tective methods used by globular proteins such as strategically placed charges,
incorporation of prolines and shortening of edge -strands to prevent such asso-
ciation [221, 222].

Fibrillation also occurs from intrinsically unfolded conformations include full-
length proteins (e.g. o-synuclein), short peptides with low structural propensity
(e.g. IAPP and calcitonin) or proteolytic fragments of longer precursor protein
(e.g. AP and medin [223]). In the latter example, the cleaved peptides will be
incapable of folding into a globular shape offering protection of fibrillation-prone
regions. However, mutagenesis studies have demonstrated that fibrillation from
both unfolded [224] or partially folded [225] states occurs through interactions
between a limited number of residues in a manner reminiscent of the native fold-
ing nucleus® although the residues forming the native and fibrillation nuclei dif-
fer. Additionally, intrinsically unfolded proteins or peptides are capable of adopt-
ing molten globule-like structures with significant secondary structure and the
formation of such transient intermediates, occasionally with significant a-helical
elements, have been observed for e.g. IAPP and AP, [226-228].

1.3.5 Factors influencing aggregation propensity
There is no single consensus motif for fibrillation but different sequences have
markedly different fibrillation propensities and rates. The amyloid stretch theory
[229] proposes that the fibril self-assembly occurs through interaction of short
segments within the polypeptide chain and that the properties of these aggrega-
tion-prone regions or ‘hot spots’ that can be used for predictive purposes. Several
intrinsic physiochemical factors have been described as playing a role in deter-
mining aggregation rates [230, 231], e.g. hydrophobicity, B-strand amphiphilicity,
charge and [-sheet propensity.

3 Not to be confused with the critical fibrillation nucleus defined for the nucleation-elongation model.
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Figure 13. Deviation
from the average
Swiss-Prot amino acid
composition
(www.expasy.ch/sprot/
relnotes/relstat.html) of
small amyloidogenic
peptides. *Small pep-
tide segments examin-
ed by Eisenberg and
co-workers [235].
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The interaction between unmasked hydrophobic patches is an important driving
force in the formation of amyloid-like fibrils as well as amorphous aggregates
[232, 233]. However, short peptide fragments consisting of polar amino acids
(e.g. GNNQQNY [124]) and long polyglutamine also readily form amyloid-like
fibrils in vitro, possible stabilised by polar zippers as proposed by Perutz et al.
[127] and observed for yeast prion Ure2p and several steric zipper structures
[125, 128, 234]. Eisenberg and coworkers [235] used threading of sliding win-
dow hexapeptides of amyloidogenic proteins through the steric zipper structure
obtained from microcystals of the NNQQNY peptide [125] to accurately predict
not only potentially amyloidogenic Asn and Gln-rich segments but also known
predominantly nonpolar amyloidogenic regions including the final GGVVIA
hexapeptide of AB, , in agreement with the increased fibrillation rate for the
longer AP variant [39]. Brack and Orgel [236] and later Hecht and coworkers
[237] studied the secondary structure preferences of patterns of alternating hy-
drophilic and hydrophobic residues and found partiality towards B-structure and
formation of amyloid-like fibrils. Indeed, such patterns are underrepresented in
Nature suggesting an evolutionary disadvantage. However, screening of globular
and amyloidogenic proteins did not yield an overrepresentation of alternating
patterns [222]. Rather, fibril-forming proteins showed an increased frequency of
pure hydrophobic or hydrophilic segments.
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The B-branched (VIL) and large aromatic (FYW) residues generally favour [3-
sheet structure [238-240] and these amino acids are overrepresented when exam-
ining the deviation of amino acid frequency compared to the average frequencies
in the Swiss-Prot database for a selection of short, amyloidogenic peptides asso-
ciated with disease and with the overall frequencies observed for short fibril-
forming segments (figure 13). Similarly, the o-helix promoting amino acids
(MALEK) are generally underrepresented. In the case of the o-helix promoting
charged amino acids, the low frequencies may arise from the aforementioned net
charge effect leading to overrepresentation of low charge among the amyloidogenic
peptides. Proline is largely excluded, which is in agreement with its role as sec-
ondary structure ‘breaker’. Correspondingly, scanning proline mutagenesis has
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been used to elucidate the thermodynamic stability and structure of fibrils [131,
241]. The effect of proline in amyloidogenic sequences is illustrated in the lack
of amyloid-formation for rat IAPP, which contains a proline-rich segment
(NLGPVLPP) in region corresponding to the human amyloidogenic core
(NFGAILSS) [242]. Conversely, glycine has diverse effects on fibrillation. Con-
served glycine residues have been linked to prevention of ACP-fibrillation by
alanine mutagenesis [243] while the G3 A substitution in NFGAIL was shown to
be without effect [244]. In contrast, the small glycine residue was found to be
important in packing of bulky side chains for a fragment of transmembrane, o.-
helical glycophorin A [150] and glycine has a similar role in the packing of large
aromatic side chains and in interstrand interaction for antiparallel -strands [245,
246].

Aromatic residues appears to play an important role in fibril formation in agree-
ment with the general overrepresentation of particularly phenylalanine in the sum-
marised amyloidogenic sequences (figure 13). Indeed, alanine-substitution of phe-
nylalanine in NFGAIL abolishes fibrillation [244] while tyrosine-substitution sig-
nificantly inhibits it [247] indicating structure-specificity in the form of wt-stack-
ing of aromatic rings [248]. However, Raleigh and coworkers [249] demonstrated
that phenylalanine is not required to form fibrils although a large effect upon
alanine-substitution and a less dramatic effect of leucine-substitution were ob-
served. The effects ascribed to effects on hydrophobicity and B-structure propen-
sity. Similar observations were made for ACP [250]. However, a microcrystal
structure of a designed 12-mer (KFFEAAAKKFFE) showed stabilisation of the
packing of parallel B-sheets by means of m-stacking of rows of phenylalanine
termed a phenylalanine zipper by the authors [251] and similar packing of aro-
matic side chains has been described for a pentapeptide of human calcitonin [252].

The role of charge in fibril-formation seemingly involve competition between
opposite mechanisms. Chiti and co-workers found that mutations that reduces
the net charge promote aggregation of ACP and the N-terminal domain of HypF
from E. coli (HypF-N) from an ensemble of partially denatured states signifying
an inhibitory effect of charge repulsion [232, 253]. Similarly, the tetrapeptide
KFFE fibrillates while KFFK and EFFE do not [254] in agreement with the ob-
servation that intrinsically unfolded proteins have lower net hydrophobicity and
higher net charge than native folded proteins [255]. In contrast, a study of de
novo designed hexapeptides showed that a charge of +/-1 was essential for fibril-
formation to proceed over amorphous aggregation [256] supporting the both im-
portance of charge-interactions in fibril stabilisation and the tendency towards
formation of amorphous aggregates at neutral net charge or by charges-screening
at high ionic strength [85, 185, 257]. The competition between amorphous [3-
aggregation and formation of ordered amyloid-like fibrils is reasonable since
hydrophobicity and propensity for B-structure are important for both processes
[258]. Despite the overlap between [3-aggregation and fibrillogenesis, some cau-
tious generalisations can be made about the relationship between the two proc-
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esses. Although amorphous, B-rich aggregates do contain significant amounts of
ordered structure, their structural flexibility can result in faster kinetics com-
pared to fibrillogenesis [258]. For highly hydrophobic sequences with high 3-
sheet propensity, the tendency will be towards fast amorphous aggregation while
more polar sequences will be more favourable for formation of ordered fibril
structure. However, the two processes commonly occur simultaneous and com-
petitively, exemplified by the frequent observation of transient amorphous ag-
gregates during fibrillogenesis.

A. Aggregation propensities, de Groot et al. B. Aggregation propensities, Pawar et al.
Residue Residue pH2 pH7 pH 13
Table 6. Aggregation w 1.037 w 2.92 2.92 2.92
propensities of the 20 F 1.754 F 2.80 2.80 2.80
natural amino acids C 0.604 C 1.61 1.61 -3.44
used for AGGRESCAN Y 1.259 Y 1.03 1.03 1.03
(A, [260]) and | 1.822 I 0.93 0.93 0.93
Zyggregator (B, [261]) Vv 1.594 \% 0.49 0.49 0.49
methods. L 1.380 L -0.25 -0.25 -0.25
M 0.910 M -1.06 -1.06 -1.06
T -0.159 T -2.12 -2.12 -2.12
A -0.036 A -3.31 -3.31 -3.31
G -0.535 G -3.96 -3.96 -3.96
H -1.033 H -9.36 -4.31 -4.31
S -0.294 S -5.08 -5.08 -5.08
Q -1.231 Q -6.00 -6.00 -6.00
N -1.302 N -6.02 -6.02 -6.02
D -1.836 D -4.38 -9.42 -9.42
K -0.931 K -9.55 -9.55 -9.47
E -1.412 E -6.73 -10.93 -10.93
R -1.240 R -11.93 -11.93 -11.85
P -0.334 P -11.96 -11.96 -11.96
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In recent years, several methods for prediction of aggregation or fibrillation pro-
pensity of denatured polypeptides have been developed based on individual amino
acids properties within the sequence. Using aggregation propensities obtained
from mutagenesis of AP [259, 260] (table 6.A) and sliding window analysis,
Conchillo-Sole et al. [262] developed the AGGRESCAN method for predicition
of aggregation ‘hot spots’ for several amyloidogenic proteins. The Zyggregator
algorithm, developed by Vendruscolo and co-workers [261], also uses position-
specific aggregational propensities (table 6.B) to calculate aggregation scores,
but these are based on o~ and B-structure propensities, a score for patterns of
alternating polar and nonpolar side chains, hydrophobicity and charge. Aggrega-
tion-prone regions are identified by comparison to aggregation scores of a ran-
dom protein of similar length. The algorithm was recently [263] expanded to
allow prediction of aggregation-prone regions in native proteins by incorpora-
tion of the CamP method for calculation of flexibility and solvent accessibility
[264]. For the TANGO method, Fernandez-Escamilla et al. [265] used similar
physiochemical factors in combined with the assumption that a given amino acid
is fully buried in the fibril fold. The protein is divided into segments and the
partitioning within a conformation space including a-helix, 3-aggregate and other
conformations is calculated to predict aggregation-prone segments. A different
approach was chosen by Seno and co-workers [266] for the PASTA method. Se-
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quence-specific strand-strand interaction energies were calculated from a library
of globular proteins to give parallel and anti-parallel pairing matrices. The pre-
diction algorithm calculates pairing aggregation scores for combinations of po-
tentially interacting regions in parallel and anti-parallel conformations to pre-
dict aggregation-prone segments and their orientation as minimal interaction en-
ergies. This list of prediction methods is by no means exhaustive but merely
represent the methods used in the present work. It is worth mentioning that the
close relationship between B-aggregation and fibrillation can limit the predictive
power of such methods. A sequence may be predicted as aggregation-prone based
on high B-strand propensity, high hydrophobicity and low net charge but this is
not in itself indicative of aggregation in the fibrillar form.

1.4 Molecular basis of cellular toxicity

A detailed description of the pathological mechanism of neurodegenerative amy-
loidoses and diseases with amyloid-like deposits has remained an elusive target.
Certainly, the clinical characteristics do not suggest a single, simple underlying
mechanism. The diseases have very diverse cardinal symptoms, e.g. bradyki-
nesia, rest tremor, rigidity and postural instability of Parkinson’s disease, insom-
nia and autonomic nervous system dysfunction of Fatal Familial Insomnia (FFT)
and uncontrolled body movements, personality changes and dementia of Hunt-
ington’s disease [267-269]. However, the underlying progressive neuronal dys-
function and apoptosis shows similarities on the cellular level and the diverse
symptoms are rather associated with selectivity for specific populations of neu-
rons [270]: Hippocampal and cortical neurons are the primary targets in AD
whereas PD is associated with loss of dopaminogenic neurons of the substantia
nigra [271, 272]. Likewise, different mutations in the same gene can lead to dis-
tinct clinical forms such for mutations in the prion protein gene where Creutzfeldt-
Jacob disease is associated with widespread spongiform changes while neuronal
loss is limited to the thalamus in FFI [269, 273]. It is likely that numerous of
inherited or environmental factors play a role in pathogenesis and that the spe-
cific factors and the interplay between may differ for the various neurodegenerative
diseases. A number of theses factors will be covered in the following with par-
ticular emphasis on the effect of the amyloidogenic protein species and the iden-
tification of the primary toxic species among these.

1.4.1 The amyloid and oligomeric hypotheses

The presence of insoluble amyloid co-localised with areas most affected by dis-
ease is a general observation of neurodegenerative amyloidoses [274]. This, cou-
pled with the discovery of mutations in the APP gene associated with early onset-
AD and the inevitable development of AD in individuals with trisomy 21/Down’s
syndrome who live beyond the age of 40* [275], led to the amyloid hypothesis of
Alzheimer’s disease (figure 14): The accumulation and deposition of amyloid is
the primary event of disease leading to a cascade of tau hyperphosphorylation
and neuronal death [42, 276]. Additional support for the amyloid hypothesis comes

4 The extra copy of APP in trisomy 21 causes life-long overexpression of ABPP and widespread deposition of AR [275].
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Figure 14. The amyloid
hypothesis of Alzhei-
mer’s disease. Adap-
ted from [267].
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from AD as well as other neurodegenerative amyloidoses in the form of disease-
associated phenotypes observed for animal models over-expressing amyloidogenic
proteins [277-279], from identification of mutations linked to hereditary disease
forms [32, 268] as well as biophysical characterisation of the in vitro aggregational
tendency of the mutant proteins and peptides [32, 39]. Nevertheless, several fac-
tors speak against the validity of the this simple amyloid cascade hypothesis. The
correlation between accumulation of amyloid plaques and the severity of AD
symptoms is poor [280, 281] whereas the soluble population of A, consisting of
monomers and low-molecular mass oligomers, is more predictive for the sever-
ity of neurodegeneration [41, 282, 283]. Neurological deposits is a common post-
mortem find in the non-demented elderly [284] and symptoms may conversely
develop in the absence of extensive deposition such as in the case of juvenile
autosomal recessive PD [285, 286]. Correspondingly, symptoms have been shown
to precede formation if amyloid plaques in AB- or a-synuclein-expressing mouse
and Drosophila models [287-291]. Disease progression may therefore be inde-
pendent of formation of mature amyloid plaques and it is plausible that a shared
mechanism may exist that unify not only the neurodegenerative amyloidoses but
also neurodegenerative disease such as amyotrophic lateral sclerosis (ALS, [292])
that progress in the absence of amyloid plaques but shows formation of similar
oligomeric structures.

The presence of non-amyloid aggregates can be demonstrated in the early
presymptomatic stage for mouse and Drosophila models [293-295] and the emerg-
ing view of the relationship between protein structure and progression of disease
focuses on the formation of oligomeric species [5, 193, 296], which may be simi-
lar to those observed in in vitro studies, e.g. spheroid and linear or annular
protofibrils. This view is supported by the study of the E693G or ‘Arctic’ variant
of AD for which dementia develops in the absence of compact amyloid plaques.
The mutation causes decreased plasma levels of A3
AP 1-42
of oligomeric structures in vitro may not correspond to biologically relevant spe-
cies, soluble AP oligomers have been isolated from human cerebrospinal fluid

40 and the more amyloidogenic
but increases protofibril formation [297]. While the common observation

(CSF), cultured cells or transgenic mouse models [298-301]. Memory-impair-
ment in the absence of neuronal loss correlated to extra-cellular accumulation of
a 56kDa oligomer® has been demonstrated in mouse model over-expressing ABPP
and comparable reversible memory impairment was observed when the oligomer
was injected in rat brain [302]. Similarly, samples from cases of multiple system
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atrophy were found to contain annular a-synuclein oligomers [303] with simi-
larities to the annular species observed for recombinant o-synuclein [200].

The detection and characterisation of oligomers in humans is limited but much
information has been gleaned from studies on cultured neurons. Mature fibrils
can be neurotoxic but commonly at significant higher concentrations than for
oligomers, which also speaks against the mature fibril as the primary toxic spe-
cies in vivo [24]. Sub-micromolar concentrations of oligomers are capable of
inducing apoptosis with associated calcium homeostasis alterations, unspecific
membrane permeabilisation and depolarisation, Golgi and chromatin fragmenta-
tion and increased oxidative stress [192, 304-308]. The toxicity of oligomers in
cell culture appears to be a general phenomenon [32, 309] and has been reported
for proteins or peptides with no association with clinical disease as well as those
associated with neurodegenerative and other localised amyloidoses, ¢.g. AR [198,
310], a-synuclein [311,312], PrP [313], IAPP[314,315], TTR [316, 317], equine
lysozyme [318, 319], SH3 and E.coli hydrogenase maturation factor (HypF) [320,
321]. Oligomer-cytotoxicity has also been implicated in the systemic immu-
noglobulin light chain amyloidosis [31] and may be a contributing factor in other
systemic amyloidoses [322].

In recent years, studies have also shed light on the effect of oligomers in vivo.
Selkoe and coworkers [323-326] have identified AB, ,, over-expressing cell lines
that form intra-cellular and secreted di-, tri- and tetramers, which are potent
neurotoxins at picomolar concentration. Direct cerebellar injection in rat caused
inhibition of hippocampal long-term potentiation (LTP), cognitive disruption and
impairment of complex learned behaviour. Studies of organotypical hippocam-
pal slices in vivo also showed inhibition of hippocampal LTP as well as pro-
nounced but reversible effects on dendritic spine density. In all, these results
suggest that the mechanism behind the memory and learning deficits of dementia
is does not merely involve cell death but also subtle effects on neuron function.
Similarly, injection of oligomers of the non-pathogenic HypF into rat brain led to
dose-dependent impairment of function although to a lesser degree than in cul-
tured cells suggesting the presence of protective mechanisms [309]. Further sup-
port for the role of oligomers in disease process comes from antibody and immu-
nisation studies. Antibodies raised against soluble AP, ,, oligomers or a molecu-
lar mimic of spherical AP oligomers have little or no immunoreactivity against
low-molecular weight AB or fibrils but effectively inhibit the neurotoxicity in
cell culture of AR, , and AP, ,, oligomers [327-329], which is in agreement with
the marked improvement in transgenic mice upon immunisation and that neuro-
logical improvement can be independent of reduced presence of mature amyloid
[330]. However, the oligomer-specific antibodies also inhibit neurotoxicity of
oligomers of very diverse sequences including o-synuclein, IAPP, polyglutamine,
lysozyme, insulin and PrP, . [327] suggesting a shared oligomeric structure
and common pathological mechanism. The supposed shared structure is interest-
ing in the light of the proposed generic nature of mature fibril structure.
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1.4.2 Membrane permeabilisation by amyloidogenic proteins or peptides

The seeming importance of early oligomeric forms of the amyloidogenic pro-
teins combined with the common observations of membrane permeabilisation
and depolarisation suggest that the cytotoxic mechanism may include membrane-
associated processes [331]. It has been hypothesised that cell death is closely
associated with or caused by membrane perturbations through formation of chan-
nels by the amyloidogenic protein, changes in membrane fluidity or lipid
peroxidation due to increased levels of free radicals or possibly a combination of
these factors [332-335]. In vitro permeabilisation has been demonstrated for sev-
eral amyloidogenic system [336-339] using artificial liposomes of neutral and
anionic lipids and in- or efflux of Ca*" and various probes. As expected from the
available observations of cytotoxicity, the early oligomeric forms have the high-
est membrane activity, which decreases as mature fibrils are formed [306, 338,
340].

The ability of an amyloidogenic peptide to form transmembrane pores in Vvitro
was first demonstrated in 1993 for AR , [341]. The pores were voltage-inde-
pendent, moderately cation-selective, Ca?*-permable, of varied conductance in
the pS-range and all susceptible to blockage by Al** (irreversible) and tris
(tromethamine, reversible). Further work demonstrated formation of channels
with unusually high conductance in the 0.4-4nS range and the authors suggested
that the incorporation of such channels in neuronal membranes could alter Ca**
homeostasis and depolarise the membrane within seconds and induce apoptosis
[342] leading to the channel hypothesis of AP cell toxicity [343]. Indeed, AP,
and AP, , have been shown to kill fibroblasts and to form channels in rat cortical
neurons, hNT cells and patches of gonadotropin-releasing neurons [344-347].
Studies have demonstrated formation of several dissimilar and reproducible chan-
nel types distinguishable by their conductivity, ion selectivity, voltage activation
and kinetic characteristics [341, 342, 348-350], which is consistent with a range
of oligomeric assemblies and thereby channels rather than a single well-defined
transmembrane structure. The channel hypothesis has since been supported by in

Peptide Voltage Single-channel lon Blockade Inhibition by
dependence conductance selectivity by zinc Congo red
Table 7. Examples of AB s Dependent ® 10-400pS Cation + +
channel-formation by 140 Independent ~ 10-2000pS Cation + N.D.
amyloidogenic proteins Independent 50-4000pS Cation + N.D.
and peptides. Adapted  AB, ,, Independent 10-2000pS Cation + +
from [335]. 2 C-terminal CT105° Independent 120pS Cation + +
fragment of APP. IAPP Dependent © 7.5pS Cation + +
® Channels open at PrP,os.106 Independent 10-400pS Cation + +
negative voltages and Independent 140, 900, 1444pS Cation N.D. N.D.
close at positive volta- ~ PrP,, . . Independent Cation N.D. N.D.
ges. ° Channels close SAA Independent 10-1000pS Cation + +
at positive voltages. ANF Independent 21, 63pS Cation + +
N.D. Not determined. B2m Independent 0.5-120pS Non-selective + +
Transthyretin  Independent Variable Cation (variable) + +
Polyglutamine Independent 19-220pS Non-selective - -
Independent 17pS Cation N.D. N.D.
o-synuclein., . Independent ~ 10-300pS + +

40




The Molecular Basis of Familial Danish Dementia

Vitro observation of similar pores for several other amyloidogenic proteins and
polypeptides (table 7, figure 15) [199, 202]. Despite very varied conductivities
and differences in cation-selectivity, the channels have remarkably similar char-
acteristics including blocking by Zn?" and inhibition of channel formation by
CR, which is a known inhibitor of fibrillation [335, 351]. In contrast, conditions
that favour oligomerisation generally enhance channel formation, which is also
the effect of increasing membrane charge and low concentration of cholesterol
[352, 353] illustrating the importance of aggregational state, electrostatic inter-
action and membrane fluidity on membrane activity.

- Figure 15.High-
resolution AFM images
A Amylin ABri of oligomeric channels.
140 Adapted from [202].
° o w c ADan :
o-synuclein @ SAA

In all, the observations of channel-like permeabilisation suggest the toxicity is
linked to the formation of a collection of channels with overall similar structure.

However, other mechanisms of membrane permeabilisation have been described.
Glabe and co-workers [304] described generalised permeabilisation by oligomers
of AP, IAPP, polyglutamine and lysozyme while Kayed et al. [354] described
alterations in membrane conductance by oligomers of AB, , ,AB, ,,, a-synuclein,
polyglutamine, PrP . . and IAPP that could not be explained by channel forma-
tion. TAPP has also been shown to induce non-channel defects in supported lipid
bilayers monitored by time-lapse AFM [355] while a-synuclein and the G4R
variant of human stefin B cause membrane fragmentation [336, 339]. Interest-
ingly, both the wild type and the more amyloidogenic stB-Y31 isoforms of stefin
B permeabilises liposomes by a channel-like mechanism. A different effect has
been observed for growing fibrils of e.g. IAPP, endostatin and A in vitro, for
which alteration of bilayer structure or extraction of lipid into the forming fibril
was associated with loss of membrane integrity and increased permeability [356-
358]. It is possible that such non-specific alteration of membrane structure could
play a direct role in inducing apoptosis in vivo.

1.4.3 Membrane modulation of fibril growth

As described previously, the current hypothesis for fibrillogenesis under mem-
brane-free conditions consists of several steps: i) Destabilisation and partial un-
folding of globular proteins or partial folding/stabilisation of natively unfolded
proteins/peptides yielding a fibrillation-prone conformation, i) association of
monomers into a critical fibrillation nucleus or seed and iii) endwise elongation/
addition of monomers to the seed and growing fibril, possibly combined with
shearing of fibrils to create additional growing ends. Formation of a variety of
morphologically distinct oligomers may or may not be an on-pathway phenom-
enon and the growing fibril may undergo further maturation. Based on current
knowledge, a similar mechanism can be outlined for on-membrane fibrillogenesis
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although significant structural differences may exist between solution- and mem-
brane-associated assemblies [359]: i) Association of the monomer with the mem-
brane, generally but not solely by electrostatic attraction, ii) structural transitioning
to a fibrillation-prone conformation, iii) oligomerisation of the bound monomers,
which for IAPP and o-synuclein appears to proceed in a nucleation-dependent
manner and V) fibril growth by monomer addition.

The unique environment afforded by the lipid bilayer may induce and act as a
catalyst of fibrillogenesis. Whereas zwitterionic membranes have little or not
effect, acceleration of fibrillation by anionic lipids has demonstrated for pro-
teins/peptides associated with disease, e.g. AP [360], a-synuclein [361], IAPP
[362], lysozyme, transthyretin, as well as proteins without known in vivo
amyloidogenic activity, e.g. cytochrome ¢, insulin, myoglobin and endostatin [357,
363]. Effects on oligomerisation of AP have also been described for mixed mem-
branes of zwitterionic lipid and gangliosides or cholesterol [364], suggesting that
lipids may influence fibrillogenesis by a complex interplay of factors that influ-
ence physiochemical characteristics (e.g. charge, interfacial pH and dielectric
constant, bilayer thickness and lateral pressure) and that these factors are protein/
peptide specific. Destabilisation and partial unfolding at the water-membrane
interface has been observed for a variety of globular proteins such as cytochrome
¢, phospholipase A, and acetylcholinesterase [365-367]. Similarly, membrane
interaction may stabilise partially folded conformations of natively unfolded pro-
teins or peptides. AP is unfolded in solution but recognises and binds to clusters
of GM1 gangliosides on the cell membrane, the formation of which is modulated
by cholesterol [368]. The unfolded peptide transitions to an o-helical structure at
low AB:GM1 ratios, whereas higher ratios result in a -rich conformation, which
is hypothesised to facilitate nucleation and fibrillation in vivo [369]. Similarly, o.-
synuclein assumes an o-helical conformation when bound to negatively charged
membranes [370].

Preferential membrane binding can increase the local concentration [371] and/or
result in regular orientation of the polypeptide chain normal to the membrane
plane by e.g. asymmetric charge distribution or partial insertion into the bilayer.
An illustrative examples comes from human IAPP. While the peptide binds to
zwitterionic liposomes in a B-rich conformation [372], Miranker and co-workers
[373] showed that human IAPP partly insert into anionic membranes in an o.-
helical conformation, which after a lag phase transitions to a 3-rich conformation
synchronous with fibril formation. The formed o-helix has a highly cationic N-
terminus and the authors speculated that the interaction with the anionic lipid
headgroups masks the charges allowing the o-helix to form and permits cluster-
ing of individual helices in bundles. Random helix-coil sampling then leads to
cooperative transition to the B-rich conformation and nucleation of fibril forma-
tion (figure 16) yielding fibrils of parallel strand orientation. Such interstrand
orientation has been described for IAPP [374] while parallel, in-register align-
ment appears to be a favoured conformation for fibrils of several AB-variants in
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solution [375]. Curiously, membrane permeabilisation is observed for the o-heli-
cal rather than later states, which offers a possible structural model for non-pore
permeabilisation observed for IAPP [304, 354]. The importance of charge in
membrane-associated IAPP fibrillogenesis is also illustrated by the observation
of an optimal surface charge density of anionic:zwitterionic vesicles for rapid

fibril assembly [362].
N Figure 16. On-
\\\\\ v. membrane fibrillation of
I amyloid IAPP by orientation of

formation the peptide chain via
a-helical association.
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The anionic head groups play an important role in preferentially binding the pro-
tein or peptide [376] but the properties of the hydrophobic core region of the
bilayer have significance for those proteins or peptides that partially inserts into
the bilayer and intercalates between the densely packed acyl chains [377-379].
The interaction can inhibit fibrillation but also enhance nucleation and fibril for-
mation. Wild type o-synuclein primarily associate with the polar lipid headgroups
where it can act as a heterologous seed for fibrillation in the cytosol whereas the
AS53T mutant penetrates deeper into the non-polar bilayer core thereby masking
the hydrophobic protein regions and inhibiting nucleation [380]. Membrane as-
sociation and penetration also appears to be of importance for AB. The ability of
AP to insert into mixed zwitterionic lipid/cholesterol monolayers and vesicles
increases with increasing cholesterol content [381]. At cholesterol levels the pep-
tide adopts a predominantly a-helical conformation and is effectively protected
against fibril formation. Similarly, decreasing cholesterol content of brain lipid
liposomes resulted in increased nucleation, surface fibril formation and toxicity
for PC-12 and SYSY cells whereas high cholesterol levels allowed membrane
association but not insertion and inhibited fibril formation [382]. The nucleation-
and fibrillation-enhancing effect of AP associated with anionic membrane sur-
faces was also demonstrated by Bokvist et al. [360] who showed that anionic
lipids could stabilise an a-helical, transmembrane conformation of the recently
cleaved peptide thereby preventing its release and subsequent fibrillation through
surface-associated nucleation. However, an exiting recent study by Rousseau and
co-workers [383] revealed a complementary effect of zwitterionic and anionic
lipids as well as cholesterol and gangliosides. Vesicles of these lipids converted
mature AP fibrils into soluble oligomers similar to those formed by ‘forward’
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oligomerisation. The ‘backward’ oligomers were cytotoxic in culture and induced
cognitive deficits in rats suggesting that a highly dynamic equilibrium exists for
lipid-associated oligomers and fibrils and that lipids play an important role in
modulation of oligomerisation and thereby toxicity in vivo.

1.4.4 Mechanism behind cell death may be complex and involve many factors
There is compelling evidence for oligomers formed during the early steps in
fibrillogenesis as the primary toxic species in vivo, which allows formulation of
a tentative mechanism of cytotoxicity (figure 17.A). In the healthy cell, misfolded
proteins should be refolded by chaperone intervention or cleared by the ubiquitin-
proteasome system [384]. Similarly, oligomeric assemblies and insoluble aggre-
gates should be degraded via the autophagy-lysozyme pathway. However, insuf-
ficiency or outright malfunction of these system allows accumulation of misfolded
monomers, oligomers and, eventually, mature fibrils. The oligomers most likely
have a number of deleterious effects such as membrane destabilisation, mito-
chondrial dysfunction and alterations in the Ca’*" homeostasis [24, 331]. Some or
all of these eventually leads to cells dysfunction and death, which present as
clinical symptoms although significant cell loss can be required [385].

The focus on oligomers as the neurotoxic agent proposes a useful but somewhat
narrow perspective, which may be too simplistic in vivo, as demonstrated by the
observation of protective mechanisms in rat brain against HypF oligomers. The
question also remains what leads to misfolding of proteins and formation of
oligomers in tissue in excess of the capacity of cellular clearance pathways. One
likely scenario is an interplay of numerous causes (figure 17.B) related to aging,
disease or inherited factors including, but not limited to, increased concentration
of the amyloidogenic protein or peptide, increased oligomerisation tendency,
decreased clearance of misfolded protein or aggregates and increased oxidative
stress [5, 311].

The available cellular concentration of the amyloidogenic protein or peptide is
determined by synthesis and clearance rates and, in the case of amyloidogenic
protein fragments, by alterations of the proteolytic processing of the precursor
protein consistent with the correlation between elevated of ‘soluble’ AR, i.e.
monomeric and low-molecular mass oligomeric, and disease in AD. Decreasing
efficiency and capacity of cellular clearance pathway and increasing oxidative
stress are both associated with ageing [384, 386, 387], which offers a possible
explanation for why neurodegenerative diseases predominantly are diseases of
late life. Oxidative stress arises from the accumulation of reactive oxygen spe-
cies (ROS) in excess of what the cellular antioxidant systems and has been impli-
cated in pathogenesis of a number of neurodegenerative and other amyloidoses
[268, 388], e.g. lipid peroxidation known to induce membrane perturbations and
other cellular injuries prompting cell death [389, 390] or accumulation of misfolded
proteins [272, 391, 392]. The tendency towards misfolding, oligomerisation and
fibrillation can also be driven by pathogenic mutations exemplified by the E693G
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Arctic variant of AD described above. Any of these factors could contribute to
the accumulation of misfolded protein but amyloidogenic proteins can in turn
influence both the oxidative state of the cell and proteasomal efficacy. Binding of
metal ions such as Cu?* and Fe*" to AP results in production of ROS, peptide
oxidation and reduction of the metal ions by reaction with O, [393, 394]. Simi-
larly, amyloid plaques are efficient redox catalysts [395] and co-localise with
elevated levels of transition metals [396] suggesting that direct production of
ROS by AP oxidation plays a role in pathogenesis. Interaction with transition
metals have also been described as an effective catalyst of oligomerisation [397,
398]. However, AP, a-synuclein and polyglutamate have also been implicated
directly in mitochondrial dysfunction [399] and enhanced permeability of mito-
chondrial membranes with channel-like characteristics or through localised
oxidative damage to the membrane [400-403]. It is likely that mitochondrial dys-
function will affect the ATP dependent ubiquitin-proteasome system [404] but
oligomers of o-synuclein have also been directly linked to proteasome impair-

Figure 17. The pro-
gression from protein
misfolding to clinical
symptoms (A [331])
proceeds through se-
veral steps. Although
the details of the cau-
ses of protein misfol-
ding are not known,
they likely involve an
interplay of numerous
factors (B [5]).
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ment [405, 406]. Consequently, the pathogenesis of neurodegenerative amy-
loidoses is complex and may be driven by self-propagating factors.

Activation of components of the immune system may play an important role in
the clinical progression of neurodegenerative amyloidoses. Activation of micro-
glia and astrocytes leading to overexpression of cytokines is a known cause of
neuronal tissue loss and can, in the chronic inflammatory state of AD, act in a
self-propagating fashion [407]. Additionally, activation of complement through
the classical and alternative pathways occurs early in disease progression. Acti-
vation appears to occur at the site of plaques leading to insertion of the mem-
brane-perforating MAC complex in surrounding neurons probably leading to fur-
ther neuronal death [408]. It remains unknown to what degree immune activation
and inflammation actively participates in driving the emergence of clinical symp-
toms, but they arguable play an important part in the progression of disease [409].

A final potential contributor to neurological abnormalities is cerebral amyloid
angiopathy (described in section 1.1.4). The exact role of CAA in the pathology
of AD and other neurodegenerative amyloidoses is not known, but CAA has in
some cases been linked directly to the development of dementia [410]. CAA-
related strokes, micro-haemorrhages and vascular degeneration appears to play a
significant role with ischemic lesions as a common post-mortem find in e.g. AD.
It is possible that the progressive damage to vasculature arises from direct toxic-
ity of the deposited species [411]. However, the argument can also be made that
the pathology of CAA also bears semblance to the systemic amyloidoses in that
vascular disruption appears to play an important part in disease development.

1.4.5 Potential therapeutic approaches

Unsurprisingly, much effort has gone into development of therapeutic strategies
for intervention in neurodegenerative and other amyloidoses. The current treat-
ment options do not address the underlying cause of disease but are rather fo-
cused on alleviating symptoms e.g. by inhibitions of acetylcholinesterase in AD
(tacrine, donepezil and rivastigmine approved for treatment) [412, 413] or
dopamine-replacement therapy in PD (levodopa, co-careldopa and co-beneldopa)
[414]. Disease-modifying treatment requires that the cause of disease be addressed.
Considering the case of AD and using the current limited understanding of its
pathology, a simplistic sequence of events can be drawn up (figure 18) [5]. Briefly,
the full-length ABPP is processed (1) yielding a number of AP variants of which
AR, ,, is the most amyloidogenic. AP is in dynamic equilibrium with toxic
oligomers, (AP),, (2) and mature fibrils in amyloid plaques (3). The presence of
oligomers give rise to disease by a complex mechanism (4). Prevention of clini-
cal symptoms require intervention at any of these steps or by depletion of
monomeric AP (5, 6). Selected therapeutic approaches are summarised in table 8.

The initial processing of ABPP (1) is a prime candidate for intervention e.g. via
inhibition or modulation of y-secretase and shifting of the proteolytic cleavage
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from AP, ,, to less amyloidogenic peptide variants. Recent years have seen sev-

eral potentially effective candidates. The y-secretase modulator R-flurbiprofen
(Flurizan) showed promise in animal and phase II trials, but was discarded after
lack of effect at phase III [415-417]. Recently, an alternative, LY451039, has
entered phase I1I [418-420].

Assuming that the soluble oligomers that are observed for most amyloidoses in-
deed are the toxic species, the prevention of this step is essential, either by bind-
ing of the monomer thereby preventing self-association (5) or by stabilisation of
a non-toxic oligomeric assembly (2). The initial view that the mature fibril is the
toxic species led to a focus on the prevention of fibrillation rather than formation
of oligomers and diverse small molecule inhibitors were identified in vitro in-
cluding benzoflurans, sulphated or sulphonated compounds, apomorphine, anti-
oxidants, antibiotics, chemotherapeutic agents and natural products such as
curcumin from tumeric [421-435]. Several of these compounds also prevent cell
death in culture [423,424, 427,432, 435]. However, inhibition of oligomerisation
or of oligomerisation and fibrillation can only be demonstrated for a subset of the
general inhibitors [215]. An example of an oligomerisation inhibitor is tramiprosate
(3APS), which is currently in phase III trials. The approach utilises the in vivo
binding of glycosaminoglycan (GAG) to amyloid. The compound is a sulpho-

Compound name(s) Clinical trial no.2 Phase Remarks

Figure 18. Summary of
AP processing and
fibrillation with possible
sites of intervention.
Obviously, activity in
the CNS requires
prospective drugs to be
able to cross the blood
brain barrier. Adapted
from [5].

Inhibition of y-secretase

R-flurbiprofen, Flurizan NCT00105547 1l Lack of effect in phase lll, discontinued
LY450139 NCT00244322 1l
NCT00471211 1l
NCT00594568 Il
Inhibition/modulation of oligomerisation
Tramiprosate, 3APS NCT00314912 1l Sulphonated GAC-mimic
NCT00088673 Il
NCT00217763 1l
ELNDO005, AZD103 NCTO00568776 |l Scyllo stereoisomer of inositol
Antibody-based approaches
AN1792 NCT00021723 1l Active immunisation, discontinued
after severe adverse effects
Bepaneuzimab, ELN115727 NCT00574132 1l Passive immunisation with monoclonal
NCT00575055 Il antibody
NCT00676143 1l
NCT00667810 Il

2 http://clinicaltrial.gov

Table 8. Examples of
compounds being de-
veloped for treatment
of AD.
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nated GAG mimic, which selectively binds monomeric AP (5), maintains it in an
a-helical/random coil conformation and thereby prevents formation of toxic
oligomers [436-439]. An alternative approach, utilising the scyllo stereoisomer
of inositol (ELNDO0OS, formerly known as AZD-103), targets the equilibrium
formation of oligomeric (AB)_ (2). The compound stabilises a non-toxic oligo-
meric AP assembly [440-442] and is being investigated in phase II.

Antibody-mediated removal of the amyloidogenic monomer from the brain (6) is
a potentially very powerful alternative. Binding of monomeric Af3 and transport
across the blood-brain barrier followed by remote degradation would deplete the
soluble peptide pool and, via the equilibrium, oligomers and higher aggregates.
Consistent with this, animal studies have demonstrated that active or passive
immunisation against AP can result in reduction of amyloid plaques and some
reversibility of cognitive deficits [330, 443-447]. A phase II study using pre-
aggregated AP (AN1792) was prematurely stopped after 6% of participants de-
veloped aseptic meningoencephalitis, possibly due to T-cell activation [448, 449]
and despite observations of lower levels of aggregated AP in test subjects [450],
concern remains over the severe adverse effects. An alternative small study using
passive immunisation with total human IgG from healthy individuals showed
effect in human subjects [451] and several remodelled antigens or monoclonal
antibodies are in development [452-455] including the AN1792-derived
monoclonal antibody bepaneuzimab [456, 457], which is currently in phase III.

An alternative to inhibition of toxic oligomer formation is intervention at step (4)
by e.g. neuroprotective agents such as the antihistamine dimebolin [458, 459],
which has been described as an effective blocker of Ca?* channels [460], or metal-
protein attenuating compounds such as the quinoline derivative PBT2 [461], which
also potentially targets Cu**-mediated oligomerisation. A consequence of the oli-
gomer toxicity hypothesis is that conversion to mature fibrils could function as a
clearing mechanism allowing sequestering of toxic oligomers in relatively be-
nign deposits [462, 463]. Consequently, inhibitors that prevent this step (3) could
exacerbate rather than alleviate disease. A compound that catalyses fibril forma-
tion could have clinical effect although some studies indicate that mature fibrils
may be toxic as well [464, 465]. However, intervention at steps (3) and (4) are
associated with progressing build-up of aggregated material, which may lead to
tissue damage and disease, particularly considering the pathology of the sys-
temic amyloidoses and CAA.



The Molecular Basis of Familial Danish Dementia

Chromosome 13 dementias
and associated proteins

Paper 1 is focused on characterisation of the aggregational behaviour of a modi-
fied peptide linked to Familial Danish dementia. This recently described
neurodegenerative disease belongs to the chromosome 13 group of rare familial
amyloidoses, which also comprises Familial British dementia (FBD). These dis-
eases share a common precursor protein, BriPP, which is located on the long arm
of chromosome 13, and constitute an alternative model for neurodegenerative
amyloid pathology. Central aspects of these diseases are summarised in the fol-
lowing with emphasis on pathophysiology and the properties of the associated
proteins and peptides.

2.1 Aspects of chromosome 13 dementias

2.1.1 Familial British dementia

Familial British dementia was first described by Worster-Drought and collabora-
tors in 1933 as a novel form of familial presenile dementia with spastic paralysis
in members of a family residing in South London [466, 467]. The original Worster-
Drought pedigree has since been expanded to encompass more than 300 indi-
viduals including 36 known cases dating back to the late eighteenth century [468-
471]. An additional pedigree containing two cases without clear relation to the
main pedigree has been described [472] and could potentially represent an unre-
lated emergence of the disease-causing mutation although relation to the expanded
Worster-Drought pedigree could exist through several members that remain un-
accounted for.

FBD is an early-onset autosomal dominant disorder with a median age of onset
of 48 years (range 40-60) [469, 473]. Clinically, it initially presents with person-
ality changes and impairment of memory, which progresses to global amnesia.
The patients display gradually worsening spastic tetraparesis and cerebellar ataxia.
The median length of illness is 9 years with median age of death at 56 years of
age (range 48-70). Histopathologic examination of post-mortem samples shows
CR and ThS positive parenchymal plaques composed of 10nm-wide fibrils of

49



2. Chromosome 13 dementias and associated proteins

50

varying density and entanglement throughout the central nervous system but par-
ticularly affecting the hippocampus and cerebellum with lesser involvement of
the amygdala and hypothalamic nuclei [474]. Neurofibrillar tangles are observed
with severe pathology in the limbic system associated with plaques in a manner
similar to AD. In addition of amyloid plaques, diffuse CR- and ThS-negative
non-fibrillar or preamyloid deposits are present in most areas of the CNS. These
are composed of amorphous, electron-dense material with sparse fibril presence.
CR-negative amorphous material is also found bordering amyloid plaques. Addi-
tionally, many amyloid plaques are of the perivascular type and associated with
severe CAA throughout the brain and spinal cord affecting white and grey mat-
ter. Cerebral haemorrhage is observed rarely in FBD, but stroke-like episode
have been described in some cases and ischemic lesions is a common post-mortem
find [468]. Overall, the neuropathology of FBD is similar to that observed for
AD, but FBD also shows widespread systemic amyloid or non-amyloid,
parenchymal and vascular deposits, indistinguishable from those found in the
CNS, in organs and skeletal muscle [475, 476]. Systemic, non-amyloid presence
of AP has been demonstrated for AD [477] while systemic amyloid has been
identified for HCHWA-I, for which CNS parenchymal amyloid is absent, but
neither shows both neurological and systemic presence of amyloid [478, 479].
The main constituent of FBD amyloid plaques, perivascular plaques, vascular
and diffuse deposits has been identified as a ~4kDa peptide, termed ABri, which
is a C-terminal proteolytic degradation product of the BriPP protein [480]. The
presence of amyloid-associated proteins or other additional components has also
been demonstrate including SAP, apolipoproteins E and J, HSPGs [481] and,
curiously, C-terminal fragments of o- and B-tubulin [482].

2.1.2 Familial Danish dementia

Familial Danish Dementia was first described in 1970 by Stromgren and collabo-
rators under the name heredopathia ophthalmo-oto-encephalica in a family from
Djursland, Denmark [483]. The 48 person pedigree is smaller than that of FBD
with 13 identified cases spanning five generations [473, 484]. Like FBD, FDD is
an autosomal dominant disease but with earlier age of onset, which can be before
the age of 30 and median age of death at 58 years. The first clinical symptom is
gradual loss of vision from cataract formation and accumulation of amyloid in
the retina and in walls of retinal capillaries leading to loss of glial cells and reti-
nal neovascularisation, vitreous haemorrhage and neovascular glaucoma [485].
Severe or total central hearing loss develops 10-20 years after the initial symp-
toms followed by gradually worsening cerebellar ataxia [473]. The final decade
of life is marked by development of paranoid psychosis and progressive demen-
tia.

One of the major histopathological finds in FDD is severe cerebral amyloid an-
giopathy throughout the CNS with particularly abundant deposits found in the
hippocampus, subiculum and cerebellar cortex where some capillaries appear
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completely occluded [484, 486] and with associated volume loss and small areas
of infarction. However, unlike FBD and Alzheimer’s disease, amyloid plaques
rare and principally perivascular with the exception of retinal and subpial
paranchymal plaques. Paranchymal deposits are predominantly non-neuritic and
observed throughout the CNS with highest concentration in the hypothalamus,
midbrain tectum and periaqueductal grey, locus ceruleus, retina, hippocampal
formation and other limbic structures. These deposits do not stain with CR or
ThS but do bind antibodies to AAPs with particularly high intensity for SAP
[481]. The absence of staining with amyloid-specific dyes indicate a lack of fi-
brillar structure and these possibly preamyloid deposits can be divided into two
groups: 1) Compact plaques that appear morphologically similar to cotton-wool
plaques observed for spastic paraparesis variants of Alzheimer’s disease and 2)
ill-defined ‘cloudy’ deposits that are often peri-neuronal. Neurofibrillar tangles,
particularly within the hippocampus, are similar to the neuropathology observed
for FBD and AD. The predominance of non-fibrillar deposits highlights the prob-
able importance of oligomeric species in disease progress and suggests that the
eventual presence of fibrillar or non-fibrillar, insoluble deposits may be inciden-
tal. Similar to other neurodegenerative amyloidoses, immune activation appears
to be an important factor in FBD and FDD. Complement activation in FBD and
FDD occurs by both the classical and alternative pathways with membrane at-
tack complex activation on level with the activation observed for AB, , [487].
The amyloid, but not the defuse deposits in FBD and FDD, are associated with
markers of glial activation and local inflammation [474, 484] and show co-lo-
calisation with a-1-antichymotrypsin and cystatin C indicating local inflamma-
tion [481].

A novel, 34-amino acid peptide, ADan, has been identified in circulation and in
plaques in post-mortem samples [486]. Like ABri, it is a C-terminal proteolytic
fragment of BriPP albeit arising from a different mutation. An interesting aspect
of FDD is the colocalisation but without complete overlap between deposits of
ADan and AP by immunostaining [484, 488]. Co-deposition is primarily vascu-
lar or within perivascular amyloid plaques and occur predominantly in the hip-
pocampus, limbic structures, neocortex, thalamus and cerebellum while other
areas are solely affected by ADan deposition. The most prevalent deposited form
is AP, ,, with N-terminal degradation to position 3-4 [489]. It is possible that A}
is deposited as an ‘innocent bystander’ due to interaction with ADan or the pre-
cursor protein or that FDD is associated with early-onset Alzheimer’s disease
through some unknown mechanism. However, the exact mechanism behind such
co-local