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Abbreviations

2D

Two-dimensional

3D

Three-dimensional

A

Alzheimer’s amyloid- peptide

ABAD

A binding alcohol dehydrogenase

ACSF

Artificial cerebrospinal fluid

AD

Alzheimer’s disease

ADDL

A-derived diffusible ligand

AFM

Atomic force microscopy

ANOVA

Analysis of variance

ANS

8-anilinonaphthalene-1-sulfonate

APP

Amyloid- precursor protein

ATR-FTIR

Attenuated total reflectance Fourier-transform infrared

cc

Critical concentration

CD

Circular dichroism

CDR

Complementarity determining region

CR

Congo red

cryo-EM

Cryo-electron microscopy

d

Crossover distance

DMSO

Dimethyl sulfoxide

EMI

Electron microscopy images

EDTA

Ethylenediamine tetraacetic acid

EPSP

Field excitatory postsynaptic potential

FCCP

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

FTD

Frontotemporal dementia



Surface tension

H/D

Hydrogen/deuterium
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Abbreviations

HFIP

1,1,1,3,3,3-hexafluoroisopropanol

HMQC

Heteronuclear multiple quantum coherence

IZ

Polar moment of inertia

k

Growth rate

kD

Dissociation constant

kex

Hydrogen/deuterium exchange rate

LDH

Lactate dehydrogenase

LTP

Long-term potentiation

M I – M VIII

Manuscript I – VIII

MMP

Mitochondrial membrane potential

MTT

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NB

Neurobasal

NFT

Neurofibrillary tangle

NMR

Nuclear magnetic resonance

OGD

Oxygen glucose deprivation

OHC

Organotypic hippocampal slice culture

PBS

Phosphate buffered saline

pI

Isoelectric point

PI

Propidium iodide

R

Correlation coefficient

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEM

Standard error of the mean

SOFAST

Band-selective optimized flip-angle short-transient

SPR

Surface plasmon resonance

[]MRW

Mean residue weight ellipticity

TBS

Tris-buffered saline

TEM

Transmission electron microscopy

ThT

Thioflavine T

tex

Hydrogen/deuterium exchange time

tl

Lag time

w

Fibril width
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1. Introduction

1. Introduction

1.1. Characteristics of Amyloid Fibrils
The term ‘amyloid’ is derived from the Greek word for starch, amylon. The German
pathologist Rudolf Virchow introduced this term to medicine in the 1850s to describe waxy
deposits found postmortem in human organs and tissues. These pathogenic deposits
exhibited a starch-like blue staining reaction with iodine and sulfuric acid [Virchow 1854].
Later studies established that these deposits, in fact, do not predominantly consist of
polysaccharides, but of fibrillar proteinaceous material, generally referred to as amyloid
fibrils.
For the purpose of pathological diagnosis, the Nomenclature Committee of the
International Society of Amyloidosis defined amyloid as ‘in vivo deposited material, which
can be distinguished from non-amyloid deposits by characteristic fibrillar electron
microscopic appearance, typical X-ray diffraction pattern and histological staining reactions,
particularly affinity for the dye Congo red with resulting green birefringence’ [Westermark et
al. 2007]. Polypeptide fibrils are the main constituent of such intra- or extracellular amyloid
deposits [Westermark et al. 2007]. In contrast, structure-based definitions describe amyloid
fibrils as fibrillar polypeptide aggregates with cross- conformation [Fändrich 2007b]. This
definition also includes fibrils that are formed in vitro by diverse polypeptides and that are
structurally indistinguishable from in vivo amyloid fibrils [Chiti and Dobson 2006].

1.1.1. Detrimental and Functional Occurrence of Amyloid Fibrils In Vivo
A wide variety of soluble, endogenous polypeptides can produce intractable amyloid
fibrils inside living organisms, ranging from intact globular proteins to largely unstructured
peptide molecules (Table 1.1) [Sigurdsson et al. 2002; Chiti and Dobson 2006; Fändrich
2007b]. The deposition of insoluble amyloid structures within cells or, more commonly, in
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extracellular space is associated with various severe diseases – the so-called ‘amyloidoses’.
Aberrant amyloid formation appears to cause more than 100 human pathologic conditions
[Kelly 2002]. Cerebral amyloid deposition leads to several neurodegenerative diseases,
including Alzheimer’s, Parkinson’s and Huntington’s disease, and to the transmissible
spongiform encephalopathies, such as Creutzfeldt-Jakob disease. Other diseases, such as
type II diabetes mellitus, atherosclerosis, rheumatoid arthritis or corneal dystrophy, are
associated with somatic amyloid deposition in different tissues. Amyloidogenic proteins and
peptides differ significantly in size, native structure and biological function (Table 1.1) [Chiti
and Dobson 2006]. The nature of the underlying polypeptide determines the character and
the symptoms of the amyloid disease.
Amyloid fibrils also form sporadically as a consequence of somatic degeneration in the
normal human aging process. Virtually everybody older than 60 years has accumulated
medin amyloid deposits in the aortic vessel walls [Häggqvist et al. 1999]. Moreover,
transthyretin amyloid deposits in the heart, kidneys and respiratory tract of individuals aged
over 80 years are an almost universal autopsy finding [Pepys 2006].
Inside the human tissue, amyloid fibrils deposit together with secondary components,
such as specific protein components (e.g. apolipoprotein E or serum amyloid P component),
carbohydrate components (e.g. glycosaminoglycans, proteoglycans or heparan sulfate) or
lipids (e.g. cholesterol or sphingomyelin) [Kisilevsky 2000; Gellermann et al. 2005; Pepys
2006]. Once formed, amyloid deposits tend to persist and accumulate with time, leading to
destruction of affected tissues and organs [Nelson et al. 1991]. Massive deposition of
amyloid fibrils can destroy normal organ function by severe distortion. For example, physicomechanical damage by kerato-epithelin amyloid deposits leads to blindness in lattice corneal
dystrophy [Stix et al. 2005]. Alternatively, amyloid fibrils or certain prefibrillar aggregates can
destroy tissues by their cytotoxic activity, a mechanism that is intensely discussed for
cerebral amyloidoses [Caughey and Lansbury 2003].

2
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Table 1.1 | A wide range of human diseases are associated with amyloid fibril deposition.
Selected examples of human amyloidogenic polypeptides and their associated diseases [Sigurdsson et al. 2002;
Chiti and Dobson 2006; Fändrich 2007b]. The polypeptides form either extracellular amyloid deposits or
intracellular inclusions with amyloid-like characteristics.
Polypeptide function

Precursor polypeptide

Associated diseases

Unknown

Amyloid- (A)
-synuclein
Prion protein
Huntingtin
Lactadherin (Medin)
Amyloid British
Amyloid Danish

Alzheimer’s disease, cerebral amyloid angiopathy
Parkinson’s disease
Spongiform encephalopathies
Huntington’s disease
Aortic medial amyloidosis
British familial dementia
Danish familial dementia

Hormones

Amylin
Atrial natriuretic factor
Calcitonin
Insulin
Prolactin

Type II diabetes mellitus
Atrial amyloidosis
Medullary carcinoma of the thyroid
Insulin-related amyloidosis
Aging pituitary prolactinomas

Cytoskeletal proteins

Tau
Keratin

Alzheimer’s disease, frontotemporal dementia
Cutaneous amyloidosis

Transport molecules

Serum amyloid A protein

Apolipoprotein A-II
Transthyretin
Lactoferrin

Rheumatoid arthritis, secondary systemic
amyloidosis
Atherosclerosis, familial amyloid polyneuropathy
type II
Familial amyloid polyneuropathy type III
Familial amyloid polyneuropathy type I
Corneal amyloidosis

Immune system-related

2-Microglobulin
Immunoglobulin light chains
( and )
Immunoglobulin heavy chain

Hemodialysis-related amyloidosis
Systemic AL amyloidosis,
amyloidosis associated with multiple myeloma
Primary systemic amyloidosis

Enzymes

Lysozyme
Superoxide dismutase 1

Hereditary non-neuropathic systemic amyloidosis
Amyotrophic lateral sclerosis

Cell-adhesion molecules

Kerato-epithelin

Hereditary lattice corneal dystrophy

Coagulation factors

Fibrinogen

Fibrinogen amyloidosis

Protease inhibitors

Cystatin C

Icelandic hereditary cerebral amyloid angiopathy

Regulatory proteins

Gelsolin

Finnish hereditary amyloidosis

Apolipoprotein A-I

The presence of amyloid structures may, however, not be detrimental per se [Fändrich
2007b]. Nature has exploited the favorable properties of amyloid fibrils through all domains
to

construct

functional

materials

with extremely high stability and

elasticity.
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Examples thereof are the hydrophobin monolayer of fungal spores or the chorion of
silkmoth eggs [Fowler et al. 2007]. The functional nature of amyloid is further demonstrated
by fungal prions regulating heterokaryon formation or by the amyloid protein Pmel17
involved in skin pigmentation of mammals. Amyloid can also serve as a natural storage of
peptide and protein hormones in secretory granules of the endocrine system [Maji et al.
2008]. The amyloid state is particularly suited for inert long-term storage, because the highly
organized cross- structure represents a very stable structural entity and the most dense
peptide packing possible. In these cases, the amyloid fold is thought to represent an
evolutionary conserved protein structural motif with unique properties that contributes to
various functions in normal cell and tissue physiology.

1.1.2. Generic Amyloid Fibril Formation In Vitro
Recently, striking evidence has accumulated suggesting that the ability to form amyloid
fibrils is not a peculiarity of a small group of disease-related or functional amyloidogenic
polypeptides [Guijarro et al. 1998; Chiti et al. 1999]. In vitro, amyloid-like fibrils can be
formed from the same polypeptides that deposit in amyloidoses, but also from many
peptides and proteins that are not known to aggregate in vivo. Even purely -helical globular
proteins, such as apomyoglobin, or unstructured homopolymers, such as polythreonine or
polylysine, form amyloid-like fibrils under certain conditions [Fändrich et al. 2001; Fändrich
and Dobson 2002]. These findings suggest that amyloid formation is a generic property of
polypeptide chains, consistent with their polymeric structure [Guijarro et al. 1998; Chiti et al.
1999; Fändrich et al. 2001; Wetzel et al. 2007]. This phenomenon is based on the fact that
amyloid fibrils are stabilized by intermolecular hydrogen bonds of the peptide backbone,
which is common to all proteins [Dobson 1999]. The importance of the protein main chain in
the amyloid core structure provides an explanation for the formation of fibrils by a wide
variety of structurally unrelated polypeptides [Chamberlain et al. 2000]. Hence, the
sequence, i.e. the order and nature of side chains of a given polypeptide, does not
significantly contribute to the amyloid structure once formed. Yet, the sequence might well
co-determine the propensity of conversion to the amyloid state [Christopeit et al. 2005;
Hortschansky et al. 2005a; Meinhardt et al. 2007].
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Fibrils formed in vitro appear highly similar to tissue-deposited fibrils and do not show
any fundamental structural differences [Fändrich 2007b]. Fibrils from both sources possess
the same key characteristics that are outlined in detail in the following chapter.

1.1.3. Structural Architecture and Properties of Amyloid Fibrils
The different amyloid precursor proteins do not share any sequence similarities or
three-dimensional (3D) structural homology in their native soluble states. Still, their
aggregated amyloid forms exhibit common
(i)

diffractional,

(ii)

spectroscopic,

(iii)

morphologic and

(iv)

tinctorial characteristics [Sunde and Blake 1998; Fändrich 2007b].

These common properties result from the unifying cross- structure of all amyloid
fibrils. The -strands are oriented perpendicular to the main fibril axis and form
intermolecular cross-β-sheets (Figure 1.1) [Pauling and Corey 1951]. The hydrogen bonds
that connect juxtaposed β-strands into a pleated β-sheet structure run parallel to the main
fibril axis. The amino acid side chains extend perpendicular to the fibril axis and define the
intra- or intermolecular interactions within the plane of the fibril cross-section.
(i)

Diffractional similarities
The fibrillar cross-β structure is usually demonstrated by the presence of a

characteristic X-ray fiber diffraction pattern [Sunde et al. 1997]. This pattern reveals a
relatively sharp and intense meridional reflection at 4.6 to 4.8 Å, termed main chain spacing
(Figure 1.1). This reflection results from the molecular spacing between successive
hydrogen-bonded -strands of the same β-sheet. Cryo-electron microscopy (cryo-EM) could
directly visualize the main chain distance as 4.7 Å spaced striations of the fibril [Serpell and
Smith 2000]. The main chain spacing is conserved for fibrils from different polypeptide
sequences and reflects the highly ordered fibril core structure. A more diffuse, equatorial
reflection occurs at approximately 10 Å and is termed side chain spacing (Figure 1.1). This
spacing measures the face-to-face separation of two juxtaposed β-sheets. The side chain
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spacing varies significantly for different amyloid fibrils as it depends on the sequence of the
amino acid side chains that protrude outward from the cross-β-sheets [Fändrich 2007b]
(Figure 1.1). Taken together, X-ray diffraction shows that the structure of amyloid fibrils is
highly conserved along the fibril axis, but variable in the plane of the fibril cross-section. The
detection of a characteristic cross- pattern is now generally considered as an indispensable
requisite for the structural classification of polypeptide aggregates as amyloid.

Figure 1.1 | The cross- structure represents the structural core of amyloid fibrils.
Schematic representation of the cross--sheet structure in which the -strands (red and orange bars) run
perpendicular to the fibril axis with a regular main chain spacing of 4.7 Å. The intermolecular hydrogen bonds
(dotted lines) that connect these -strands into -sheets run parallel to the fibril axis. This scheme omits the
twist of the cross--sheets. The side chains protrude into the plane of the fibril cross-section and determine the
side chain spacing. This structural arrangement produces a characteristic X-ray fiber diffraction pattern with
sharp meridional reflections (green) and diffuse equatorial reflections (blue).

(ii)

Spectroscopic similarities
Fourier-transform infrared (FTIR) spectroscopy reveals further specific characteristics

of the cross- structure. Both tissue-deposited and in vitro amyloid fibrils possess a
maximum of the amide I band between 1611 and 1632 cm-1 (Figure 1.2) [Choo et al. 1996;
Zandomeneghi et al. 2004]. In contrast, the amide I peaks of native -sheet proteins cluster
between 1630 cm-1 and 1643 cm-1. The low amide I frequency in amyloid fibrils probably
results from the strong intermolecular hydrogen bonds and the significantly lower twist of
the -sheets [Choo et al. 1996; Zandomeneghi et al. 2004].

6
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Figure 1.2 | Infrared spectra of amyloid fibrils and globular -sheet proteins.
The main peak of the amide I region of A amyloid fibrils (a) is narrower and at lower frequency than in the
native -sheet-rich antibody domain B10 (b). 3D models shown in the insets taken from [Petkova et al. 2006]
(a) and [Habicht et al. 2007] (b).

(iii)

Morphologic similarities
Amyloid fibrils show a characteristic straight and elongated morphology by

transmission electron microscopy (TEM) analysis (Figure 1.3) [Cohen and Calkins 1959].
Typically, amyloid fibrils possess a smooth surface, a length of several micrometers and a
width in the 10 nm range [Fändrich 2007b]. They often exhibit apparent constrictions of the
fibril width at regular intervals, called crossovers (Figure 1.3g). This periodicity arises from
the regularly twisted, ribbon-like ultrastructure of the fibril. Mature fibrils usually consist of
multiple protofilaments twisted around the fibril axis [Jimenez et al. 1999; Chamberlain et al.
2000; Goldsbury et al. 2000; Jimenez et al. 2002; Maji et al. 2008]. Protofilaments represent
the filamentous substructures of mature fibrils that were in some cases observed as
lengthwise striations in TEM (Figure 1.3i-k) [Chamberlain et al. 2000; Goldsbury et al. 2000].
The term protofilament was coined in reference to microtubules that are constructed of
linear rows of identical proteins joined by side-by-side interactions. Recent cryo-EM work
revealed a similar protofilament organization in amyloid fibrils from the amyloid- peptide
(A),

-synuclein,

insulin,

prion

protein

and

the

SH3

domain

of

phosphatidylinositol-3'-kinase [Jimenez et al. 1999; Jimenez et al. 2002; Tattum et al. 2006;
Sachse et al. 2008; Vilar et al. 2008].
Atomic force microscopy (AFM) or platinum side shadowing shows that the
protofilaments generally twist with a left-handed sense to form a mature fibril (Figure 1.3l-n)
[Bauer et al. 1995; Goldsbury et al. 1997; Harper et al. 1997a; Chamberlain et al. 2000;
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Goldsbury et al. 2000; Jimenez et al. 2002; Sachse et al. 2006; Schmidt et al. 2009]. The
left-handedness has been thought to have its molecular origin in the L-chirality of the
naturally occurring amino acids and the left-handed twist of natural -sheet structures
[Chothia 1973; Aggeli et al. 2001]. This hypothesis is supported by the observation that
peptides containing all D-amino acids form fibrils with a right-handed twist [Harper et al.
1997a]. However, right-handed fibrils could also be formed from L-amino acids upon
incubation of insulin or a serum amyloid A fragment under specific conditions [Jansen 2005;
Rubin et al. 2008]. These data suggest that both the molecular chirality of the component
molecules and their structural organization dictate the handedness of the amyloid fibril twist
[Rubin et al. 2008].

Figure 1.3 | Morphologic diversity of mature amyloid fibrils.
(a-k) TEM images of negatively stained A amyloid fibrils with different morphologies. (a-h) Twisted
morphologies exhibit regularly spaced crossovers (arrowheads). (i-k) Flat ribbons without twist reveal the
filamentous substructure of amyloid fibrils. (l-n) Unidirectional platinum shadowing visualizes the left-handed
twist. Figure modified from [Goldsbury et al. 2000].

(iv)

Tinctorial similarities
Amyloid deposits show specific optical behavior when binding heteroaromatic dye

molecules, such as Congo red or Thioflavine T [LeVine 1993; Westermark et al. 1999]. The
planar bis-diazo dye Congo red interacts with the regularly spaced polypeptide chains in
amyloid fibrils [Dobson 1999]. This leads to a red shift of the absorption maximum and a
characteristic green birefringence when viewed in cross-polarized light (Figure 1.4).
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This staining method represents the traditional test for tissue-deposited amyloid in the
clinical diagnosis of amyloidosis. However, these tests can give both false-positive and
false-negative results as their specificity depends on the solution and staining conditions and
cross-reactions

can

occur

with

non-fibrillar

aggregates,

globular

proteins

or

non-proteinaceous materials [Fändrich 2007b].

Figure 1.4 | Characteristic tinctorial properties of amyloid fibrils.
(a) The absorption of the amyloid-specific dye Congo red (black) is red-shifted and increased in the presence of
amyloid fibrils (red). An additional peak appears at approximately 540 nm. (b) Congo red stained section
through the thyroid of an AA amyloidosis patient. Visualization of amyloid in cross-polarized light yields
characteristic green birefringence. Image taken from [Röcken and Roessner 1999].

1.1.4. Polymorphism of Amyloid Fibrils
One striking feature sets amyloid fibrils clearly apart from most globular proteins:
amyloid fibrils formed from the same polypeptide precursor and under the same incubation
conditions can grow into several stable, non-interconverting morphologies [Kodali and
Wetzel 2007]. Polymorphism at the electron microscopy level has been known for some
time, for example in amyloid fibrils of Aβ, amylin, calcitonin, gonadotropin-releasing
hormone, glucagon, insulin, lysozyme, -synuclein, SH3 domain or transthyretin [Bauer et al.
1995; Goldsbury et al. 1997; Malinchik et al. 1998; Jimenez et al. 1999; Bouchard et al. 2000;
Chamberlain et al. 2000; Goldsbury et al. 2000; Jimenez et al. 2002; Abe and Nakanishi 2003;
Jansen 2005; Pedersen et al. 2006a; Maji et al. 2008]. The morphological differences
manifest in variations of the overall fibril shape, twist and thickness (Figures 1.3; 1.5; 1.6b).
Moreover, recent studies elucidated for different fibril morphologies variations in
thermostability, staining with amyloid-specific dyes and secondary structure as judged by
circular dichroism (CD) and FTIR spectroscopy [Pedersen et al. 2006a; Pedersen and Otzen
9
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2008].

Solid-state

nuclear

magnetic

resonance

(NMR)

spectroscopy

and

X-ray

microcrystallography also revealed differences in the molecular structure of polymorphic A,
-synuclein, amylin and prion protein fibrils (Figures 1.6; 1.7) [Heise et al. 2005; Petkova et
al. 2005; Sawaya et al. 2007; van der Wel et al. 2007; Madine et al. 2008].

Figure 1.5 | Amyloid fibril polymorphism can arise from different assembly modes of similarly structured
protofilaments.
(a-d) Left: Electron micrographs of negatively stained insulin amyloid fibrils with different morphologies. Right:
Different individual fibrils with apparently identical morphology were averaged and reconstructed from
cryo-EM images, yielding 3D models at a resolution of approximately 22 Å. (e-h) Interpretation of the
polymorphic fibrils as different lateral arrangements of two (e), four (f) or six (g,h) protofilaments with
common substructure. Figures modified from [Jimenez et al. 2002].

Structural polymorphism is not exclusive to in vitro preparations of amyloid fibrils.
Examination of several tissue-extracted amyloid fibrils also reveals multiple distinct
morphologies [Crowther and Goedert 2000; Jimenez et al. 2001]. Several lines of evidence
suggest that structurally different fibrils or ensembles of fibrils are associated with different
toxicity to neuronal cells (Figure 1.6a) [Seilheimer et al. 1997; Petkova et al. 2005] and
different patterns of amyloid deposition [Meyer-Luehmann et al. 2006]. Polymorphic fibrils
can encode structural information that is passed on to daughter fibrils by templatedependent seeding (Figure 1.6b) [Dzwolak et al. 2004; Diaz-Avalos et al. 2005; Petkova et al.
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2005; Yamaguchi et al. 2005; Pedersen et al. 2006a]. Such self-propagating structural
features of amyloid fibrils are believed to give rise to the multiple strains of mammalian
prion diseases [Bessen et al. 1995; Telling et al. 1996] and yeast prion phenotypes [Chien et
al. 2004; Toyama et al. 2007; Wickner et al. 2007].

Figure 1.6 | Polymorphic amyloid structures possess self-propagating properties and different biological
activities.
(a) Polymorphic A fibrils grown under agitated or quiescent conditions show significantly different
13 13
neurotoxicity to rat primary neuron cultures. (b) Two-dimensional (2D) solid-state [ C- C]-NMR spectra of
quiescent and agitated parent fibrils show pronounced differences in the cross-peak pattern that are
transmitted to daughter and granddaughter fibrils. Thus, the morphological differences shown in the TEM
insets correlate with underlying structural differences at the molecular level. Figures modified from [Petkova et
al. 2005].

Traditionally, this structural polymorphism has been attributed to a different assembly
of a common building block, the protofilament, in the mature fibril (Figure 1.5) [Bauer et al.
1995; Goldsbury et al. 1997; Goldsbury et al. 2000; Serpell et al. 2000; Jimenez et al. 2002;
Vilar et al. 2008]. However, recent work indicated that polymorphism may also be associated
with internal structural differences at the protofilament level, such as secondary structure,
hydrogen bonding and side chain packing (Figure 1.6b) [Heise et al. 2005; Petkova et al.
2005; Toyama et al. 2007; van der Wel et al. 2007; Madine et al. 2008]. Consistent with this,
Eisenberg and co-workers reported three pairs of polymorphic amyloid-like ‘steric zipper’
structures in microcrystals [Sawaya et al. 2007]. The polymorphism arises either from
changes in the orientation of the two fibril faces or subtle changes in the side chain
orientations (Figure 1.7).
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Still, our understanding of the structural differences underlying fibril polymorphism
and prion strains and how these differences alter their physiological impact remains limited.
These limitations may partly be due to the complications that fibril heterogeneity poses for
structural analysis. This thesis tackles this problem by applying a novel single-fibril cryo-EM
approach to polymorphic Alzheimer’s A fibrils, thus contributing to a deeper understanding
of the structural basis of polymorphism

Figure 1.7 | Polymorphic amyloid-like steric zippers can arise from differences in the molecular structure.
(a,b) The fibril-forming A fragment MVGGVV can form two polymorphic steric zippers in amyloid-like crystals
grown under different crystallization conditions. Yellow spheres represent water molecules. The red arrows
point to the 90° bend in the upper sheet of the MVGGVV polymorph in (b). Image taken from [Sawaya et al.
2007].

1.2. Alzheimer’s Disease – A Devastating Amyloidosis
Several amyloidoses are among the most debilitating diseases of our time, for example
Alzheimer’s disease (AD). The German neuropathologist and psychiatrist Alois Alzheimer first
described this neurodegenerative disorder in 1906, when he reported an autopsy case of the
brain of a 56-year-old dementia patient [Alzheimer 1906; 1907]. Alzheimer found the brain
littered with extracellular masses and intraneuronal clumps which he termed ‘senile plaques’
and ‘neurofibrillary tangles’, respectively. These fibrillar protein deposits have since become
the diagnostic hallmarks of the disease that now bears his name.

1.2.1. Epidemiology and Risk Factors of Alzheimer’s Disease
Currently, AD represents the most prevalent dementia and the fifth leading cause of
death in the Western world after heart disease, cancer, stroke and respiratory diseases
[Caughey and Lansbury 2003; Goedert and Spillantini 2006; WHO 2008]. The risk of disease is
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clearly age-dependent, showing a dramatic increase in prevalence from 1.6 % in the age
group 65-74 years to 42 % in individuals beyond 84 years [Hebert et al. 2003]. This fact is of
particular importance for Western societies in the light of the anticipated demographic
changes and the increase of life expectancy mainly due to the eradication of other diseases.
AD already affects more than twenty million individuals worldwide and that number could
more than triple by 2050 [Travis 2005; Goedert and Spillantini 2006].
Familial forms of AD are comparatively rare, accounting for less than 10 % of cases
[Koo et al. 1999; Caughey and Lansbury 2003]. These autosomal dominant cases have been
linked to mutations in the genes encoding the amyloid- precursor protein (APP) or
presinilin 1 and 2, which are involved in APP processing [Mattson 2004]. These mutations
lead to an early onset of AD, typically between the age of 30 and 50.
However, the vast majority of AD cases occur sporadically at higher age. In addition to
aging, several risk factors for late onset AD were confirmed in cohort studies, including lack
of cognitive and physical exercise, low education level, history of depressive episodes and
diets with low folate or high-fat consumption [Mattson 2004; Fischer et al. 2008]. Genetic
factors may also increase one’s susceptibility to AD, for example the apolipoprotein E4 allele
[Mattson 2004; Fischer et al. 2008].

1.2.2. Molecular Basis of Alzheimer’s Disease
AD is neuropathologically characterized by the presence of fibrillar amyloid deposition
in extraneuronal plaques. The cerebral amyloid plaques are primarily composed of A
peptide [Glenner and Wong 1984]. The A peptide is derived from APP, an integral
transmembrane protein possibly involved in signal transduction, cell adhesion, synapse
formation, axonal transport or neuronal development and apoptosis [Zheng and Koo 2006].
First, -secretase generates the N-terminus of A by proteolytic cleavage (Figure 1.8).
Subsequently, A is released into the extracellular space by C-terminal cleavage by the
-secretase complex, containing presinilin 1 or 2 [Kaether et al. 2006]. A is a normal product
of APP metabolism throughout life and represents a natural component of the plasma and
cerebrospinal fluid [Haass et al. 1992]. The native function of A might involve antioxidant
activity and sequestration of metal ions, but is not yet fully understood [Zou et al. 2002].
13
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Figure 1.8 | Amyloidogenic APP processing paves the way for the formation of pathogenic A aggregates.
(a) The amyloid- (A) peptide is derived from its larger parent amyloid- precursor protein (APP) by
proteolytic cleavage by -secretase. (b) Subsequent cleavage by the -secretase complex releases A into the
aqueous environment between the neurons. (c) The peptides easily cling to one another, forming soluble
prefibrillar aggregates and long, insoluble fibrils that deposit in extracellular amyloid plaques. Figures modified
from [Wolfe 2006].

AD may be associated with an altered proteolytic processing of APP, an increased
aggregation behavior of A or disrupted A clearance, leading to the accumulation of
neurotoxic A forms in the brain [Mattson 2004]. For example, several disease-associated
mutations in the A region of APP increase A self-aggregation into amyloid aggregates
[Meinhardt et al. 2007]. Moreover, aberrant binding of metal ions, such as copper and zinc
may modulate the aggregation behavior of A [Faller 2009]. According to the amyloid
hypothesis, A accumulation is the primary influence driving AD pathogenesis [Hardy and
Selkoe 2002]. Formation of neurofibrillary tangles containing the microtubule-associated
protein tau could be one of the consequences of an imbalance between production and
14
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clearance of A [Hardy and Selkoe 2002]. This hypothesis is supported by the linkage of
APP and presinilin mutations to early onset familial AD and the colocalization of A
aggregates with dying neurons [Finder and Glockshuber 2007]. Moreover, transgenic mice
overexpressing APP or overproducing A show a disease phenotype [German and Eisch
2004].
The -secretase cleavage step produces various neurotoxic isoforms of the A peptide
that differ by the number of residues at the C-terminal end of the peptide. The
40-amino-acid form, A(1-40), represents the predominant species inside the cerebral
cortex of AD patients [Mori et al. 1992; Vigo-Pelfrey et al. 1993] and the most significant
discriminator among patients and normal individuals [Lue et al. 1999]. Although the levels of
the more hydrophobic and fibrillogenic 42-residue isoform are significantly elevated in
disease, A(1-42) represents only a minor constituent of cerebral amyloid plaques [Koo et al.
1999; Caughey and Lansbury 2003; Mattson 2004]. This thesis focuses on the structural
analysis of aggregates formed by the A(1-40) isoform, for which established expression
systems allow purification in large quantities [Hortschansky et al. 2005b]. Recombinant
A(1-40) readily forms oligomeric and fibrillar aggregates in vitro, provided the protein is
present at a certain critical concentration.

1.2.3. Relevance of Prefibrillar A Aggregates in Alzheimer’s Disease
Immediately upon its release from the membrane, A is believed to assemble into
soluble prefibrillar aggregates and, eventually, into insoluble fibrils (Figure 1.8c) [Wolfe
2006]. Recent data suggest that some prefibrillar aggregate states might serve as
on-pathway intermediates in fibril formation reactions, while others may represent
off-pathway aggregates [Kodali and Wetzel 2007]. The mature fibrils deposit in plaques and
represent the most prominent hallmarks of AD. Moreover, A fibrils have potent neurotoxic
effects on cultured neurons (Figures 1.6a; 1.9d) and directly cause pathologic changes in
non-human primates [Kirkitadze et al. 2002; Petkova et al. 2005; Chimon et al. 2007]. Thus,
accumulation of mature fibrils in the brain was long thought to be the primary event in
Alzheimer’s disease.
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However, there has been a paradigm shift in this concept. It is now more widely
accepted that prefibrillar A aggregates are more neurotoxic than A fibrils and that they
play a direct role in amyloid pathogenesis [Kirkitadze et al. 2002]. Mounting evidence favors
prefibrillar aggregates as the actual etiological agents in AD and other amyloid disorders:
(i)

Cognitive decline associated with AD precedes fibrillar amyloid deposition in
humans and transgenic mouse models [Mucke et al. 2000; Klein et al. 2001].
This finding suggests that soluble, prefibrillar assemblies cause substantial
neuronal dysfunction early and irreversibly in the disease process.

(ii)

Increased levels of soluble A aggregates have been detected in the brains of
AD patients [Kuo et al. 1996; McLean et al. 1999; Gong et al. 2003]. Soluble A
levels correlate better than the levels of APP or fibrillar amyloid deposits with
markers of disease severity, such as the density of neuritic plaques and
neurofibrillary tangles or the loss of synapses and cognitive perception
(Figure 1.9a,b) [Lue et al. 1999; McLean et al. 1999].

(iii)

Soluble A assemblies purified from AD brains or cognitively impaired
Alzheimer mice disrupt memory independently of plaque formation or
neuronal loss when administered to healthy, young rats [Lesne et al. 2006;
Shankar et al. 2008].

(iv)

Prefibrillar A aggregates reduce the density of dendritic spines, enhance
long-term depression and impair long-term potentiation (LTP) in rodent
hippocampal slices (Figure 1.9c) [Lambert et al. 1998; Walsh et al. 2002a;
Barghorn et al. 2005; Knobloch et al. 2007; Lacor et al. 2007; Shankar et al.
2008]. In contrast, insoluble amyloid plaque cores from AD cortex do not impair
LTP [Shankar et al. 2008]. These effects reflect a disruption of synaptic
functions which underlies learning and memory in the vertebrate brain
[Reymann and Frey 2007].

(v)

Non-fibrillar A aggregates show higher cytotoxicity than fibrils, e.g. when
applied to primary rat neuron cultures, human neuroblastoma or rat
phaeochromocytoma cell lines (Figure 1.9d) [Hoshi et al. 2003; Kayed et al.
2003; Chimon et al. 2007].
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Figure 1.9 | Prefibrillar A aggregates are potent neurotoxins and primary suspects in Alzheimer’s disease.
(a) The levels of soluble, prefibrillar A in Alzheimer’s brains (open circles) directly correlate with disease
measures, such as the density of neurofibrillary tangles (correlation coefficient R = 0.72, p < 0.001). Closed
circles represent normal controls with minimal levels of neurofibrillary changes. (b) In contrast, the levels of
insoluble A deposits lack a correlation with the severity of brain pathology (R = 0.18, p = 0.47). (c) Treatment
of rat brain slices with prefibrillar A aggregates inhibits hippocampal long-term potentiation (red circles) in
comparison to untreated controls (gray squares). High frequency stimulation was applied at time point zero
(black arrow). Field excitatory postsynaptic potentials (EPSP) are expressed as mean ± standard error of the
mean (SEM). (d) Prefibrillar A possesses higher neurotoxicity than fibrils, monomers or the filtrate of the
prefibrillar aggregates (50 kDa molecular weight cutoff). Neurotoxicity was assessed by
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay and is shown as percent cell death
compared to control (mean ± 1.8 SEM). Figures replotted from [McLean et al. 1999] (a,b), [Barghorn et al.
2005] (c) and [Chimon et al. 2007] (d).

These findings established that the deleterious effects of prefibrillar A aggregates in
disease arise primarily from a potent impairment of synapse structure and function [Haass
and Selkoe 2007; Shankar et al. 2008]. Consistent with this, prefibrillar aggregates bind
predominantly within dendritic arbors of hippocampal neurons and colocalize with synaptic
markers [Lacor et al. 2004; Barghorn et al. 2005]. An appealing hypothesis suggests that
prefibrillar aggregates compromise ordered neuronal function by increasing the conductivity
of membranes or by forming channels that perforate the cell membrane [Lashuel et al. 2002;
Lashuel et al. 2003; Kayed et al. 2004; Cerf et al. 2009]. Apart from direct toxicity and
disruption of cellular ion homeostasis, prefibrillar aggregates can induce mitochondrial
dysfunction and greatly increase the vulnerability of neurons to excitotoxicity, oxidative and
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metabolic stress [Mattson 2004]. These perturbations lead to cell dysfunction and,
eventually, to the massive demise of neurons, particularly in brain areas involved in learning
and memory processes [Mattson 2004]. This parallels observations that AD patients suffer
from a progressive decline of mental and physical abilities, such as learning, memory,
language, emotional skills, orientation and physical coordination.

1.2.4. Diagnostic and Therapeutic Approaches in Alzheimer’s Disease
Despite the enormous socio-economic impact of AD and decades of Alzheimer’s
research many aspects of the disease mechanism still remain elusive, resulting in a lack of
conclusive diagnostic tests and effective treatments. At present, physicians usually diagnose
AD from the patient and family medical history, cognitive tests and behavioral assessment.
Medical brain imaging helps to exclude other cerebral pathologies or subtypes of dementia,
but definitive diagnosis requires postmortem examination of the brain [Mattson 2004]. The
lack of unambiguous, non-invasive tests renders presymptomatic diagnosis and medical
treatment effectively impossible [Caughey and Lansbury 2003]. Reliable diagnosis at an early
stage of disease requires a detailed molecular understanding of the neurotoxic agents and
mechanisms that underlie early neuronal dysfunction.
To date, AD is not curable, thus progressively and inexorably leading to death within a
few years following diagnosis. Currently used pharmacotherapeutic agents, such as
acetylcholinesterase inhibitors and NMDA glutamate receptor antagonists, offer only
symptomatic benefit. Unfortunately, there are no mechanism-based therapies available that
would decelerate, halt or reverse the neurodegenerative processes in AD.
Several innovative therapeutic strategies are currently being pursued, targeting
different sites in the neurodegenerative cascade. First, the development of protease
inhibitors could modulate cleavage of APP by - and -secretase and prevent pathologic A
production [Hardy and Selkoe 2002; Mattson 2004; Wolfe 2006]. Second, stimulation of the
immune system to remove toxic A aggregates from the brain by active or passive
immunization may prove effective in treating AD [Hardy and Selkoe 2002; Mattson 2004;
Wolfe 2006]. Conformation-specific antibodies that selectively recognize the primary
cytotoxic intermediates might be particularly useful in such therapeutic approaches
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[O'Nuallain and Wetzel 2002; Kayed et al. 2003]. Other therapeutic approaches being tested
include anti-inflammatory agents, cholesterol-lowering drugs, steroid replacement, metal
chelators or cell therapy [Hardy and Selkoe 2002; Mattson 2004; Wolfe 2006].
Another potential therapeutic strategy is based on the inhibition of A assembly into
toxic aggregates or the clearance of existing assemblies. Small molecules and camelid
antibody fragments have been shown to reduce the fibrillization of amyloidogenic
polypeptides and have already entered phase III clinical trials [Wolfe 2002; Dumoulin et al.
2003; Wolfe 2006]. However, fibrillar amyloid deposits may be comparatively harmless
late-stage features of the disease process, while soluble assemblies represent the most
important effectors of early neuronal dysfunction [Bucciantini et al. 2002]. The formation of
largely inactive fibril plaques is even discussed as a protective mechanism of the organism to
remove highly neurotoxic species. This hypothesis raises concerns against therapeutic
strategies based on the inhibition of aggregation or the dissociation of fibrils in affected
areas of the brain. Such an approach may prove ineffective or counterproductive if it
produces large quantities of highly toxic prefibrillar aggregates [Kirkitadze et al. 2002]. The
selective clearance of prefibrillar species may also be ineffective as they exist in equilibrium
with monomers and fibrillar deposits [Kirkitadze et al. 2002]. The latter could serve as large,
relatively inert reservoirs that continuously sequester bioactive prefibrillar species [Shankar
et al. 2008].
Therefore, detailed knowledge about the identity, function and structure of the most
toxic entities is an essential prerequisite for a better mechanistic understanding of AD and
the rational design of treatments that interfere with A aggregation. This thesis contributes
to this goal by the detailed structural analysis of specific prefibrillar aggregate species with
proven toxicity.

1.3. Structural Analysis of Alzheimer’s A Aggregates
A myriad of techniques has been employed for the structural analysis of A
aggregates, resulting in detailed models of some fibril morphologies (chapter 1.3.1). In
contrast, the molecular structure of prefibrillar A aggregates is still much more obscure
(chapter 1.3.2). Chapter 1.3.3 and 1.3.4 introduce the main structural techniques used in this
19
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thesis – hydrogen/deuterium exchange traced by solution-state NMR and cryo-electron
microscopy.

1.3.1. Current Structural Understanding of A Fibrils
A peptide is largely unstructured in its monomeric state, existing to approximately
70 % as statistical coil according to CD data [Ono et al. 2009]. In contrast, A predominantly
adopts -sheet structure ( 60-75 %) when incorporated into the cross- core of an amyloid
fibril [Cerf et al. 2009; Ono et al. 2009]. However, obtaining atomic-resolution information
about the structure of the individual peptide strands has proven difficult due to the
polymorphic, insoluble and non-crystalline nature of the fibrils. Recent advances in NMR and
cryo-EM instrumentation and methodology have permitted the elucidation of the backbone
fold and side chain conformation in some fibril morphologies. Different structural techniques
consistently indicated that A(1-40) and A(1-42) form at least two -strand elements
centred in residues 17-20 and 31-35 [Kheterpal et al. 2001; Petkova et al. 2002; Török et al.
2002; Lührs et al. 2005; Whittemore et al. 2005; Williams et al. 2006; Olofsson et al. 2007;
Yu et al. 2009]. The less ordered N-terminal region is not involved in the hydrogen bonded
fibril core. However, the exact positions of the -strand and non--strand segments have
been assigned to slightly different residues, probably as a result of different preparation
methods and structural polymorphism.
Based on solid-state NMR data of A(1-40) fibrils, Tycko and co-workers proposed a
-arch structure in which the C-terminal -strand between residues I30 and V40 folds back
onto the N-terminal strand ranging from V12 to V24 (Figure 1.10b,c) [Petkova et al. 2002].
The two -strands do not form a common -sheet with intramolecular backbone hydrogen
bonds as observed in globular proteins. Instead, they are connected by intramolecular side
chain interactions, thus forming a -arc between residues D23 and K28 [Hennetin et al.
2006]. In this conformation, juxtaposed peptides can interact via intermolecular backbone
hydrogen bonds [Petkova et al. 2002; Fändrich 2007b]. This enables the formation of long
peptide stacks that encompass intermolecular cross--sheets and represent the building
blocks of the mature fibril. Solid-state NMR data indicated the presence of an in-register,
parallel -sheet structure in A(1-40) fibrils (Figure 1.10c). However, A mutants (e.g. D23N)
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or shorter fragments (e.g. A(16-22), A(11-25), A(35-40)) can also produce antiparallel
-sheet structures [Tycko 2004; Sawaya et al. 2007; Tycko et al. 2009]. According to
solid-state NMR constraints on the local quaternary structure, the mature A(1-40) fibril
consists of several peptide stacks that are joined at the hydrophobic C-terminus in a
side-by-side packing (Figure 1.10c) [Petkova et al. 2006].

Figure 1.10 | Structural models of mature Alzheimer’s A fibrils.
(a) Amino acid sequence of the human A(1-40) peptide colored according to side chain type (green =
hydrophobic; magenta = polar; red = negatively charged; blue = positively charged). (b) Atomic representation
of the A(1-40) peptide in which a -arc connects two -strands into a U-shaped conformation. The disordered
N-terminus (residues 1-8) is added for completeness. (c-e) Ribbon representations of the A(1-40) (c,e) or
A(1-42) (d) protofilament structure, based primarily on solid-state NMR data (c) [Petkova et al. 2002; Petkova
et al. 2006], H/D exchange (d) [Lührs et al. 2005] or homology modeling and mutagenesis data (e) [Guo et al.
2004; Williams et al. 2004; Williams et al. 2006]. Two or three -strands per A peptide are connected into
in-register, parallel -sheets that perpetuate along the protofilament axis (gray arrows). Disordered N- and
C-termini are omitted in the ribbon diagrams. Images taken from [Tycko 2004] (b,c), [Finder and Glockshuber
2007] (d) and [Williams et al. 2006] (e).

Hydrogen/deuterium (H/D) exchange experiments coupled with solution-state NMR
spectroscopy also suggested a U-shaped conformation with two expanses of protective,
highly ordered structure and a disordered N-terminus (Figure 1.10d) [Lührs et al. 2005;
Whittemore et al. 2005; Olofsson et al. 2007; Yu et al. 2009]. In contrast, proline and alanine
scanning mutagenesis of the A(1-40) sequence revealed three highly structured elements in
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the A fold (residues 15-21, 24-28 and 31-36), interspersed with two turn regions
(Figure 1.10e) [Williams et al. 2004; Williams et al. 2006].

Figure 1.11 | 3D structure of mature Alzheimer’s A fibrils determined by cryo-electron microscopy.
(a,b) Reconstructed densities of an A(1-40) fibril at 8 Å resolution (a) and an A(1-42) fibril at 15 Å (b) in side
view and cross-section. The density maps of the fibril cross-sections reveal twofold rotational symmetry for
both fibrils. The examined A(1-40) fibril consists of two protofilaments, but the A(1-42) fibril morphology
possesses only one protofilament. (f) The density within one protofilament is interpreted by two oppositely
directed A peptides. Solid lines indicate -strand regions and dashed lines represent disordered N-terminal
residues. Images modified from [Schmidt et al. 2009].

Further insights into the quaternary structure of an A(1-40) fibril came recently from
a cryo-EM reconstruction at 8 Å resolution [Sachse et al. 2006; Sachse et al. 2008]. The
reconstructed density reveals an S-shaped cross-section with twofold rotational symmetry
(Figure 1.11a). The ribbon-like fibril consists of two protofilaments that are arranged to a
left-handed double-helix. The two protofilaments pack head-to-head and interact via a
surprisingly small interface. In contrast, the reconstruction of an A(1-42) fibril reveals only
one protofilament (Figure 1.11b) [Schmidt et al. 2009]. Each protofilament possesses a core
region that comprises two paired -sheet regions [Sachse et al. 2008; Schmidt et al. 2009].
The pairing occurs via tightly packed interfaces, reminiscent of the recently reported steric
zipper structures [Nelson et al. 2005]. A local twofold symmetry within each protofilament
suggests that the pairs of -sheets are formed by equivalent parts of two oppositely directed
A(1-40) or A(1-42) peptides (Figure 1.11). However, the present cryo-EM structures could
not reveal how many -strand segments each A peptide forms in these morphologies.
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1.3.2. Morphology and Structure of Prefibrillar A Aggregates
While there is little dissent among structural biologists about the use of the term
‘amyloid fibrils’, the nomenclature of prefibrillar aggregates is more diverse and
controversial. The general term ‘prefibrillar aggregates’ includes different kinds of
assemblies, such as dimers, trimers, A-derived diffusible ligands (ADDLs), amylospheroids,
soluble oligomers or protofibrils (Table 1.2). These aggregate species were either directly
extracted from human and murine Alzheimer’s brains [Lesne et al. 2006; Shankar et al.
2008], purified from conditioned cell medium [Walsh et al. 2002a] or formed in vitro using
specific protocols [Walsh et al. 1997; Lambert et al. 1998; Bitan et al. 2003; Hoshi et al. 2003;
Kayed et al. 2003; Lashuel et al. 2003; Barghorn et al. 2005; Chimon et al. 2007]. The
prefibrillar aggregates in such preparations differ considerably in size and morphology.
Shankar and co-workers established that A dimers are the smallest synaptotoxic species in
AD brains [Shankar et al. 2008], but neurotoxicity was also reported for large spherical
oligomers, consisting of more than hundred A molecules [Chimon et al. 2007]. Electron
microscopy revealed a diameter of approximately 2 nm for dimers and up to 50 nm for
paranuclei and spherical oligomers [Bitan et al. 2003; Chimon et al. 2007; Ono et al. 2009].
Most species possess a globular or spherical morphology, but annular oligomers or
curvilinear protofibrils up to 200 nm in length were also observed (Table 1.2) [Lashuel et al.
2003].
The different prefibrillar aggregate species were named primarily according to their
behavior in polyacrylamide gel electrophoresis or appearance in electron and atomic force
microscopy, rather than standardized structural criteria. This imprecise nomenclature may
lead to confusion among laboratories, because multiple names may describe the same entity
or a single term may be used for multiple entities [Bitan et al. 2005]. For example, tissuederived A*56 aggregates and in vitro prepared globulomers were both characterized as
dodecamers of A(1-42) and might actually represent a very similar structural entity
(Table 1.2) [Barghorn et al. 2005; Lesne et al. 2006]. In contrast, the term soluble oligomers
was used for very different aggregates, ranging from 9 kDa dimers to very large 900 kDa
assemblies [Lashuel et al. 2003; Ono et al. 2009]. This confusion illustrates the need for a
systematic structural characterization of prefibrillar aggregates.
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Table 1.2 | Characteristics of different types of bioactive prefibrillar A aggregates.
Negative staining TEM or AFM images of the assemblies were replotted from the respective references and
sized 200 x 200 nm, according to the displayed scale bars. The size of the aggregates is characterized by the
diameter d, length l, molecular weight Mw and the number of constituent monomers N. (-) and (+) correspond
to no/low or substantial ThT fluorescence, respectively. (?) indicates lacking information. Note that the images
and sizes are reproduced from the cited references, irrespective of apparent conflicts among different studies.
Species

Morphology

Isoform

Size

ThT

Structure

Dimers

quasispherical

A(1-40)
A(1-42)

d ≈ 2 nm
Mw ≈ 8-9 kDa
N=2

-

≈ 40 %
-sheet
≈ 50 %
random coil
≈ 10 % -helix

[Walsh et al. 1997]
[Walsh et al. 2002a]
[Bitan et al. 2003]
[Shankar et al. 2008]
[Ono et al. 2009]

Trimers

quasispherical

A(1-40)
A(1-42)

d ≈ 7 nm
Mw ≈ 12 kDa
N=3

-

≈ 40 %
-sheet
≈ 50 %
random coil
≈ 10 % -helix

[Walsh et al. 2002a]
[Bitan et al. 2003]
[Lesne et al. 2006]
[Ono et al. 2009]

spherical

A(1-42)

d ≈ 20-50 nm
Mw ≈ 20-25
kDa
N ≈ 5-6

?

≈ 20 %
-sheet
≈ 80 %
random coil
≈ 3 % -helix

[Bitan et al. 2003]

?

A(1-42)

Mw ≈ 56 kDa
N ≈ 12

?

?

[Lesne et al. 2006]
[Gong et al. 2003]

(Pre-)
globulomers

spherical

A(1-42)

d ≈ 1-5 nm
Mw ≈ 16-64
kDa
N ≈ 4-16

?

rich in mixed
parallel/
antiparallel
-sheets;
molten
globular
structure

Amylospheroids

spherical

A(1-40)
A(1-42)

d ≈ 10 nm
Mw ≈ 5-30
kDa

-

?

Paranuclei

A*56
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[Barghorn et al.
2005]
[Yu et al. 2009]

[Hoshi et al. 2003]
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Species

Morphology

Isoform

Size

ThT

Structure

References

ADDLs

spherical

A(1-42)

d ≈ 5 nm
Mw ≈ 10-100
kDa
N ≈ 3-24

?

?

Small
oligomers

spherical

A(1-42)

d ≈ 2-6 nm
Mw ≈ 30-170
kDa

-

≈ 50 %
antiparallel
-sheet

Annular
oligomers

spherical pores

A(1-40)
A(1-42)

d ≈ 7-10 nm
Mw ≈ 150-250
kDa
N ≈ 30-60

+

rich in
-sheets

[Lashuel et al. 2002]
[Lashuel et al. 2003]

Spherical
oligomers

spherical

A(1-40)

d ≈ 15-35 nm
Mw ≈ 650-880
kDa
N > 150

+

rich in
in-register
parallel
-sheets

[Chimon et al. 2007]
[Lashuel et al. 2003]

Protofibrils

short flexible,
curvilinear chains;
may twist
periodically

A(1-40)
A(1-42)

d ≈ 6-11 nm
l < 200 nm
Mw ≈ 350-800
kDa
N ≈ 80-190

+

?

[Walsh et al. 1997]
[Harper et al. 1997b]
[Lashuel et al. 2003]

[Lambert et al. 1998]
[Gong et al. 2003]
[Lacor et al. 2004]
[Rönicke et al. 2009]

[Stine et al. 2003]
[Cerf et al. 2009]

The structural characteristics of these pathologically important entities are, however,
very challenging to assess, because they are unstable and can exist in dynamic equilibrium
with monomers, oligomers of different sizes and fibrils. Moreover, these structures are very
sensitive to solution conditions and only partially homogeneous. Previous studies on
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different prefibrillar A species reported the dominance of ordered -sheet structures
[Lansbury 1999; Lashuel et al. 2002; Barghorn et al. 2005; Chimon et al. 2007; Cerf et al.
2009; Ono et al. 2009; Yu et al. 2009]. ThT-negative, small A(1-42) oligomers and
globulomers possess predominantly antiparallel or mixed parallel/antiparallel -sheet
structure, respectively (Table 1.2) [Cerf et al. 2009; Yu et al. 2009]. The H/D exchange
pattern of globulomers also differs from fibrils, showing high protection only for residues
31-40 and rapid amide exchange for all other residues [Yu et al. 2009]. However, large
prefibrillar aggregates, such as annular or spherical oligomers and protofibrils, substantially
bind the amyloid dye ThT, indicating the presence of amyloid-like -sheet structures [Lashuel
et al. 2003; Chimon et al. 2007; Yu et al. 2009]. Consistent with this, a solid-state NMR study
on a spherical A(1-40) intermediate revealed evidence for fibril-like in-register, parallel
-sheet structure [Chimon et al. 2007]. Similar to A fibrils, the N-terminus shows
considerably structural disorder, while the hydrophobic core region is well-ordered.

1.3.3. Structural Analysis by Hydrogen/Deuterium (H/D) Exchange
H/D exchange has been successfully applied to define stable secondary structure
elements at single-residue resolution in a prefibrillar A(1-42) aggregate [Yu et al. 2009] and
in mature A(1-40) and A(1-42) fibrils [Lührs et al. 2005; Whittemore et al. 2005; Olofsson
et al. 2007]. This technique is based on the assumption that the exchange rate of a particular
backbone amide proton versus deuterium is a function of two parameters: hydrogen
bonding and solvent accessibility. Therefore, this technique can unravel information on the
secondary and tertiary structure of a polypeptide. Amides that are buried from the solvent
or engaged in secondary structure hydrogen bonds are protected from H/D exchange
(Figure 1.12). In contrast, amides located in solvent exposed, disordered regions of the
polypeptide exchange rapidly.
The exchange of a fully protonated aggregate in deuterated solvent can be monitored
by solution-state NMR spectroscopy. Nuclear magnetic resonance has a unique role in
characterizing biological molecules as it affords accurate information about their
atomic-level structures and dynamics. Biomolecular NMR spectroscopy exploits the
interaction of the intrinsic magnetic moments of atomic nuclei with a nuclear spin quantum
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P), the so-called nuclear spins, with an external magnetic

field. This interaction results in a splitting of nuclear energy levels when the samples are
placed within a powerful external magnetic field. The nuclear spins can be excited away
from equilibrium by electromagnetic waves in the radio frequency range. The nuclear
magnetic resonance frequency depends on the local chemical environment of the spins and
provides, therefore, valuable structural information.

Figure 1.12 | Hydrogen/deuterium exchange experiments reveal stable secondary structure elements.
The hydrogen bonds in structured peptide regions (gray arrows) protect the covalently bonded amide protons
(blue circles) from exchange versus deuterium (red circles). The protonation state is tracked in
1 15
DMSO-dissociated aggregates by [ H, N]-correlation NMR spectroscopy.

However, large complexes over 100 kDa, such as amyloid fibrils and spherical
aggregates, are generally not amenable to solution-state NMR. Larger proteins tumble more
slowly in solution, such that the spin-spin relaxation is more efficient, which leads to
considerable line broadening. Therefore, H/D exchange experiments require the dissociation
of large aggregates prior to measurement (Figure 1.12). The polar aprotic solvent dimethyl
sulfoxide (DMSO) effectively dissolves amyloid aggregates while preserving their exchange
state [Hoshino et al. 2002]. Thus, the H/D exchange in the aggregates can be monitored after
dissociation by recording heteronuclear multiple quantum coherence (HMQC) spectra over a
series of time points (Figure 1.12). Since deuterium is not detected by HMQC experiments,
the 1H signals decrease exponentially as the amide protons exchange against deuterium. This
technique enables the localization of disordered and structured regions in the A peptide at
the level of individual amino acid residues, but information on the type of secondary
structure must be obtained by complementary methods, such as IR spectroscopy. This thesis
employs H/D exchange for the structural characterization of synaptotoxic spherical A(1-40)
oligomers.
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1.3.4. Structural Analysis by Cryo-Electron Microscopy
Recently, cryo-EM has evolved to become an important alternative method for the
structural analysis of large, heterogeneous and insoluble molecular assemblies, as a result of
crucial improvements in hardware and image-processing software. This advancing technique
could resolve the molecular details of amyloid fibrils formed from A, -synuclein, prion
protein, SH3 domain and insulin (Figure 1.5) [Jimenez et al. 1999; Jimenez et al. 2002; Sachse
et al. 2006; Tattum et al. 2006; Vilar et al. 2008; Schmidt et al. 2009; Zhang et al. 2009],
where even resolutions well below 10 Å could be achieved (Figure 1.11a) [Sachse et al.
2008]. Cryo-EM possesses several advantages over other established structural techniques,
such as NMR spectroscopy and X-ray crystallography. First, cryo-EM imposes no practical
limit on the molecule size and does not require crystals of the subject complex. Second,
cryo-EM is a single-particle technique and enables the analysis of individual morphologies in
heterogeneous samples, while other techniques can only provide a population average of
the fibril structure. And third, the native aggregate structure is preserved by shock-freezing
in vitreous ice.

Figure 1.13 | Iterative projection matching enables 3D reconstruction of A fibrils from 2D cryo-EM images.
TEM images of snap-frozen A fibrils are cut into square segments and aligned with two-dimensional
projections of an initial fibril model. Back-projection produces a preliminary three-dimensional fibril model that
is further improved by exploiting the helical symmetry of the fibril. This new model is projected onto two
dimensions and the whole procedure is repeated until the fibril model converges.
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However, biological macromolecules are mainly built up of carbon, hydrogen, oxygen
and nitrogen atoms, which scatter electrons only weakly. Moreover, only very low electron
doses can be applied during exposure to prevent radiation damage of the vitrified ice and
the highly sensitive biological samples. As a result, the contrast and the signal-to-noise ratio
of the recorded cryo-EM images are extremely low (Figure 1.13). Therefore, long fibril
segments must be recorded and processed. A high-resolution 3D model is generated by
iterative refinement of a rough preliminary model against the experimental data. Projection
matching is iterated until the model remains unchanged for several successive cycles.
Recently, Sachse et al. established a projection matching algorithm that extensively exploits
the helical symmetry of amyloid fibrils [Sachse et al. 2006; Sachse et al. 2007]. In the
presented manuscripts, this technique was, for the first time, applied to reconstruct single
fibril morphologies from a heterogeneous sample.

1.4. Objectives of this Thesis
Amyloidogenic polypeptides can form a variety of aggregate structures, ranging from
different spherical aggregate types to various mature fibril morphologies. Although
polymorphism is a widespread phenomenon in amyloid formation and might be important in
amyloid diseases, its structural basis is only poorly understood. To improve our
understanding of amyloid polymorphism, this thesis structurally characterizes different
amyloid aggregates. The manuscripts focus on the analysis of amyloid aggregates formed by
the Alzheimer-associated A peptide. However, since amyloid assembly is intrinsically a
protein folding problem, insights gained in this thesis should be of substantial general value.
The manuscripts presented in this thesis pursue two major goals:
(i)

Contribute to a better understanding of the amyloid fibril structure and the molecular
basis of fibril polymorphism (manuscripts I-IV).
To that end, twelve polymorphic A(1-40) fibrils from the same sample were
reconstructed from cryo-EM data (manuscript I) and fibril ensembles formed under
different incubation conditions were analyzed (manuscript II). These studies should
help to answer the following questions:


How does polymorphism arise during fibril formation?
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How do polymorphic fibrils differ in structure?



How are the protofilaments organized in different fibril morphologies?



Which molecular interactions underlie polymorphic fibrils?



How can amyloid polymorphism be reconciled with protein folding?



Which implications has fibril polymorphism on the mechanisms, diagnostics and
therapeutics of amyloidoses?

(ii)

Elucidate the relationship between molecular structure and function of toxic
prefibrillar aggregates (manuscripts V-VIII).
To achieve this goal, the manuscripts analyzed the structure of globular A(1-42)
oligomers (‘globulomers’, manuscripts V and VI) and spherical A(1-40) oligomers
(manuscripts V, VII and VIII) that impair mitochondrial and synaptic functions. The
A(1-40) oligomers could be stabilized for detailed structural analysis with H/D
exchange (manuscript VIII). These analyses aim to answer several questions:


Are prefibrillar aggregates structural precursors of mature fibrils with similar
biophysical properties?
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Which structural specifics differentiate prefibrillar and fibrillar aggregates?



How can these structural specifics explain the toxicity of prefibrillar aggregates?
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2.1. Manuscript I
Aβ(1-40) Fibril Polymorphism Implie s Diverse Interaction
Patterns in Amyloid Fibrils
Jessica Meinhardt
Carsten Sachse
Peter Hortschansky
Nikolaus Grigorieff
Marcus Fändrich
Published in the Journal of Molecular Biology 386 (3), 869-77 (2009).
DOI: 10.1016/j.jmb.2008.11.005
Summary
This manuscript presents the single-fibril reconstructions of twelve mature A(1-40)
fibrils with different morphologies from cryo-electron microscopy images. These 3D
reconstructions reveal that some fibrils can form a morphological spectrum with
continuously altering structural properties. Amyloid fibril formation from A(1-40) peptide
can lead to different patterns of inter- and intra-residue interactions, thus clearly
distinguishing this process from native protein folding reactions.
Author Contributions
M.F. and N.G. designed research. J.M. performed research. J.M. and C.S. analyzed
data. P.H. contributed materials/reagents/analysis tools. J.M., M.F., N.G. and C.S. wrote the
paper.

31

doi:10.1016/j.jmb.2008.11.005

J. Mol. Biol. (2009) 386, 869–877

Available online at www.sciencedirect.com

Aβ(1-40) Fibril Polymorphism Implies Diverse
Interaction Patterns in Amyloid Fibrils
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Amyloid fibrils characterize a diverse group of human diseases that includes
Alzheimer's disease, Creutzfeldt-Jakob and type II diabetes. Alzheimer's
amyloid fibrils consist of amyloid-β (Aβ) peptide and occur in a range of
structurally different fibril morphologies. The structural characteristics of 12
single Aβ(1-40) amyloid fibrils, all formed under the same solution conditions, were determined by electron cryo-microscopy and three-dimensional
reconstruction. The majority of analyzed fibrils form a range of morphologies that show almost continuously altering structural properties. The
observed fibril polymorphism implies that amyloid formation can lead, for
the same polypeptide sequence, to many different patterns of inter- or intraresidue interactions. This property differs significantly from native, monomeric protein folding reactions that produce, for one protein sequence, only
one ordered conformation and only one set of inter-residue interactions.
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Introduction
Amyloid fibrils are fibrillar polypeptide aggregates that occur inside the human body associated
with aging and a group of debilitating diseases,
including type II diabetes, Creutzfeldt-Jakob and
*Corresponding authors. E-mail addresses:
niko@brandeis.edu; fandrich@enzyme-halle.mpg.de.
Present address: C. Sachse, MRC Laboratory of
Molecular Biology, Hills Road, Cambridge CB2 0QH, UK.
Abbreviations used: Aβ, amyloid-β peptide; AD,
Alzheimer's disease; cryo-EM, electron cryo-microscopy;
TEM, transmission electron microscopy.

Alzheimer's disease (AD).1-3 In the case of AD,
amyloid fibrils are formed from amyloid-β (Aβ)
peptide.4 Amyloid fibrils possess a structural spine
that is formed by a cross-β structure. This structure
consists of oriented β-sheets with interstrand hydrogen bonds aligned parallel with the main fibril axis. It
follows from this arrangement that the amino acid
side chains extend perpendicular to the fibril axis
and define the intra- or intermolecular interactions
within the plane of the fibril cross-section.2 Therefore, side chain interactions determine several
important properties of amyloid fibrils, such as the
packing distance between adjacent β-sheets,5 the
regions of self-complementarity of a polypeptide
sequence,6,7 and the contact surfaces of juxtaposed
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protofilaments. Protofilaments represent the filamentous substructures of mature amyloid fibrils.8,9
Protofilaments are usually twisted, giving rise to the
discernible left-handed twist of mature fibrils.10-12
Samples of amyloid fibrils commonly exhibit significant structural heterogeneity, which can arise
from variations in bending or twisting of the fibrils,
as well as from different fibril morphologies.13-16
Each fibril morphology is associated with its own
specific overall shape, thickness, or twisting.8-14,16-24
Different fibril morphologies have been attributed to
different numbers of protofilaments,9,11,21,25,26 different protofilament arrangements,12 or different
peptide conformations22,24,27,28. The conformational
specifics of distinct fibril or aggregate morphologies
can be propagated by nucleation,29,30 and different
aggregate conformations are thought to give rise to
different aggregate cytotoxicities22,31,32 or clinical
manifestations in terms of different prion strains.33
Here, we have determined the diversity of amyloid
fibrils formed from Aβ(1-40) peptide in vitro. This
peptide adopts, within the fibril, a β-sheet conformation.20,34 Structural models were proposed
suggesting that the fibril cross-section encompasses
a side-by-side arrangement of either four or eight
β-sheet layers.34 The 3D reconstruction of one
Aβ(1-40) fibril morphology based on electron cryomicroscopy (cryo-EM) data, however, revealed a

Morphology Distribution of Aβ Amyloid Fibrils

fibril structure that was different from all previously
proposed models. 35,36 Although the 3D-reconstructed fibril also consists of four major β-sheet
regions, they are arranged into two equal pairs that
are offset from each other in the fibril cross-section.
However, Aβ(1-40) is known to give rise to different
fibril morphologies,10,11,16,20,22 and the previous
cryo-EM analysis could only address the topological
characteristics of one specific Aβ fibril morphology.
Therefore, we determine here the structural characteristics of different Aβ(1-40) fibril morphologies.
The main techniques of our analysis are negative
stain transmission electron microscopy (TEM) and
cryo-EM combined with 3D image reconstruction.

Results
Structural persistence of individual amyloid
fibrils
We found that two parameters are particularly
useful for describing different amyloid fibril morphologies: the fibril width (w) and the crossover
distance (d). While w corresponds to the lateral fibril
extension, crossovers represent apparent constrictions of the fibril width when visualizing the fibrils
with TEM techniques (Fig. 1a). The distance d

Fig. 1. Demonstration of the structural persistence and morphological diversity of Aβ(1-40) fibrils. (a) Example
measurement of fibril width and crossover distance at different positions on the same fibril. (b) Plot of fibril width and
crossover distance measured for six different fibrils grown in 50 mM sodium borate (pH 7.8) at 22 °C. Columns I – VI show
the values measured at different positions of the same fibril (crosses) and their mean with standard deviation (filled
circles). (c) Negative stain images of Aβ(1-40) fibrils grown either in 50 mM sodium borate (pH 7.8) at 22 °C or in PBS
(pH 7.4) at 37 °C. (d) Distribution of fibril width (w) and crossover distance (d) of different individual fibrils formed in
sodium borate buffer (black) or PBS (gray). Data points with d = 0 represent fibrils with no measurable d value (see the text
for details).
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between two adjacent crossovers equals half the
pitch of helically structured fibrils. Analysis of d and
w in different amyloid fibrils shows that these values
can vary significantly between individual fibrils
(Fig. 1b). By contrast, w and d vary only slightly
when measured at different positions within the
same amyloid fibril (Fig. 1a and b). The high level of
conservation of w and d at different axial positions of
the same fibril implies that the basic structural
scaffold is mostly retained along the main axis of a
mature fibril. This conclusion is corroborated by
comparison of the shape and width of the individual
crossovers that occur within the same fibril with
those occurring in different fibrils: while a single
fibril retains its crossover properties along its main
axis, different fibrils can show substantial differences (Fig. 2a).
Different Aβ amyloid fibrils can show
quasi-continuous structural alterations
Based on measurements of d and w, we have
explored the structural heterogeneity of two samples
of Aβ(1-40) fibrils that were obtained by incubation
under different conditions. One sample was obtained
by incubation of Aβ(1-40) peptide in sodium borate
buffer (pH 7.8, 22 °C). The other sample was
incubated closer to physiologic conditions in phosphate-buffered saline (PBS, pH 7.4, 37 °C). Judged
from their appearance in negative stain (Fig. 1c), the
observed fibril morphologies corresponded closely to
previously reported Aβ(1–40) fibrils.11,16,20 Moreover,
and consistent with previous reports,11,16,20 both
samples encompass evidently more than one fibril
morphology (Fig. 1c). Even after incubation of the
Aβ(1-40) peptide for more than six weeks, we did not
obtain homogeneous fibril preparations (data not

871
shown). Measurement of 200 randomly selected fibrils
from each sample showed that the w values can vary
from 5 nm to 26 nm (in PBS) or 8 nm to 23 nm (in
sodium borate buffer). The d values of these fibrils
vary between 30 nm and 330 nm (in PBS) or 50 nm and
380 nm (in sodium borate buffer).
A correlation plot of the two properties d and w
produces, for borate fibrils, a cluster of data points
that overlaps considerably with the d/w-pair distribution of PBS fibrils (Fig. 1d). Since each d/w-pair
characterizes a specific fibril structure, the substantial overlap of the two d/w-pair distributions
implies that most, if not all, borate fibril morphologies occur also in PBS. However, the structural
diversity of PBS fibrils is apparently greater than
that of borate fibrils. Moreover, 82% of the PBS
fibrils do not allow measurement of a crossover
distance. Possible reasons are a higher irregularity of
PBS fibrils, their shorter length, and perhaps, a
sometimes much lower extent of twisting (Fig. 1c).
Some regions of the d/w-plot are populated more
densely than others, but it is not possible to separate
out the measured d/w values into clearly distinct
subpopulations (Fig. 1d). Instead, we observe an
almost continuous distribution of the d and w
values, and of the d/w-pairs, suggesting the presence of numerous types of fibrils. This finding is
further supported by the 3D reconstructions presented in the next section.
3D reconstruction of 12 single amyloid fibrils
by cryo-EM
We have reconstructed the 3D density of 12 individual amyloid fibrils from one sample (Fig. 2a); i.e.
each of the 12 reconstructions shown in Fig. 2b was
calculated from a single amyloid fibril. All 12 fibrils

Fig. 2. Cryo-EM reconstructions of 12 individual Aβ(1-40) fibrils. (a) Electron micrographs of the 12 individual
Aβ(1-40) fibrils from the same sample. (b and c) Side (b) and top (c) views of the reconstructed fibrils shown in (a).
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Table 1. Properties of the 12 reconstructed fibrils and reconstruction details
Fibril
1
2
3
4
5
6
7
8
9
10
11
12

w (nm)

d (nm)

Segment size (nm)

Segment number

Resolution (Å)

Cross-sectional area (nm2)

Iz (nm4)

10.5 ± 1.2
13.6 ± 1.6
16.5 ± 2.1
16.9 ± 1.3
17.4 ± 1.5
17.7 ± 1.1
17.8 ± 1.5
18.3 ± 1.5
19.1 ± 1.4
20.3 ± 1.4
21.5 ± 1.6
12.1 ± 1.7

74 ± 13
65 ± 8
84 ± 4
84 ± 3
77 ± 5
77 ± 3
80 ± 3
99 ± 5
113 ± 7
136 ± 13
163 ± 25
134 ± 14

112
112
112
147
147
147
147
77
147
147
112
112

59
65
84
114
152
90
140
158
109
213
121
142

33
34
30
33
33
36
39
33
32
30
24
26

67 ± 13
75 ± 15
77 ± 15
74 ± 15
93 ± 19
72 ± 14
90 ± 18
76 ± 15
92 ± 18
103 ± 21
88 ± 18
91 ± 18

1298 ± 111
1419 ± 104
2606 ± 166
2509 ± 203
2303 ± 152
1757 ± 130
2927 ± 181
2868 ± 182
3680 ± 252
4831 ± 279
4634 ± 248
2172 ± 218

Fibril width w and the crossover distance d represent averages from a minimum of eight single measurements and are given with their
standard deviations. An error of 20% was assumed for the cross-sectional areas, based on the errors of w, which are typically about 10%.
Errors on Iz were estimated from the measurement uncertainty of the dimensions of the fibril cross-section.

were grown in sodium borate buffer. Fibrils grown
under these conditions were generally found to be
longer and better resolved than PBS fibrils (see
above). Moreover, borate acts as a negative stain
agent,37 which is an advantage when working with
otherwise unstained cryo-EM samples. The only
criteria for selecting these 12 fibrils were their
relatively straight structure and a length of more
than 700 nm. Otherwise, these fibrils were chosen
randomly, without paying attention to their morphology. The fibrils are numbered according to
ascending width, except for fibril 12, which possesses a significantly different structure (see below).
Within the series of fibrils 1–11, w increases progressively from 10.5 nm to 21.5 nm (Table 1). The d
values vary from 65 nm to 163 nm and tend to
increase with w. Hence, the 12 selected fibrils adequately represent the total d and w diversity of the
fibrils seen in negative stain (Fig. 1c).
The resolution of the reconstructed densities
range from 24 Å to 39 Å (Table 1; Fig. 3) based on
the 0.5 Fourier shell correlation criterion. The 12
fibrils show significant crossover periodicity, but no
axial 2.7 nm repeat or a tubular substructure.8,25
Unidirectional platinum shadowing demonstrated
that all helical fibrils of this sample possess a lefthanded chirality (data not shown). All 12 fibrils
were reconstructed twice, once by assuming 2-fold
rotational symmetry around the fibril axis, and once
by assuming no additional symmetry. The 2-fold
symmetry means that the cross-section superimposes with itself after a 180° rotation. Asymmetry
means that this occurs only after a 360° rotation.
The pairs of 3D reconstructions obtained for fibrils
1–11 are similar, irrespective of the symmetry
assumption used. Therefore, there is good correspondence between the raw data and the projections of the 2-fold symmetrical and asymmetrical
reconstructions of these fibrils. This is shown in Fig.
4a and b, using fibril 11 as an example. Hereafter,
we only refer to the 2-fold symmetrical reconstructions of fibrils 1–11 (see Fig. 2b). The cross-sectional
structures of fibrils 1–11 range from a compact,
square-like shape over several cross-sections with
relatively elliptical structure to one that is roughly

S–shaped (Fig. 2c). Besides these cross-sectional
differences, fibrils 1–11 differ also with respect to
the shape and width of their crossovers. For
example, fibril 11 possesses crossovers that are prominent and much narrower than the width of this
fibril. By contrast, fibril 1 possesses crossovers that
are much less pronounced (Fig. 2a).
While fibrils 1–11 all comply with a 2-fold symmetry, fibril 12 does not. Enforcement of a 2-fold
symmetry on fibril 12 leads to a 3D density map
inconsistent with the raw data (Fig. 4c). Only the
asymmetrical reconstruction of this fibril produces
a density map that agrees well with the raw data
(Fig. 4d). The fundamental structural difference of
fibril 12 compared with the other 11 reconstructed
fibrils is also evident from the raw electron micrographs. In these images, the brightest features
represent the regions of the highest density in
projection (Fig. 2a). In the case of fibrils 1–11, these
regions lie always on the central fibril axis. In the
case of fibril 12, however, they are arranged into
pairs of two and are offset from the central fibril
axis, alternating from the left-hand to the righthand side (Fig. 2a). Finally, fibril 12 also shows
different mechanical properties compared with the
other 11 fibrils, as presented in more detail in the
next section.
The cross-sectional structure is a determinant
of the observable fibril twist
In the past, the estimation of the fibril cross-section
from AFM measurements enabled the calculation of
the polar moment of inertia Iz about the main fibril
axis z.38 Iz describes the mechanical resistance of a
fibril towards torsional stress. In contrast to previous approaches, which estimated Iz values only
from the cross-sectional diameter of a fibril,38 we
determine here the Iz value of each fibril directly
from its cross-sectional shape according to the
general formula:
R
Iz = r2 dA
ð1Þ
where r is the radial distance and A is the crosssectional area. Iz was originally defined for macros-
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macroscopic object, fibrils 1–11 show a clear correlation between Iz and the crossover distance d that
describes the twist of a fibril. Within this series, d
tends to increase with Iz (Fig. 5). A linear fit produces
a correlation coefficient R of 0.93. While some 2-fold
symmetrical fibrils deviate slightly from such a
linear relationship, fibril 12 shows more substantial
differences. This deviation testifies further to the
fundamental structural difference of this fibril.

Discussion

Fig. 3. Resolution assessment using the Fourier shell
correlation curve. The Fourier shell correlation curves of
the fibril reconstructions indicate the following resolutions
at the 0.5 cut-off criterion (broken line): fibril 1, 33 Å; fibril
2, 34 Å; fibril 3, 30 Å; fibril 4, 33 Å; fibril 5, 33 Å; fibril 6,
36 Å; fibril 7, 39 Å; fibril 8, 33 Å; fibril 9, 32 Å; fibril 10, 30 Å;
fibril 11, 24 Å; and fibril 12, 26 Å. The curves show several
minima that occur at spatial frequencies with poor signal
owing to the characteristics of the contrast transfer
function of the electron microscope.

copic structures that possess homogeneous and isotropic material properties. Although the properties
of a fibril on a microscopic and near-atomic scale
must be quite different when compared with a

36

Here, we show that Aβ(1-40) peptide can form a
range of different amyloid fibril morphologies,
even when incubated under the same conditions.
It is known that different conditions of incubation
can lead to different fibril structures. Additionally,
this study shows that polymorphic fibrils can exist
even within the same sample. This observation is
consistent with a previous analysis of the effects of
salts on Aβ(1-40) fibrils,16 and a study by Goldsbury et al. that revealed different types of coiled
Aβ(1-40) fibrils and flat ribbons in the same
sample.11 Hence, different incubation conditions
produce different polymorphic ensembles of Aβ(1–
40) fibril morphologies.
The differences between different Aβ(1-40) fibrils
are sometimes rather fundamental, such as in the
case of fibril 12, which differs substantially from the
other 11 reconstructed fibrils, as shown by its
different basic symmetry and different micromechanical properties. However, even 2-fold symmetrical
fibrils can present significant structural differences,
such as fibrils 1, 5 and 11, which differ in properties
such as width, crossover distance, cross-sectional
structure and in the shape and size of the crossovers
(Fig. 2a–c). Nevertheless, the present study shows
that the differences between different fibrils are
sometimes small. These observations are made here
by analysis of different Aβ(1-40) samples and by
using negative stain TEM, cryo-EM and 3D reconstruction. For example, Fig. 2 shows that fibrils 4, 6, 7
and 8 have an overall similar structure despite some
small differences. In several samples, the range of
fibrils presents almost continuously differing structural properties. This observation is consistent with
negative stain TEM analysis of many fibrils from the
same sample (Fig. 1d), as well as with the gallery of
3D fibril reconstructions shown in Fig. 2.
We have compared the reconstructed fibrils with
previous structural models of Aβ amyloid fibrils.
Indeed, fibrils 1 and 11 show clear similarities to
some previous models. Fibril 1 possesses a squareshaped cross-section that is compatible with models
of a side-by-side arrangement of four major β-sheet
regions (Fig. 6) as suggested by Petkova et al. based
on solid-state nuclear magnetic resonance spectroscopy.34,39 Fibril 11 is similar to a recently reconstructed Aβ(1-40) fibril that represents a doublehelix formed from two protofilaments.35,36 Each
protofilament in this fibril consists of a pair of βsheet regions, similar to the class 1 steric zipper
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Fig. 4. Comparison of the reconstructed densities with the raw data at different axial rotation angles. (a and b)
Projections of both the twofold symmetrical reconstruction (a) and asymmetrical reconstruction (b) of fibril 11 agree well
with the raw images. (c) The 2-fold symmetric reconstruction of fibril 12 does not show a good match with the original
data. (d) Reconstruction of fibril 12 without this symmetry assumption produces a good agreement with the raw data. In
all panels: upper row, projections of the reconstruction; bottom row, raw data.

structures.6,36 The study by Sachse et al. suggested
that these β-sheet regions belong to two oppositely
directed Aβ peptides, rather than to the previously
proposed single Aβ peptide in a β-arch conformation32,34. Figure 6 shows a corresponding structural arrangement of fibril 11. Given that analysis of
this fibril morphology suggested that two β-sheet
regions constitute the core of one protofilament,36
fibrils 1 and 11 may differ mainly in the relative
position of two underlying protofilaments. In fibril
1, the two protofilaments are organized side-byside, while they are offset from one another in fibril
11 (Fig. 6).
By contrast, none of the remaining ten single-fibril
reconstructions readily correspond to any previous
structural model. Based on proposals that different

Fig. 5. Correlation between crossover distance (d) and
polar moment of inertia (Iz). The data are given in Table 1.
Filled circles represent fibrils 1–11, open circle represents
fibril 12. Only the data points of fibrils 1–11 are fit with a
straight line (R = 0.93).

fibril morphologies can differ in the arrangement of
structurally equivalent protofilaments,9 we have
considered this case for fibrils 2–10. Indeed, these
fibrils are associated with w and d values and crosssectional structures intermediate between those of
fibrils 1 and 11, consistent with intermediate protofilament–protofilament arrangements. This can be
shown also by structural interpretation of fibril 5
(see Fig. 6). By contrast, other fibril cross-sections are
more difficult to reconcile with such a model. For
example, fibril 10 may also involve a different protofilament core structure and peptide–peptide
arrangement compared with fibril 11. Such an
interpretation is consistent with several reports of
peptide microcrystals of zipper-like structures from
a seven residue peptide that can assume several
different modes of packing and conformations.6,7,40
The structural heterogeneity of amyloid fibril
samples described here implies that amyloid fibril
formation is significantly different from monomeric
protein folding reactions. Protein folding reactions
are characterized by the fact that a given protein
always folds into the same 3D conformation, irrespective of the pathway through which the native
conformation is adopted.41,42 Hence, all folded molecules share the same inter-residue contacts. By
contrast, amyloid formation reactions can lead to
different inter-residue contacts for the same polypeptide sequence. These differences may affect both the
contacts within a protofilament and those between
different protofilaments.
These observations are consistent with concepts
according to which amyloid fibril formation represents a generic conformational property of polypeptide chains.43,44 In other words, the amyloid fibril
polymorphism observed reflects the fact that polypeptide chains represent organic polymers and are
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fibrils,47 perpendicular to this direction. Hence,
this property of amyloid fibrils resembles chemically
much simpler organic polymers, such as polyamide
or nylon chains.48
Given that the present data show that Aβ peptide
possesses an intrinsic ability to form morphologically heterogeneous amyloid fibrils, we predict that
different Aβ amyloid fibril morphologies may exist
in humans. Indeed, electron microscopic examination shows that tissue-derived amyloid fibrils
formed from apolipoprotein AI, lysozyme and tau
protein also possess different morphologies.18,23 The
development of methods to discriminate between
these different structures and to manipulate their
formation will be important for defining the structural states relevant for conformational diseases.
These methods may also enable analysis of how
heterogeneous biological activities, such as different
prion strains or aggregate cytotoxicities, may be
encoded in differently structured aggregates.49,50

Materials and Methods
Fibril preparation
Amyloid fibrils were grown as described, using a final
concentration of 1 mg/ml Aβ(1-40) (with 1 % fibril seeds)
in 50 mM sodium borate buffer (pH 7.8) or PBS (pH 7.4)
incubated for a minimum of two days.51
Electron microscopy
Fig. 6. Structural model of the protofilament core
topology of fibrils 1, 5 and 11. Top, side view of the fibrils
with two protofilament cores modeled into the densities.
Bottom, contoured density cross-sections of the fibrils
superimposed with two protofilament cores. Each protofilament core comprises a pair of two β-sheet regions
colored in yellow (interface) and blue (outside). Each βsheet region may be formed by one Aβ peptide, as suggested by a recent analysis of a morphology corresponding to fibril 11.36 To date, it is not known whether a β-sheet
region consists of a single long strand or whether it is
constructed from several short β-sheet segments.

able to form structural states for which a sequence
specificity is much less important than in native
protein folding reactions.5,45 This does not mean
that any polypeptide sequence can be arranged in a
complementary fashion into an amyloid structure.
Analyses by Eisenberg and co-workers have provided evidence that there are actually only a small
number of polypeptide chain segments for which
this is possible.46 Compared with native protein
folding reactions, however, the side chains possess
many different possibilities to interact favorably, so
that differently shaped amyloid fibrils arise. These
data reconcile the high level of structural conservation of amyloid fibrils along their main axis; that is,
the main chain-dependent cross-β structure, with a
high structural diversity, or “plasticity” of the
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Samples for negative stain analysis were placed onto
copper grids covered with a carbon film and counterstained with 2 % (w/v) uranyl acetate, using the droplet
technique.52 Platinum shadowing was carried out as
described.35 Specimens were examined in an FEI Morgagni 268 or Zeiss 902 electron microscope operated at an
acceleration voltage of 80 kV. Cryo-EM samples were
placed onto R 1.2/1.3 holey carbon 400-mesh copper grids
(Quantifoil Micro Tools) and plunge-frozen in vitreous ice.
Low-dose images of the vitrified specimens were collected
at –180 °C on a Philips CM12 electron microscope
operating at 120 kV. Micrographs were recorded at a
nominal magnification of 60,000× and an underfocus of
2.1–2.3 μm on Kodak SO-163 film.
Image processing
Fibril micrographs were scanned with a raster size of
7 μm, using a Zeiss SCAI flatbed scanner. Averaging of
4 × 4 or 6 × 6 pixels resulted in a final pixel size on the
specimen of 0.47 nm or 0.7 nm. A detailed description of
the reconstruction procedure can be found elsewhere.53
Segment sizes were set to either 77 nm × 77 nm,
112 nm × 112 nm or 147 nm× 147 nm (see Table 1). The
step size along the fibril axis was 7 nm. Reference
projections of fibrils 1 – 11 were computed by rotating
about the fibril axis between 0° and 180° in 4° increments
and using out-of-plane tilt angles of ±6.97°, ± 9.83° and
±12°. This procedure led to a final set of 315 projections.
Reference projections of fibril 12 were generated by
rotation from 0° to 360°, yielding 630 projections in total.
Helical symmetry was imposed with a subunit repeat of
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0.47 nm, consistent with X-ray diffraction data.35 Noise
was masked from the 3D models by application of a
helical mask. The volumes were low-pass filtered with a
cosine falloff to a resolution of 20 Å. At this filter radius,
no important structural detail was removed. Fibril reconstructions were displayed with the Chimera Visualization System.54 The thresholds for the representations of
fibril surfaces and cross-sections were set so that the
fibril widths measured from the raw images and the
reconstructions were equal (Table 1).

Morphology Distribution of Aβ Amyloid Fibrils

7.

8.

9.
Calculation of the cross-sectional area and polar
moment of inertia
The cross-sectional areas of the fibril reconstructions
were estimated by determination of the number of pixels
above the density threshold and converted into square
nanometres by multiplication with the pixel size. The
values given in Table 1 represent the averages of the crosssectional areas of the symmetric and asymmetric fibril
reconstructions. In the case of fibril 12, only the asymmetric reconstruction was included in the calculation.
The polar moment of inertia Iz was calculated according
to equation (1) (see Results), using the dimensions of the
reconstructed cross-sections. To simplify computation of
Iz, the cross-sectional areas were approximated with one
or two rectangles or ellipses.

10.

11.

12.

13.
14.
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The formation of amyloid fibrils and other polypeptide aggregates depends
strongly on the physico-chemical environment. One such factor affecting
aggregation is the presence and concentration of salt ions. We have examined the effects of salt ions on the aggregation propensity of Alzheimer’s
Aβ(1-40) peptide and on the structure of the dissolved and of the fibrillar
peptide. All salts examined promote aggregation strongly. The most
pronounced effect is seen within the cationic series, i.e. for MgCl2.
Evaluation of different possible explanations suggests that Aβ(1-40)
aggregation depends on direct interaction between ions and Aβ(1-40)
peptide, and correlates with ion-induced changes of the surface tension.
Salts have profound effects on the fibril structure. In the presence of salts,
fibrils are associated with smaller diameters, narrower crossover distances
and lower amide I maxima. Since Aβ(1-40) aggregation responds to salts in
a manner unlike that for other polypeptides, such as glucagon, β2microglobulin or α-synuclein; these data argue that there is no fully
uniform way in which salts affect aggregation of different polypeptide
chains. These observations are important for understanding and predicting
aggregation on the basis of simple physico-chemical properties.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: amyloid; conformational disease; kinetics; protein folding; prion

Introduction
Amyloid fibrils represent fibrillar polypeptide
aggregates consisting of a cross-β structure.1 Their
occurrence inside the body characterises a group
of debilitating human conditions that includes
Alzheimer’s disease, atherosclerosis and type II
diabetes.2,3 Amyloid fibril deposits can appear as a
common somatic degeneration in the course of
*Corresponding author. E-mail address:
fandrich@fli-leibniz.de.
Abbreviations used: ATR, attenuated total reflectance;
cc, critical concentration; d, crossover distance; FTIR,
Fourier-transform infrared spectroscopy; k, growth rate;
TEM, transmission electron microscopy; ThT, thioflavin T;
tl, lag time; w, fibril width.

human ageing, even without any specific disease.4
So far, more than 25 different polypeptide sequences have been found to form amyloid fibrils
in vivo.5 The basic ability to form amyloid fibrils,
however, is inherent to many other, if not all,
polypeptide sequences,5 and amyloid fibrils can
form in vitro from sequences not so far associated
with clinical amyloid fibrils; for example, apomyoglobin or specific polyamino acids.6–8 Aggregation
depends on two sets of determinants that were
described initially on the basis of aggregation
kinetics measurement.9–11 Recently, however, they
were found to apply also in the thermodynamics of
aggregation.12–14 One set of these determinants is
intrinsic to the polypeptide chain and includes the
content and distribution of residues with high or
low hydrophobicity, charge, polarity, aromaticity
and β-sheet propensity.9,10,11,15–19 The other set of
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determinants arises from the physico-chemical
environment and includes pH, temperature, ionic
strength, hydrostatic pressure and the presence and
concentration of cosolvents or cosolutes. Understanding the effects of both sets of determinants is
essential for predicting aggregation.
Salt ions represent a particularly important group
of environmental determinants. Most knowledge
about their effects comes from precipitation studies
with globular proteins.20,21 Ions may concentrate
non-specifically in the vicinity of oppositely charged
protein groups. This gathering of ions increases the
apparent dielectric constant of water and causes the
energy of electrostatic protein–protein interactions
to fall off more rapidly with distance (Debye-Hückel
screening). Repulsive electrostatic interactions
become reduced, and forces that favour intermolecular association reactions can prevail.21,22 Alternatively, ions may interact specifically with charged or
polar chemical groups of the polypeptide chain. This
property is remodelled by the interaction of ions
with chromatographic resins along the so-called
electroselectivity series.21–23 Specific interactions
with ions may alter the effective isoelectric point
(pI) of a protein, thereby increasing its solubility
(salting-in) or decreasing it (salting out).20,21,23,24
Salting-in is seen mostly under low-salt conditions,
whereas salting-out effects tend to be more favoured
at high-salt conditions.20,24 The efficiency of the
salting-out reaction is determined by the type of salt
as described by the Hofmeister series, which rank
anions and cations according to their precipitation
power. Anions and cations usually act independently but additively. Aβ(1-40) peptide (theoretical
pI 5.31) is negatively charged under the pH
conditions of the present analysis, and the precipitation power of anions according to Hofmeister22,25 is:


2



SO2
4 N HPO4 N Cl N NO3 N I N ClO4 N SCN

while cations follow the order:25
Liþ N Naþ N Kþ N Mg2þ
While different studies can order the ions of each
series slightly differently,21,22,24,25 anions are generally considered to be more effective than cations.21
Both the cation and anion series can be divided into
kosmotropic ions (listed before Cl− and Na+ ) and
chaotropic ions (listed after Cl− and Na+). At pH
values above the pI, chaotropic anions promote the
solubility of proteins relative to Cl− and Na+. They
decrease the protein stability and can act as
denaturants.21 Chaotropes make water–water interactions less favourable and increase the entropy of
water within the first hydration shell around an
ion.26 Kosmotropes have essentially the opposite
effects; i.e. they promote the stability and folding of
globular proteins but decrease the protein solubility.20 Kosmotropes strengthen the water–water
interactions and reduce the entropy of water.26
The effect of salts on the solubility of proteins is
thought to depend on the extent to which these ions

interact with the protein or to which they affect the
efficiency by which water solvates apolar protein
groups.20,21 Support for the latter idea comes from
observations that ions influence the solubility of the
apolar molecule benzene in accordance with the
Hofmeister series.20 Furthermore, salt ions have a
greater precipitation power in the presence of long
aliphatic side-chains than in the presence of short
aliphatic side-chains.20 These observations have
been rationalised with the cavity model,20 which
suggests that the solubility of a solute, such as a
protein, depends on the work required to form a
cavity within the solvent that can accommodate the
solute. The work required to form this cavity then
depends on the surface tension of the solvent. And
indeed, surface tension measurements show a good
correlation to the Hofmeister series.20
While previous studies have focussed mostly on
the effect of salts on native, globular proteins, such
as on their stability, solubility, folding, unfolding
and crystallisation,21,26,27 the present work analyses
the effect of salts on aggregation. Unfortunately, the
term aggregate is used throughout the literature in a
rather non-uniform manner. To clarify its meaning
in the context of the present study, we define
aggregates as intermolecular assemblies of polypeptide chains that encompass a non-native and specific
type of intermolecular β-sheet structure.1 Amyloid
fibrils represent by this definition a subgroup of
aggregates in which this intermolecular β-sheet
structure is highly ordered and arranged into
cross-β sheets. Amyloid fibrils show specific optical
behaviour upon binding to hetero-aromatic dye
molecules, such as Congo red or thioflavin T.
transmission electron microscopy (TEM) shows
that they possess a straight and normally unbranched morphology.1–3,5 Here, we have used the
Alzheimer’s Aβ(1-40) peptide as the model system
to study the effects of salts on aggregation. Its
propensity to aggregate and to form fibrils is
investigated by aggregation thermodynamics and
kinetics measurements, while TEM, far-UV CD and
attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy were used to analyse
the structure of the peptide before and after fibril
formation.

Results
Influence of salts on the thermodynamics of
fibril formation
The formation of amyloid fibrils from Aβ(1-40) is
a reversible reaction, allowing thermodynamic
treatment.28 In the present study, thermodynamic
analysis was carried out by measurement of the
critical concentration (cc) of fibril formation. The
critical concentration represents the maximum
concentration of full peptide solubility,29 and cc
values can be converted into the Gibb’s free energy
of fibril formation (ΔG fib ). 29 c c values were
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examined in 50 mM sodium borate buffer (pH 9.0).
These solutions were supplemented with different
types of salts at concentrations from 50 mM to
500 mM. After incubation for two weeks at 37 °C,
TEM analysis shows the presence of amyloid fibrils
in all samples (see below). In addition, we find that
salts (within the presently examined range of salt
types and concentrations) decrease the cc values
and increase the propensity of aggregation (Figure
1(a)). Different salts have a different salting-out
efficiency. The strongest effect is seen within the
cationic series, and specifically for LiCl and MgCl2.
This observation does not depend on whether
different salts are compared by their concentration
or by their ionic strength (Figure 1(a) and (b)).
Influence of salts on the aggregation kinetics
The effect of salts on the aggregation kinetics is
examined by incubation of freshly dissolved disaggregated Aβ(1-40) peptide with thioflavin T (ThT)
dye. Interaction of the dye with newly formed

Figure 1. Effect of different salts on the critical concentration cc. The effect of different sodium anions (left) and
chloride cations (right). Different salts are compared on the
basis of (a) concentration or (b) ionic strength. Critical
concentrations are determined from samples incubated at
37 °C for two weeks. Error bars represent standard
deviations from four measurements.

44

Figure 2. Aggregation kinetics of Aβ(1-40) in different
salts. Temporal development of the ThT fluorescence
intensity (arbitrary units). Samples contain 100 μM
Aβ(1-40), 50 mM sodium borate (pH 9.0), 20 μM ThT and
50 mM Na2SO4 (red curves) or NaNO3 (blue curves).

amyloid fibrils changes the fluorescent properties of
the dye and increases its fluorescence intensity at
482 nm, whilst exciting at 450 nm.30 Aggregation of
Aβ(1-40) peptide produces a characteristic biphasic
growth curve, containing well-resolved lag and
growth phases (Figure 2). This type of biphasic
behaviour implies that the reaction is nucleationdependent and that aggregate nuclei form during
the lag phase.31,32 Once appropriate nuclei have
accumulated at sufficient quantity, they promote
transition into the growth phase. Fitting the growth
part of the ThT curve with an exponential function
enables determination of the so-called growth rate
k, 33 which is interpreted here as the growth
propensity of large aggregates from nuclei, while
the length of the lag phase, the lag time tl, is
interpreted as the nucleation propensity of a
sample.32
In the absence of any additional salt, the peptide
does not enter the growth phase within the
duration of the experiment (four days). Consistent
with this, TEM does not reveal significant quantities of amyloid fibrils. Addition of salts promotes
aggregation and fibril formation significantly, and
all salt-containing samples show an onset of the
growth phase within the time-frame of the experiment. These samples contain substantial amounts
of fibrils, as shown by TEM (not presented).
Overall, we find that higher concentrations of salt
usually reduce the tl values, while k values tend to
increase with salt (Figure 3(a) and (b)). These data
imply that salts promote both the nucleation (small
tl values) and the growth of aggregates (large k
values, see Table 1). A plot of cc versus tl fits a
straight line with a correlation coefficient of 0.85
(Figure 3(c)), further supporting the notion that the
speed of aggregation depends on the thermodynamics of this process.12–14,30 A plot of the measured tl and k values shows an inverse correlation
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Figure 3. Effect of different salts on the aggregation kinetics. (a) and (b) Effect of salts with different sodium anions
(left) or chloride cations (right) on the measured (a) tl and (b) k values. Data were obtained by fitting aggregation kinetics
measurements (Table 1). Error bars represent the standard deviations from four measurements. (c) Correlation between cc
and tl values, fit with a straight line. (d) Correlation between k and tl, fit with the function k = α/tl. Salts have the same
colour coding in (a)–(d) (see (a)).

(Figure 3(d)). This correlation is consistent with
considerable previous data and implies that samples that nucleate efficiently show also a fast
growth reaction.30,32,34–36 Fitting the present data
with the equation:
k ¼ a=tl
produces an α value of 2.57 (correlation coefficient
0.74), which is within the same order of magnitude
as the value of 4.5 obtained previously for almost
300 different samples.32
Moreover, different salts affect aggregation to a
different extent. Although we cannot rule out the
possibility that tl, k and cc respond to different ions
in a slightly different manner, these differences, if
they exist, would be smaller than the intrinsic scatter
of the data. On the basis of the correlations between
tl, k and cc (Figure 3), we report here only a single
series of sodium anions:




SO2
4 N I N Cl N NO3 cClO4

and only one for the chloride cations:
Mg2þ N Liþ N Naþ N Kþ
Of all ions tested, MgCl2 produces the strongest
effects. Based on the dependences of tl, k and cc on
the concentration of salt, MgCl2 is roughly ten times
more potent than NaCl in promoting Aβ(1-40)
aggregation.
Effect of salts on the structure of disaggregated
Aβ peptide
Far-UV CD spectroscopy was used to search for
potential salt-dependent structural alterations of the
initial fibril precursor, the freshly dissolved Aβ(1-40)
peptide. In the absence of any additional salt, Aβ(140) produces a mean residue weight ellipticity
([Θ]MRW) minimum below 200 nm (Figure 4(a)),
indicating significant contributions from random
coil-like or polyproline II conformations.22,37,38
Variations of the concentration of peptide between
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Table 1. Effect of salt ions on the kinetics of Aβ(1-40)
aggregation

Na2SO4
50
100
250
500
NaNO3
50
100
250
500
NaI
50
100
250
500
NaClO4
50
100
250
500
NaCl
50
100
250
500
KCl
50
100
250
500
LiCl
50
100
250
500
MgCl2
50
100
250
500

k (h−1)

tl (h)

0.083 ± 0.066
0.400 ± 0.049
0.231 ± 0.088
0.187 ± 0.246

12.2 ± 1.2
6.2 ± 0.7
10.0 ± 1.2
3.0 ± 3.6

0.279 ± 0.140
0.247 ± 0.032
0.521 ± 0.093
0.121 ± 0.027

15.4 ± 1.66
7.5 ± 1.1
6.5 ± 0.3
5.8 ± 1.5

0.226 ± 0.124
0.278 ± 0.069
0.340 ± 0.039
0.404 ± 0.134

16.0 ± 4.7
6.3 ± 1.4
7.9 ± 0.6
5.0 ± 0.3

0.082 ± 0.051
0.126 ± 0.045
0.328 ± 0.081
0.229 ± 0.039

25.9 ± 5.6
18.8 ± 3.4
11.2 ± 1.0
7.3 ± 0.4

0.098 ± 0.029
0.063 ± 0.021
0.212 ± 0.046
0.456 ± 0.230

20.0 ± 3.4
6.6 ± 0.6
4.5 ± 0.6
4.8 ± 0.8

0.115 ± 0.023
0.081 ± 0.052
0.288 ± 0.181
0.492 ± 0.116

18.9 ± 5.3
13.8 ± 4.7
6.5 ± 0.3
5.2 ± 0.8

0.220 ± 0.044
0.499 ± 0.093
0.346 ± 0.091
0.401 ± 0.068

9.4 ± 1.2
4.8 ± 0.8
5.5 ± 1.5
3.1 ± 0.7

0.803 ± 0.201
1.352 ± 0.102
1.332 ± 0.227
1.834 ± 0.563

4.1 ± 1.7
4.3 ± 1.0
2.8 ± 0.3
2.2 ± 0.5

Data were obtained by fitting time-dependent ThT-curves.
Errors represent the standard deviation from 4 measurements.

4 μM and 203 μM have little effect on the shape of the
spectrum (Figure 4(a) and (b)), and there is no
discernible transition into a concentration-dependent β-sheet conformation. The presence of 50 mM
and 500 mM salt reduces the usable range of the farUV CD spectrum significantly, and no spectrum can
be recorded for NaI and NaNO3, due to the very
strong interference of these ions with the measurement. All salts examined here do not substantially
affect the structure of the freshly dissolved Aβ(1-40)
peptide, as judged from the similarity of the shape of
the entire far-UV CD region as well as from the
similarity of the recorded [Θ]MRW values at 217
(Figure 4(c)). Assuming a pure coil-to-β transition
and the [Θ]MRW values of β-sheet and random coil
structure as described,37 the β-sheet content of Aβ(140) varies by less than 4% in the presence of different
salts. However, these data cannot exclude more
subtle changes in the structural ensemble or structural changes that cannot be monitored reliably with
far-UV CD, but may have significant effects on the
aggregation properties.

46

Effect of salts on the ensemble of amyloid fibril
morphologies
TEM was used to explore the effect of salts on the
overall topology of Aβ(1-40) amyloid fibrils. By
TEM, all samples were found to contain mostly
fibrils and only small quantities of non-fibrillar
aggregates. On the basis of TEM images, we
estimated that fibrils represent at least 90% of the
total aggregates in these samples. In the absence of
any additional salt, Aβ(1-40) amyloid fibrils are
generally very long, regular and well separated
(Figure 5(a)). Fibrils possess a comparatively
smooth surface and a well-defined fibril structure.
Crossovers are clearly discernible. Crossovers
represent apparent constrictions of the lateral fibril
extension w in TEM projections, and the distance d
between adjacent crossovers represents half of the
pitch value of fibrils with helical symmetry.39 In the
absence of any additional salt, the fibril population
is comparatively uniform, although significant
variability exists between individual fibrils. This
structural heterogeneity is explored here by measurement of the values of w and d of 300 fibrils.
For helical fibrils, measurement of w is carried out
at the midpoint between two adjacent crossovers.
In the absence of any additional salt, this value
ranges from 14.5 nm to 29.6 nm (Figure 6(a)). The
uncertainty by which w can be measured from
fibrils with laterally attached negative-staining
agent (uranyl acetate) is estimated here to be approximately 1 nm and therefore much smaller than
the observed distribution of w. Hence, the variability of w must represent real structural differences. Averaging over various fibril morphologies
produces an average w value of 20.6(±2.8) nm and
an average d value of 136(±28) nm for the sample
without additional salt (Table 2). These d measurements are based, however, on only 76% of all
fibrils (Figure 6(b)), because 24% of the fibrils are
either untwisted or too irregular to allow determination of d (Table 2).
Addition of salt to 0.5 M leads to several general
effects that are largely the same for different salts.
These general effects include stronger self-association of fibrils into bundles so that individual fibrils
are more difficult to resolve (Figure 5). Fibrils are
less regular and shorter than fibrils grown in buffer
only. Average w values range, in the presence of
salts, between 14.0 nm and 16.9 nm, while they are
20.6(±2.8) nm without additional salt (Table 2).
While the d values of salt-containing samples are
usually smaller than without salt, NaClO4 produces
an exceptionally high value (152 nm). However, 69%
of the fibrils from this sample do not allow
measurement of d (Table 2). Finally, salts generally
increase the percentage of fibrils for which d cannot
be measured (Table 2). This value can be as high as
69% (NaClO4) and 82% (MgCl2). Taken together, the
various effects lead to a much more heterogeneous
fibril ensemble in the presence of salts and to a
significantly increased scatter in the d/w-plot
(Figure 6(c)). Interestingly, average w and d values
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Figure 4. Effect of salts on the structure of freshly dissolved Aβ(1-40). (a) Far-UV CD spectra of Aβ(1-40) at different
concentrations. Spectra were recorded (without additional salt) in 50 mM sodium borate (pH 9.0) at 37 °C. (b) [Θ]MRW
values at 217 nm of the spectra shown in (a). (c) [Θ]MRW at 217 nm of Aβ(1-40) (27 μM) in 50 mM sodium borate buffer (pH
9.0) with or without 0.5 M salt. The dotted lines in (b) and (c) show [Θ]MRW values at 217 nm for standard β-sheet (−18,400
deg cm2 dmol−1) and random coil structures (4600 deg cm2 dmol−1) according to Greenfield and Fasman.37 Symbol size in
(b) and (c) overlaps with error of the measurement.

seem to be correlated and fibrils with a small width
show smaller crossover distances (Figure 7). This
observation relates to previous data from calcitonin
and α-synuclein fragments,40,41 perhaps indicating a
generic structural relationship.

Infrared spectroscopic analysis of the effect of
salts on the fibril structure
ATR-FTIR was used to analyse the effect of salts
on the structure of fibrillar Aβ(1-40) peptide. FTIR

Figure 5. Electron micrographs of amyloid fibrils obtained in the presence or absence of salts. (a) TEM image of fibrils
formed in buffer only. (b)–(d) TEM images of fibrils formed in buffer containing (b) NaCl, (c) KCl, (d) LiCl, (e) MgCl2, (f)
NaClO4, (g) NaI, (h) NaNO3 and (i) Na2SO4 each at a concentration of 0.5 M. TEM analysis was performed after two
weeks of incubation.
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Figure 6. Effect of salts on the ensemble of amyloid fibril morphologies. Results of the measurement of (a) the width w
and (b) the crossover distance d from 300 fibrils. Fibrils that enabled only width but not crossover measurements are
represented in (b) with yellow bars and (c) in the scatter plots as data points with Y = 0.

monitors, within the amide I region, bond vibrations
of the backbone peptide groups. Differences in their
conformational or environmental context manifest
themselves in different bond vibrations and different amide I signals.22,38 Typical amide I regions for
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β-sheet structure, α-helix and random coil structure
are reported.22 Amyloid fibrils and other polypeptide aggregates can produce a characteristic amide I
signature, and their amide I maxima are shifted to
lower wavenumbers compared with most native
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Table 2. Fibril structure in the presence or absence of salt

Buffer only
Na2SO4
NaNO3
NaI
NaClO4
NaCl
KCl
LiCl
MgCl2

Position amide I main
component (cm−1)

Relative intensity amide I
main component (%)

Average w
value (nm)

Average d
value (nm)

Fibrils with d
undetermined (%)

1625.1
1619.2
1622.3
1622.7
1622.2
1624.0
1622.7
1623.6
1622.2

77
62
76
62
77
70
74
76
68

20.6 ± 2.8
15.7 ± 3.2
15.4 ± 3.0
14.9 ± 3.0
16.9 ± 3.4
15.5 ± 3.5
14.6 ± 2.8
15.9 ± 2.8
14.2 ± 3.7

136 ± 28
77 ± 25
89 ± 35
90 ± 39
151 ± 81
117 ± 45
82 ± 33
80 ± 30
87 ± 24

24
60
50
60
69
57
59
44
82

Position and relative intensity of the amide I main component are obtained by fitting the amide I and II regions of the ATR-FTIR spectrum
with Lorentzian curves (see Figure 7(a)). The relative intensity of the main component is normalised to the sum over all amide I
components. Measurement of the fibril width (w) average, crossover distance (d) average and percentage of fibrils for which d could not
be determined is based on negative stain TEM data of 300 randomly selected amyloid fibrils. All samples contained 50 mM sodium borate
(pH 9.0), with or without 0.5 M salt. Errors represent the standard deviation.

β-sheet proteins.42 In the absence of any additional
salts, Aβ(1-40) amyloid fibrils produce a pronounced ATR-FTIR maximum at 1625.1 cm−1. A fit
of the amide I region with Lorentzian curves shows
that the underlying main component contributes to
77% of the entire amide I band (Table 2).
While addition of salt at final concentrations up to
0.5 M has only very little effect on the structure of
the freshly dissolved peptide (see above), ATR-FTIR
spectroscopy demonstrates very strong effects of
salts on the conformation of the fibrillar peptide.
These differences are evident from the overall shape
of the amide I region, the position of the amide I
maximum and from the relative contribution of the
amide I main component to the total amide I signal
(Figure 8). For example, salts generally shift the
amide I maximum to a smaller wavenumber (Table
2). This effect is smallest for NaCl (1624.0 cm−1) and
strongest for Na2SO4 (1619.2 cm−1). Although the
encountered range of amide I maxima is well consistent with the presence of an aggregated β-sheet
structure,22 salts generally decrease the frequency of

Figure 7. Correlation between fibril width (w) and
crossover distance (d). Data for amyloid fibrils from
calcitonin and an α-synuclein fragment, termed NAC
(1-13), were replotted from Bauer et al. and Abe et al.40,41
Aβ(1-40) amyloid fibril values are taken from Table 2.
Error bars represent standard deviations of the reported
average values of Aβ(1-40) (see Table 2).

the amide I’ maximum, indicating that the energy of
the peptide–peptide interactions is strengthened
and the hydrogen bond length is shortened.43
Interestingly, our data do not provide evidence for
a salt-induced increase of the proportion of aggregated β-sheet structure. Instead, salts rather
decrease the β-sheet content and the contribution
of the respective component to the entire amide I
region (Table 2). We conclude that the strong saltinduced structural effects reflect an increase of the
strength of intermolecular peptide–peptide interactions but that these effects depend on specific
interactions with the salts.

Figure 8. Effect of salts on the structure of fibrillar
Aβ(1-40) peptide. The ATR-FTIR spectra of Aβ(1-40) fibrils
grown in buffer with or without salt. Samples contain
2 mg/ml of Aβ(1-40), 2.5% fibril seeds, 50 mM sodium
borate (pH 9.0) with or without 0.5 M salt. ATR-FTIR
analysis was performed after two weeks of incubation.
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Discussion
We have explored the effects of salts on the aggregation propensity of Alzheimer’s Aβ(1-40) peptide
and on the structure of the peptide before and after
amyloid fibril formation. Aβ(1-40) represents only
one out of several naturally occurring Aβ peptides.
These include even cases, such as Aβ(1-42), that
differs from Aβ(1-40) by two additional hydrophobic residues at the anyway rather hydrophobic C
terminus and by an increased aggregation
propensity.10,15 Since Aβ(1-42) possesses the same
isoelectric point and number of positively and
negatively charged residues, its properties would
be expected to be rather similar to Aβ(1-40),
although aggregation would generally be expected
to be increased.
The propensity of aggregation is probed by
measurement of the critical concentration cc, the
lag time tl and the growth rate k. Comparison of all
three properties shows a common trend in that
aggregation becomes progressively more favourable
as the salt concentration is increased from 50 mM to
500 mM. No salting-in effect is seen under any of the
conditions examined here. These data differ from a
study on globular carboxyhemoglobin that describes
a strong salting-in effect of NaCl even at a concentration of 3 M.24 Our observations are consistent
with previous finding using α-synuclein,34 glucagon,35 insulin,36 β2-microglobulin,44 and fragments of amylin,45 which show collectively that
salts promote aggregation and amyloid fibril formation. However, certain combinations of salts and
polypeptide sequences can also prevent amyloid
fibril formation or aggregation.46–48
Besides these more general effects, several
studies have described peptide-specific effects.
One such example is the observation that salts
promote β2-microglobulin fibril formation at low
concentrations of salt, whereas higher concentrations of salt make fibril formation progressively
more unfavourable and favour, instead, nonfibrillar aggregation pathways.44 These observations have been explained with far-UV CD data,
showing that high-salt conditions induced the
partial folding of the fibril precursor.44 We have
not obtained any such evidence for Aβ(1-40) and
fibril formation increases with the concentration of
salt (Figures 1 and 3). Moreover, we could not
discern any substantial structural changes of the
freshly dissolved peptide in the presence or
absence of 0.5 M salt (Figure 4(c)).
However, different salts can show a different
potency by which they promote aggregation, and
these difference are much smaller for Aβ(1-40)
peptide than for glucagon or β2-microglobulin.
Glucagon or β2-microglobulin aggregate in the
presence of Na2SO4 about 65-fold more readily
than in the presence of NaCl,35,44 while MgCl2, the
most effective salt with Aβ(1-40) peptide, is only
about tenfold more potent than NaCl (Figure 1).
Taken together, the aggregation kinetics and thermodynamics measurements yield the following
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order of chloride cations for Aβ(1-40) peptide
aggregation:
Mg2þ N Liþ N Naþ N Kþ
while sodium anions are ranked as:




SO2
4 N I N Cl N NO3 cClO4

Changing the cation produces a stronger effect on
the aggregation of Aβ(1-40) than varying the anion
(Figures 1 and 3), whereas Hofmeister anions have a
greater effect on the precipitation power than
Hofmeister cations.21,22,26 The Aβ(1-40) peptide is
investigated above its pI, carrying a theoretic net
charge of −3.81; therefore, interactions with positively charged ions are likely and potentially
decrease the effective solubility of the peptide.
Consistent with this, numerous studies have
demonstrated interactions of Aβ with multivalent
cations, such as Zn2+,49 Cu2+,46 and Cd2+.50 These
are thought to depend mainly on histidine residues
13 and 14.51–53
Three major possibilities have been explored to
rationalise the effect of salt ions: Debye-Hückel
screening, specific ion–peptide interactions (electroselectivity series) or changes to the water structure (surface tension). For α-synuclein, glucagon or
β2-microglobulin, unspecific Debye-Hückel screening was ruled out as an important contributor to
aggregation. 3 4 , 3 5 , 4 4 Debye-Hückel screening
depends primarily on ionic strength, while different
salts can produce profoundly different effects on
aggregation even when using these salts at comparable ionic strength. This is seen also for the Aβ(1-40)
peptide (Figure 1). Different conclusions have been
reached as to whether salts affect aggregation
primarily by direct peptide–salt interactions or via
changes of the water structure. A study on αsynuclein reports that aggregation follows the
Hofmeister series and not the electroselectivity
series,34 suggesting a dependence on the water
structure, whereas studies on β2-microglobulin and
glucagon show essentially the opposite.35,44 The
aggregation properties of Aβ(1-40) seems to depend
on a combination of both effects. Its strong dependence on MgCl2 and LiCl implies a relevance of
cation–peptide interactions, while the aggregation
kinetics or thermodynamics measurements correlate
well with surface tension measurements (Figure 9),
indicating a relevance of the water structure. Due
to the similarity of the effects produced by
different anions with Aβ(1-40) (Figures 1 and 3),
there is no clear correlation between only the anion
data and the Hofmeister or electroselectivity series.
Considerable previous evidence has shown that
the process of aggregation is more complex than a
simple two-state transition.56,57 Consistent with this,
we find that salts do not only affect aggregation by
shifting an equilibrium between a non-aggregated,
random-coil-like precursor and a single aggregated
state. Instead, salts have a large effect on the
structure of the reaction product, as shown with
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self-association of the fibrils, as shown by TEM
and ATR-FTIR.
We conclude that salts can have profound effects
on the propensity of aggregation and on the
structure of the resulting aggregates or fibrils.
These effects are specifically relevant because salts
occur ubiquitously in physiological environments
and under in vivo conditions of amyloid fibril
formation. Knowledge about the way in which
they influence aggregation is important for our
understanding of the biophysical principles of
fibril aggregation Moroever, they may enable the
conditions of aggregate and fibril formation to be
tailored more specifically, so that structures of
more homogeneous or otherwise desirable properties can be generated and become available for
applications in high-resolution structural analysis
or bionanotechnology.

Materials and Methods
Source of Aβ(1-40) peptide
Lyophilised, recombinant Aβ(1-40) peptide was
obtained at a purity N96% from Jena Bioscience GmbH
(Jena) or Bachem (Heidelberg).
Critical concentration measurements

Figure 9. Comparison of the aggregation propensity
with surface tension measurements. Surface tension
increments (Δγ) produced by different salts are compared
with (a) tl and (b) cc. Correlation coefficients of the linear
fits are shown in the plot. Note that in (b) the correlation is
worsened by the single datum point of high uncertainty.
The surface tension increment Δγ = dγ/dc measures the
dependence of the surface tension of water γ on the
concentration of salt c. Δγ values are taken from Melander
& Hovarth54 and Pegram et al.55

ATR-FTIR spectroscopy, which monitors the conformation of fibrillar Aβ(1-40) peptide, and TEM
analysis, which visualises the global fibril topology. Salt-dependent alterations of the aggregate
and fibril structures have been reported for β2microglobulin44 and glucagon,35 while the structure of α-synuclein fibrils does not apparently
depend on the presence or the absence of different
salts.34 In the case of the Aβ(1-40) peptide, we find
that salts can induce structural changes that are
the same for different salts as well as structural
changes that depend on the type of salt used. The
salt-specific effects extend to the shape of the
amide I region, the exact position of the amide I
maximum, the proportion of aggregated conformation and the precise values of average crossover
distance and fibril width (Table 2). The common
salt effects are the decrease in the position of the
amide I maximum, the smaller average crossover
distance and fibril width values, and the increased

Solutions of 400 μM Aβ(1-40) and 1 M stock solutions of
MgCl2, LiCl, NaCl, KCl, Na2SO4, NaNO3, NaI and
NaClO4 were prepared in pure water. Aliquots from
these stock solutions were mixed with water and with
aliquots from a 200 mM sodium borate buffer (pH 9.0)
stock solution, and preformed Aβ(1-40) fibrils as seeds.
Final solutions contained 100 μM freshly dissolved
Aβ(1-40) peptide, 5 μM preformed Aβ(1-40) fibrils,
50 mM sodium borate buffer (pH 9.0), and salt concentrations of 0, 50 mM, 100 mM, 250 mM and 500 mM. Equal
aliquots from each solution were incubated for 14 days at
37 °C in oil-free tubes (MoBiTec, Göttingen). After
incubation, fibrils and aggregates were removed from
solution by centrifugation at 120,000 rpm (513,000g) at
20 °C for 30 min using a Beckman TLA-100 tabletop
centrifuge equipped with a TLA-120.2 fixed-angle rotor. In
order to avoid disturbance of the pellet, only the upper
160 μl of the supernatant was removed from each
centrifugation vial after centrifugation. This sample was
spun down a second time in at 15,800g for 15 min in a
tabletop centrifuge and the upper 130 μl was used for
quantification. For each salt condition, two centrifugation
samples were prepared.
Aβ(1-40) concentrations were determined in 96-well
plates using the Coomassie Plus™ protein assay (Pierce)
and a SpectraMax 250 reader (Molecular Devices).
Absorbance readings of the Coomassie Plus™ protein
assay were calibrated with a standard series of Aβ(1-40)
peptide that was prepared by freshly dissolving Aβ(1-40)
peptide in water and quantification by measuring ultraviolet absorption at 280 nm. The molar extinction
coefficient used was 1280 M−1 cm−1.58 Peptide quantification was carried out twice for each centrifugation aliquot,
resulting in a total of four measurements for each salt
condition. For NaI and Na2SO4, only the 50 mM and
100 mM values could be analysed, because higher
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concentrations of salt lead to an optical interference with
the peptide quantification assay.
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Aggregation kinetics measurements were carried out as
described,14,30,59 using a BMG FLUOstar Galaxy reader
(BMG) and the bottom plate-reading mode. In brief,
samples were incubated at 37 °C and data points were
recorded every 30 min. All samples contained 100 μM
Aβ(1-40) peptide, 50 mM sodium borate buffer (pH 9.0),
20 μM thioflavin-T and different salts at concentrations of
0, 50 mM, 100 mM, 250 mM or 500 mM.
Circular dichroism (CD) spectroscopy
All CD spectra were recorded at 37 °C with a J-720
spectropolarimeter (JASCO) using 1 mm path-length
quartz cells (Hellma) and the following acquisition
parameters: step size 1.0 nm, bandwidth 1.0 nm, scan
speed 100 nm/min, response time 2 s. CD samples
contained 4–203 μM Aβ(1-40) in 50 mM sodium borate
buffer (pH 9.0), with or without 500 mM salt. Final peptide
concentrations were determined as described for the
measurement of cc. All spectra were measured within
2 h after dissolution of the peptide and represent the
averages of ten scans after correction for the buffer
baseline.
Attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy
FTIR spectra were recorded at room temperature using
a Bruker Tensor-27 infrared spectrometer equipped with a
BIO-ATR-II cell and a photovoltaic LN-MCT detector
cooled with liquid nitrogen. All spectra were recorded
using a spectral resolution of 4 cm–1 and an aperture of
6 mm. The spectra were processed by apodization
(Blackman-Harris 3-term) and double zero filling. The
final spectra represent averages of 40 scans after buffer
correction. FTIR samples contained 2 mg/ml of Aβ(1-40),
0.05 mg/ml of preformed fibrils as seeds, 50 mM sodium
borate buffer (pH 9.0) with or without 500 mM salt. All
samples were incubated in oil free tubes (MoBiTec) for two
weeks at 37 °C before measurement. The amide I and II
regions of the resulting spectra were fit with Lorentzian
curves. Amide I maxima were determined either by
analysis of the second derivative of the spectrum or by
fitting the amide I region with Lorentzian curves and
determining the centre position of the amide I main
component. Both methods produced consistent data
(correlation coefficient 0.92).
Electron microscopy
Fibrils were grown by dissolving Aβ(1-40) peptide at
a concentration of 0.6 mg/ml in 50 mM sodium borate
buffer (pH 9.0) with or without 500 mM salt and
supplementing this reaction with 0.03 mg/ml (final
concentration) of preformed Aβ(1-40) amyloid fibrils as
seeds. Incubation was for two weeks at room temperature. Electron microscopic specimens were prepared as
described,7 and examined in an EM 900 electron
microscope (Zeiss), operated at 80 kV; 300 fibrils were
measured with respect to crossover distance d and
width w.
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Struktur von
Amyloidfibrillen
Strukturelle Definition
von Amyloidfibrillen
Gegenwärtig existieren in verschiedenen
wissenschaftlichen Fachgebieten unterschiedliche Definitionen des Begriffs
„Amyloidfibrille“. So wird Amyloid in
der klassischen pathologischen Diagnose grundsätzlich als extrazelluläre Ablagerungen von Polypeptidfibrillen definiert, die ein charakteristisches Aussehen
im Elektronenmikroskop, ein typisches
Röntgenbeugungsmuster und eine mit
rotgrüner Doppelbrechung assoziierte
Affinität für den Farbstoff Kongorot zeigen. Außerdem zeichnen sich diese Ablagerungen durch die Anwesenheit von verschiedenen Amyloid-Nebenkomponenten aus, die den eigentlichen Amyloidfibrillen aufgelagert sind, wie z. B. die Serum-Amyloid-P-Komponente [28]. Diese
Definition wird beispielsweise durch die
Nomenklatur-Kommission der Internationalen Gesellschaft für Amyloidosen vertreten [28].
Aus biophysikalischer Sicht bereitet
die klassische Amyloiddefinition jedoch
eine Reihe von Problemen. Erstens ist es
schwierig, grundsätzlich zwischen intraund extrazellulären Ablagerungen zu unterscheiden. Extrazelluläre Ablagerungen
bilden sich in vielen Fällen aus intrazellulären Vorstufen, und nicht alle Amyloidvorläufer sind extrazelluläre Proteine,
wie z. B. das Mikrotubuli-bindende Protein Gelsolin [28]. Zweitens hängt die Bindung von Farbstoffen wie Kongorot stark
von den Umgebungsbedingungen ab [18],
und sie ist vermutlich selbst für verschiedene Fibrillen des gleichen strukturellen
Typus unterschiedlich intensiv. So gibt es

eine Reihe von krankheitsassoziierten Fibrillen, die die gleiche grundsätzliche Anordnung der Polypeptidketten besitzen
wie klassische Amyloidfibrillen, die aber
intrazellulär auftreten oder andere Farbstoffaffinitäten aufweisen, wie z. B. die
von folgenden Proteinen abgeleiteten Fibrillen:
F α-Synuclein (Parkinson-Krankheit),
F Tau (Alzheimer-Krankheit) oder
F Huntingtin (Chorea Huntington; [2]).
In biophysikalischen Fragestellungen, die
sich mit der Struktur und der Bildung von
Amyloidfibrillen befassen, kann aber nicht
zwischen Fibrillen unterschieden werden,
die sich zwar in ihrer subzellulären Lokalisation oder Affinität für bestimmte Farbstoffe unterscheiden, jedoch die gleiche
grundsätzliche Struktur besitzen. Daher
erfordern diese Arbeiten eine strukturelle
Definition des Begriffs „Amyloidfibrille“.
Derartige Definitionen gründen sich darauf, dass Amyloidfibrillen eine besondere konformationelle Anordnung der Polypeptidketten darstellen. Die gemeinsamen
strukturellen Eigenschaften von Amyloidfibrillen bilden somit den Kernpunkt dieser Definition, wogegen die genauen Bedingungen der Ablagerung im Gewebe
nur eine untergeordnete Rolle spielen.
Amyloidfibrillen werden daher hier
als fibrilläre Polypeptidaggregate definiert, die eine Cross-β-Struktur aufweisen. In dieser Anordnung wird das zentrale strukturelle Rückgrat der Fibrillen
aus intermolekularen und prinzipiell unbegrenzt lang fortsetzbaren β-Faltblättern gebildet. In der β-Faltblattgeometrie
sind die β-Stränge der einzelnen Polypeptide senkrecht zur Fibrillenachse und die

Wasserstoffbrückenbindungen des Faltblatts parallel zur Fibrillenachse angeordnet (. Abb. 1 a; [23]). Die β-Faltblätter
werden durch regelmäßige, lineare Stapel
von Polypeptiden gebildet, die das zentrale strukturelle Charakteristikum von
Amyloidfibrillen darstellen. Eine Amyloidfibrille kann aus einem oder mehreren
nebeneinander liegenden β-Faltblättern
dieses Typs bestehen [23].
Das Vorhandensein einer Cross-βStruktur kann mittels Elektronen- oder
Röntgenbeugung nachgewiesen werden. Die Bestrahlung von Amyloidfibrillen mit Röntgenstrahlen führt zu einem
Beugungsmuster mit einer scharfen und
intensiven meridionalen Reflexion bei
4,6–4,8 Å und einer diffuseren äquatorialen Reflexion bei etwa 10 Å (. Abb. 1 b;
[23]). Die dominante meridionale Reflexion wird durch den Molekülabstand zwischen übereinander liegenden β-Strängen
eines β-Faltblatts verursacht, der durch
die Standardlänge der Wasserstoffbrückenbindungen zwischen den β-Strängen
auf etwa 4,7 Å fixiert ist. Die äquatoriale
Reflexion geht auf den Abstand zwischen
benachbarten β-Faltblättern im Fibrillenquerschnitt zurück. Da der Packungsabstand der β-Faltblätter von der Aminosäuresequenz abhängt, zeigt diese Reflexion
größere Variabilität [5, 23].
Die β-Faltblattstruktur in Amyloidfibrillen unterscheidet sich von den meisten β-Faltblattstrukturen in nativen, globulären Proteinen. Dieser Unterschied
kann mittels Infrarotspektroskopie nachgewiesen werden. So zeigen Amyloidfibrillen eine Amid-I’-Bande mit einem Maximum zwischen 1610 und 1630 cm-1, während dieses Maximum bei globulär gefalteDer Pathologe 3 · 2009
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Abb. 1 8 Strukturelle Charakteristika von Amyloidfibrillen. a Modell der Cross-β-Struktur, in der regelmäßige Stapel von β-Strängen (orange und dunkelblaue Streifen) durch intermolekulare Wasserstoffbrückenbindungen (gestrichelte Linien) entlang der Hauptfibrillenachse (grauer Pfeil) zu β-Faltblättern verbunden sind. b Schematische Darstellung des Röntgenbeugungsmusters einer Amyloidfibrille. Die scharfen meridionalen Reflexionen (schwarze Bögen) spiegeln den Abstand zwischen den βSträngen entlang der Fibrillenachse wider (schwarzer Pfeil), während die diffuseren äquatorialen Reflexionen (hellblaue Bögen) dem seitlichen Abstand benachbarter β-Faltblätter entsprechen (hellblauer
Pfeil). c Infrarotspektrum des globulär gefalteten β-Faltblattproteins B10 (schwarze Linie; [7]) und von
Aβ(1–40)-Amyloidfibrillen (rote Linie), bei denen das Maximum der Amid-I’-Bande typischerweise bei
kleineren Wellenzahlen liegt. d Absorptionsspektrum des Amyloidfarbstoffs Kongorot ohne (schwarze
Linie) und in der Gegenwart von Amyloidfibrillen (rote Linie). Durch die Bindung an Fibrillen wird das
Absorptionsmaximum zu höheren Wellenlängen verschoben, dessen Intensität erhöht, und ein zusätzlicher Absorptions-Peak bei etwa 540 nm tritt auf

ten, nativen Proteinen bei 1630–1645 cm-1
liegt (. Abb. 1 c; [29]). Vermutlich sind
die Unterschiede im Infrarotspektrum auf
eine geringere Verdrehung der β-Faltblätter in Amyloidfibrillen zurückzuführen
[29]. Außerdem können die β-Faltblätter in Amyloidfibrillen von sogenannten „Konformations-sensitiven“ Antikörpern erkannt werden, die nicht oder nur
schwach mit globulär gefalteten Proteinen mit einer nativen β-Faltblattstruktur
interagieren. Schließlich besitzen amyloide β-Faltblattstrukturen eine starke Affinität für bestimmte heteroaromatische
Farbstoffe wie Thioflavin T oder Kongorot (. Abb. 1 d), was in der Pathologie als klassischer Nachweis von Amyloid dient [27].
Die Cross-β-Struktur bildet den Kern
der Amyloidfibrillen, welche in elektronenmikroskopischen Aufnahmen meist
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als unverzweigte, seil- oder bänderartige Aggregate erscheinen (. Abb. 2 a).
Amyloidfibrillen sind das Ergebnis einer
relativ komplexen Bildungsreaktion. Eine der ersten Stufen dabei ist die Bildung
von nichtfibrillären Aggregaten, die oft
auch als „Oligomere“ bezeichnet werden
(. Abb. 2 a; [2]). Diese können sich in
sogenannte „Protofibrillen“ umwandeln,
die die nächste Stufe in der Bildungsreaktion darstellen (. Abb. 2 a). Obwohl die
heutige Verwendung des Begriffs „Protofibrille“ mitunter variiert, wurde diese
Bezeichnung ursprünglich zur Beschreibung früher, fibrillärer Aggregatformen
verwendet [8].
„Reife Amyloidfibrillen“ stellen das
Endprodukt der Amyloidbildung dar. Mit
einer Dicke von 10–20 nm sind sie meist
etwas breiter als Protofibrillen, deren Dicke unter 10 nm liegt (. Abb. 2 a; [2, 8,

25]). Reife Amyloidfibrillen sind bis zu einigen Mikrometern lang und damit länger als Protofibrillen. Außerdem sind sie
geradliniger als die gebogenen, wurmartigen Protofibrillen [25]. Ausgewachsene
Fibrillen sind oft helikal gewunden. Diese Helizität äußert sich in transmissionselektronenmikroskopischen Aufnahmen durch das Auftreten von scheinbaren
Verjüngungen der Fibrillendicke („Crossover“) in regelmäßigen Abständen. Die
meisten helikalen Amyloidfibrillen sind
linksdrehend gewunden ( . Abb. 2 b;
[10]). Eine reife Fibrille kann aus einem
oder mehreren Protofilamenten bestehen
(nicht zu verwechseln mit „Protofibrille“; . Abb. 1 a; [10]). Die Protofilamente
sind die filamentösen Grundeinheiten einer Amyloidfibrille, ähnlich wie auch Mikrotubuli aus Protofilamenten aufgebaut
sind.

Biophysikalische Grundlagen
der Amyloidbildung
Warum bilden sich Amyloidfibrillen?
Oder genauer: Warum bilden Polypeptidketten, die von der Natur dazu vorgesehen
sind, native, globuläre Proteinstrukturen
aufzubauen, Amyloidfibrillen? Während
man ursprünglich davon ausging, dass die
Eigenschaft Amyloidfibrillen zu bilden
nur sehr wenigen Polypeptidsequenzen
zu eigen ist, sind heute schon mindestens
25 verschiedene Vorläuferproteine krankheitsassoziierter Amyloidfibrillen bekannt
[28]. Diese zeigen keine gemeinsame Konsensussequenz oder Ähnlichkeit in ihrer
nativen dreidimensionalen Struktur. Sie
alle können jedoch Amyloidfibrillen bilden, die grundsätzlich einen gleichartigen
Aufbau zeigen. Mehr noch, Amyloidfibrillen können sogar im Reagenzglas von einer enormen Zahl unterschiedlicher Polypeptidketten gebildet werden, die in vivo
bislang keinerlei Relevanz für Amyloiderkrankungen zeigten. Selbst stark α-helikale, globuläre Proteine wie Apomyoglobin, denen in ihrer nativen Form β-Faltblattstrukturen vollständig fehlen, können in vitro Amyloidfibrillen ausbilden
[6]. Amyloidstrukturen können selbst
von Polypeptidketten gebildet werden, die
nicht dazu in der Lage sind, sich in globuläre Proteine zu falten. Beispiele hierfür sind Homopolymere wie Poly-L-Lysin
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Schwerpunkt: Amyloid und Amyloidosen
Abb. 2 9 Morphologie von
präfibrillären und fibrillären
Amyloidstrukturen. a Negativ kontrastierte elektronenmikroskopische Aufnahmen
von Oligomeren (links), Protofibrillen (Mitte) und reifen
Amyloidfibrillen (rechts) des
Aβ(1–40)-Peptids.
b Die elektronenmikroskopische Aufnahme einer platinschattierten, reifen Aβ(1–
40)-Amyloidfibrille zeigt ihre linksdrehende Windung

[5] oder sehr kurze Peptide [13]. Obwohl
derartige synthetische Fibrillen nicht unter die in der Pathologie verwendete Definition von Amyloidfibrillen fallen, besteht aus biophysikalischen Gesichtspunkten heraus kein grundsätzlicher Unterschied. So weisen diese Fibrillen ebenfalls eine Cross-β-Struktur auf und können entsprechend der oben eingeführten strukturellen Definition als Amyloidfibrillen klassifiziert werden.
Diese und weitere Arbeiten führten zu
dem modernen Konzept der molekularen
Grundlage der Amyloidbildung. Demzufolge ist die Fähigkeit zur Amyloidbildung
eine intrinsische Eigenschaft der Polypeptidkette, die hauptsächlich auf der Ausbildung von Wasserstoffbrückenbindungen
zwischen dem unveränderlichen Polypeptidrückgrat beruht. Das heißt, die Bildung von Amyloidfibrillen resultiert aus
der Tatsache, dass Polypeptidketten organische Polymere sind, und folglich – wie
auch andere organische Polymere – Strukturen ausbilden, die vor allem diese Polymercharakteristika widerspiegeln [3, 5].
Die Eigenschaften der Aminosäureseitenketten und die chemisch-physikalischen Umgebungsbedingungen beeinflussen jedoch die Wahrscheinlichkeit
und Geschwindigkeit der Amyloidbildung [12, 16]. Darüber hinaus bestimmen
diese Parameter den genauen Bereich der
Polypeptidsequenz, die den selbstkomplementären Cross-β-Kern der Amyloidfibrillen ausbildet [24]. So können Mutationen der nativen Polypetidsequenz die
Wahrscheinlichkeit der Amyloidbildung
erhöhen und die Aggregation beschleunigen. Solche Mutationen treten bei bestimmten erblichen Varianten von Amyloidkrankheiten auf, z. B. bei der Alzhei-
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mer-Krankheit [16]. Mutationsbedingte,
erbliche Amyloidosen sind jedoch nicht
die häufigste Form dieser Erkrankungen.
Der Großteil der Amyloidosen tritt sporadisch auf [1].

Strukturanalyse
Die strukturelle Flexibilität und Heterogenität von Amyloidfibrillen, ihr hohes Molekulargewicht und ihre unlösliche, nichtkristallisierbare Beschaffenheit erschweren die Analyse der dreidimensionalen
Fibrillenstruktur mittels etablierter struktureller Techniken, wie Röntgenkristallographie und Flüssigphasen-Magnetresonanz-Spektroskopie, beträchtlich. Abgesehen von einer Vielzahl mehr oder weniger gerechtfertigter Modelle gibt es bislang nur eine extrem geringe Zahl von
Amyloidfibrillen, deren Struktur mit atomarer Auflösung geklärt werden konnte. In den folgenden drei Abschnitten geben wir einen Überblick über den Stand
der Amyloidstruktur-Aufklärung, der mit
Hilfe der strukturellen Haupttechniken
Kristallographie, Magnetresonanzspektroskopie und Elektronenmikroskopie erreicht werden konnte.

Strukturanalyse mittels
Kristallographie
Die Röntgenkristallographie ist das klassische Verfahren zur Strukturuntersuchung von Proteinen. Mittels Röntgenstrahlen wird ein Beugungsbild eines Proteinkristalls erstellt, aus dem sich die dreidimensionale Struktur des Proteins berechnen lässt. Diese Methode erfordert allerdings die Herstellung eines ausreichend
großen Proteinkristalls, was für Amyloid-

fibrillen bislang nicht erreicht wurde. Jedoch ist es kürzlich gelungen, aus Peptidfragmenten verschiedener Proteine Mikrokristalle herzustellen, deren molekulare Kontakte denen in Amyloidfibrillen
sehr ähneln [17, 22]. Die dabei gefundenen Strukturen, sogenannte „steric zipper“, sind wichtige Modellsysteme für das
Verständnis der Amyloidbildung. Diese
„steric zipper“ bestehen aus zwei nebeneinander gepackten Cross-β-Faltblättern,
wobei die Seitenketten dieser β-Faltblätter komplementär und reißverschlussartig
ineinander greifen (. Abb. 3 a).

Strukturanalyse mittels
Magnetresonanzspektroskopie
Strukturanalyse mittels Magnetresonanz(„nuclear magnetic resonance“, NMR-)
Spektroskopie erfordert eine kostspielige
und aufwendige Markierung großer Proteinmengen mit Isotopen wie 15N oder
13C. Klassische Flüssigphasen-NMR-Verfahren sind außerdem auf kleine Proteine limitiert, sodass die Untersuchung von
Amyloidfibrillen aufgrund ihrer beträchtlichen Größe ausscheidet. Allerdings gibt
es zwei NMR-Verfahren, die in den letzten Jahren zu wichtigen Erkenntnissen
über die Struktur von Amyloidfibrillen
führten:
1. Flüssigphasen-NMR kombiniert mit
Wasserstoffaustausch und
2. Festkörper-NMR.
Ad 1.: Beim Wasserstoffaustausch untersucht man die Stabilität von H-N-Bindungen im Polypeptidrückgrat, indem
man 1H-Isotope (Protium) gegen 2H-Isotope (Deuterium) austauscht oder umgekehrt. Diese Bindung ist stabil, wenn der
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Wasserstoff über eine Wasserstoffbrücke
fixiert wird, z. B. im Falle einer β-Faltblattstruktur. Die H-N-Bindung ist instabil, wenn die Polypeptidkette nicht in eine
stabile Konformation gefaltet ist. Auf diese Weise lassen sich Informationen über
die Lokalisation der β-Faltblattstruktur
in einem Polypeptid gewinnen [14, 19].
Die Berechnung der dreidimensionalen
Struktur ist mit diesem Verfahren jedoch
nicht möglich.
Ad 2.: Mit den sogenannten Festkörper-NMR-Methoden kann jedoch die
dreidimensionale Struktur aufgelöst werden, wie es beispielsweise für ein Peptidfragment von Transthyretin (. Abb. 3 b)
und ein Fragment des Pilzproteins Het-s
in einer Amyloidkonformation gelungen
ist (. Abb. 3 c; [9, 26]).
Die grundsätzlichen Nachteile der
NMR-Spektroskopie bestehen aber in der
Notwendigkeit einer Isotopenmarkierung
(15N oder 13C) und in der Tatsache, dass
NMR-Spektren gemittelte Informationen
über alle Amyloidfibrillen einer Probe
enthalten, was insbesondere bei strukturell heterogenen Proben ein großes Problem darstellen kann.

Strukturanalyse mittels
Elektronenmikroskopie
Diese Nachteile bestehen bei elektronenmikroskopischen Verfahren nicht. Für die
Elektronenmikroskopie ist weder eine Isotopenmarkierung erforderlich noch benötigt man strukturell extrem homogene
Proben. Da die Strukturanalyse mittels
Elektronenmikroskopie ein Einzelpartikelverfahren ist, können strukturell identische Fibrillen aus einer komplexen Probe herausgefiltert werden. Aus den aufgenommenen, digitalisierten Bildern kann
mit Hilfe rechenintensiver Computeralgorithmen die dreidimensionale Fibrillenstruktur rekonstruiert werden.
Obwohl mit der Elektronenmikroskopie theoretisch eine atomare Auflösung
erreicht werden kann, wird dies derzeit
noch durch praktische Komplikationen
und Unzulänglichkeiten der Probe verhindert. Die Elektronenmikroskopie ist
daher zurzeit vor allem zur Aufklärung
der globalen Fibrillenstruktur geeignet.
So ist es mit elektronenmikroskopischen Verfahren kürzlich gelungen, die

Struktur einzelner Amyloidfibrillen des
Alzheimer-assoziierten Aβ(1–40)-Peptids bei einer Auflösung von 24–39 Å zu
rekonstruieren (. Abb. 4 a). Dabei zeigte
sich, dass einzelne Fibrillen aus ein und
derselben Probe enorm unterschiedlich
sein können. Diese Heterogenität spiegelt
sich in unterschiedlichen Formen, Breiten, Abständen zwischen den „Crossovers“ und Querschnitten der einzelnen Fibrillen wider. So können Aβ(1–40)-Amyloidfibrillen aus derselben Probe Breiten zwischen 10 und 30 nm aufweisen
und sehr unterschiedliche Querschnittsformen zeigen: rechteckig, elliptisch oder
S-förmig [15]. Strukturelle Polymorphismen wurden auch für Ex-vivo-Amyloidfibrillen beschrieben [4, 11].
Interessanterweise ergab eine Untersuchung des Polymorphismus von Aβ(1–
40)-Amyloidfibrillen, dass sich die einzelnen Fibrillen nicht einer definierten
Anzahl morphologischer Klassen zuordnen lassen. Stattdessen bilden sie ein fast
kontinuierliches morphologisches Spektrum, in dem Fibrillendicke oder Crossover-Abstand nahezu kontinuierlich variieren [15]. Diese Beobachtungen legen
nahe, dass eine sehr große Anzahl verschiedener Fibrillentypen aus einem Polypeptid entstehen kann. Dieser strukturelle Polymorphismus stellt eine wichtige
Eigenschaft der Amyloidbildung dar, die
sie deutlich von der Faltung von Polypeptidketten in globuläre Proteinstrukturen
unterscheidet. Bei der Proteinfaltung entsteht nämlich für eine definierte Proteinsequenz stets nur eine geordnete Konformation mit einem spezifischen Satz von
Wechselwirkungen zwischen den Aminosäuren.
Mittels Elektronenmikroskopie konnte außerdem für eine Aβ(1–40)-Amyloidfibrille eine Auflösung von unter 10 Å
erzielt werden [20]. Dies stellt für Alzheimer-Amyloidfibrillen die höchste bis
dahin erzielte Auflösung dar. Diese Fibrille besitzt eine doppelhelikale Struktur bestehend aus zwei Protofilamenten
(. Abb. 4 b). Jedes Protofilament wird
von zwei Cross-β-Faltblättern durchzogen, die miteinander gepaart vorliegen.
Diese Struktur erinnert damit an die Anordnung innerhalb der „steric zipper“, wie
sie zuvor in Peptidmikrokristallen beschrieben wurden [17, 22]. Weitere Ar-
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Struktur von Amyloidfibrillen
Zusammenfassung
Amyloidfibrillen sind strukturell als fibrilläre
Polypeptidaggregate mit einer Cross-β-Struktur definiert. Diese Fibrillen können von bestimmten Polypeptidketten im Körper gebildet werden sowie von einer enorm großen
Zahl weiterer Polypeptidsequenzen in vitro.
Die Cross-β-Struktur stellt das gemeinsame
Bauprinzip aller Fibrillen dar. Sie wird durch
Wasserstoffbrücken des Polypeptidrückgrats
stabilisiert. Verschiedene biophysikalische
Techniken, z. B. Röntgenkristallographie, Festkörper-Magnetresonanz-Spektroskopie und
Kryo-Elektronenmikroskopie lieferten in den
letzten Jahren Einblicke in den strukturellen
Aufbau von Amyloidfibrillen. Einige der dabei
gewonnenen Erkenntnisse werden hier im
Überblick dargestellt.
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Structure of amyloid fibrils
Abstract
Amyloid fibrils are structurally defined as fibrillar polypeptide aggregates with a characteristic cross-β structure. Such fibrils can
be formed by certain polypeptide sequences in the human body and by numerous polypeptide sequences in vitro. All amyloid fibrils
possess a structural spine that is formed by a
cross-β structure. This structure is stabilized
by hydrogen bonds between the polypeptide
backbone. In recent years, various biophysical techniques, such as X-ray crystallography,
solid state nuclear magnetic resonance spectroscopy and electron cryo-microscopy have
provided insights into the structural organization of amyloid fibrils. This review presents
an overview of important results obtained
with these methods.
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Protein folding · Aggregation
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Abb. 3 8 Strukturen von fibrillären Aggregaten
oder Modellsystemen basierend auf Röntgenkristallographie oder Festkörper-NMR-Daten.
a Röntgenkristallstruktur eines Mikrokristalls
des Hefe-Prionenproteins sup35 (PDB-Zugangscode 1yjp; [17, 22]). b Festkörper-NMR-Struktur eines Peptidfragments des humanen Proteins Transthyretin in der Amyloidfibrille (PDBZugangscode 1rvs; [9]). c Fibrillenmodell des
Pilzproteins Het-s basierend auf FestkörperNMR-Daten (PDB-Zugangscode 2rnm; [26])

beiten sind allerdings notwendig, um die
Struktur dieser Fibrille mit atomarer Auflösung beschreiben zu können.

Fazit für die Praxis
Aufgrund ihres identischen Bauprinzips
weisen Amyloidfibrillen aus verschiedenen Polypeptiden gemeinsame biochemische, morphologische und spektroskopische Eigenschaften auf. Dennoch zeigen In-vitro-Proben von Amyloidfibrillen oft eine erhebliche strukturelle
Heterogenität, die sich in unterschiedlicher Windung, Form, Breite und Querschnitt der einzelnen Fibrillen widerspiegelt. Das Auftreten mehrerer deutlich
verschiedener Morphologien sowie Un-
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Abb. 4 8 Dreidimensionale Struktur verschiedener Fibrillenmorphologien des Aβ(1–40)-Peptids basierend auf Kryoelektronenmikroskopie. a Obere Reihe: Seitenansicht von 11 verschiedenen Fibrillen. Untere Reihe: β-Faltblattmodell von 3 dieser Fibrillen (β-Faltblätter rot oder blau; [15]). b Aufsicht
auf den Querschnitt einer Aβ(1–40)-Fibrille, die mit einer Auflösung von etwa 8 Å rekonstruiert wurde [21].

terschiede in der Anfärbbarkeit mit Amyloidfarbstoffen wurden auch für gewebeisolierte Amyloidfibrillen beschrieben. Verschiedene Fibrillenmorphologien können Unterschiede in der Toxizität gegenüber neuronalen Zellen zeigen und verschiedene klinische Ausprägungen der Amyloidose bedingen. Der
strukturelle Polymorphismus stellt somit
eine wichtige Eigenschaft von Amyloidfibrillen dar, der sie deutlich von der Faltung globulärer Proteinstrukturen unterscheidet und wichtige Implikationen
für die klinische Diagnose und therapeutische Ansätze hat.

Korrespondenzadresse
PD Dr. M. Fändrich
Max-Planck-Forschungsstelle
für Enzymologie der
Proteinfaltung
Weinbergweg 22,
06120 Halle (Saale)
fandrich@enzyme-halle.mpg.de
Interessenkonflikt. Der korrespondierende Autor
gibt an, dass kein Interessenkonflikt besteht.

Literatur
1. Caughey B, Lansbury PT Jr (2003) Protofibrils, pores, fibrils, and neurodegeneration: Separating the
responsible protein aggregates from the innocent
bystanders. Annu Rev Neurosci 26:267–298
2. Chiti F, Dobson CM (2006) Protein misfolding,
functional amyloid, and human disease. Annu Rev
Biochem 75:333–366
3. Chiti F, Webster P, Taddei N et al (1999) Designing
conditions for in vitro formation of amyloid protofilaments and fibrils. Proc Natl Acad Sci U S A
96:3590–3594
4. Crowther RA, Goedert M (2000) Abnormal taucontaining filaments in neurodegenerative diseases. J Struct Biol 130:271–279

2. Manuscripts

Lesetipp
5. Fändrich M, Dobson CM (2002) The behaviour
of polyamino acids reveals an inverse side chain
effect in amyloid structure formation. EMBO J
21:5682–5690
6. Fändrich M, Fletcher MA, Dobson CM (2001)
Amyloid fibrils from muscle myoglobin. Nature
410:165–166
7. Habicht G, Haupt C, Friedrich RP et al (2007) Directed selection of a conformational antibody domain that prevents mature amyloid fibril formation by stabilizing Abeta protofibrils. Proc Natl Acad
Sci U S A 104:19232–19237
8. Harper JD, Wong SS, Lieber CM et al (1997) Observation of metastable Abeta amyloid protofibrils by
atomic force microscopy. Chem Biol 4:119–125
9. Jaroniec CP, MacPhee CE, Bajaj VS et al (2004)
High-resolution molecular structure of a peptide in an amyloid fibril determined by magic angle
spinning NMR spectroscopy. Proc Natl Acad Sci U S
A 101:711–716
10. Jimenez JL, Nettleton EJ, Bouchard M et al (2002)
The protofilament structure of insulin amyloid fibrils. Proc Natl Acad Sci U S A 99:9196–9201
11. Jimenez JL, Tennent G, Pepys M et al (2001) Structural diversity of ex vivo amyloid fibrils studied by
cryo-electron microscopy. J Mol Biol 311:241–247
12. Klement K, Wieligmann K, Meinhardt J et al (2007)
Effect of different salt ions on the propensity of aggregation and on the structure of Alzheimer’s abeta(1-40) amyloid fibrils. J Mol Biol 373:1321–1333
13. Lopez De La Paz M, Goldie K, Zurdo J et al (2002)
De novo designed peptide-based amyloid fibrils.
Proc Natl Acad Sci U S A 99:16052–16057
14. Lührs T, Ritter C, Adrian M et al (2005) 3D structure
of Alzheimer’s amyloid-b(1-42) fibrils. Proc Natl
Acad Sci U S A 102:17342–17347
15. Meinhardt J, Sachse C, Hortschansky P et al (2009)
Abeta(1-40) fibril polymorphism implies diverse
interaction patterns in amyloid fibrils. J Mol Biol
386:869–877
16. Meinhardt J, Tartaglia GG, Pawar A et al (2007) Similarities in the thermodynamics and kinetics of
aggregation of disease-related Abeta(1-40) peptides. Protein Sci 16:1214–1222
17. Nelson R, Sawaya MR, Balbirnie M et al (2005)
Structure of the cross-b spine of amyloid-like fibrils. Nature 435:773–778
18. Nilsson MR, Raleigh DP (1999) Analysis of amylin
cleavage products provides new insights into the
amyloidogenic region of human amylin. J Mol Biol
294:1375–1385
19. Ritter C, Maddelein ML, Siemer AB et al (2005) Correlation of structural elements and infectivity of
the HET-s prion. Nature 435:844–848
20. Sachse C, Fändrich M, Grigorieff N (2008) Paired
beta-sheet structure of an Abeta(1-40) amyloid fibril revealed by electron microscopy. Proc Natl
Acad Sci U S A 105:7462–7466
21. Sachse C, Fändrich M, Grigorieff N (2008) Paired βsheet structure of an Aβ(1-40) amyloid fibril revealed by electron microscopy. Proc Natl Acad Sci U S
A 105:7462–7466
22. Sawaya MR, Sambashivan S, Nelson R et al (2007)
Atomic structures of amyloid cross-beta spines reveal varied steric zippers. Nature 447:453–457
23. Sunde M, Serpell LC, Bartlam M et al (1997) Common core structure of amyloid fibrils by synchrotron X-ray diffraction. J Mol Biol 273:729–739
24. Thompson MJ, Sievers SA, Karanicolas J et al
(2006) The 3D profile method for identifying fibrilforming segments of proteins. Proc Natl Acad Sci U
S A 103:4074–4078

25. Walsh DM, Lomakin A, Benedek GB et al (1997)
Amyloid beta-protein fibrillogenesis. Detection of a protofibrillar intermediate. J Biol Chem
272:22364–22372
26. Wasmer C, Lange A, Van Melckebeke H et al (2008)
Amyloid fibrils of the HET-s(218–289) prion form a
beta solenoid with a triangular hydrophobic core.
Science 319:1523–1526
27. Westermark GT, Johnson KH, Westermark P (1999)
Staining methods for identification of amyloid in
tissue. Methods Enzymol 309:3–25
28. Westermark P, Benson MD, Buxbaum JN et al
(2005) Amyloid: toward terminology clarification. Report from the Nomenclature Committee of
the International Society of Amyloidosis. Amyloid
12:1–4
29. Zandomeneghi G, Krebs MR, McCammon MG et al
(2004) FTIR reveals structural differences between
native beta-sheet proteins and amyloid fibrils. Protein Sci 13:3314–3321

Supportivtherapie in der
Onkologie
Im letzten Jahrzehnt wurden große Fortschritte in der Behandlung maligner Erkrankungen erzielt. Dadurch hat die Mortalität
häufiger Krebsarten deutlich abgenommen.
Neue Verfahren führen aber auch zu neuen
klinischen Nebenwirkungen und erfordern
eine adaptierte Supportivtherapie, die eine
optimale Tumortherapie erst möglich machen.
Das Leitthemenheft
„Supportivtherapie“ der
Fachzeitschrift
„Der Onkologe“, Ausgabe
2/09, gibt einen Überblick
über neue Erkenntnisse
und aktualisierte Leitlinien.
Es beinhaltet Beiträge u. a. zu folgenden
Themen:
F Neue Substanzen in der antiemetischen
Therapie
F Tumortherapiebedingte Neuropathie
F Kardiotoxizitäten bei Chemo- und Radiotherapie
F Zytostatikabedingte Paravasate –
ein seltenes Ereignis?
Bestellen Sie diese Ausgabe zum Preis von
EUR 32,- bei:
Springer Customer Service Center GmbH
Kundenservice Zeitschriften
Haberstr. 7
69126 Heidelberg
Tel.: +49 6221-345-4303
Fax: +49 6221-345-4229
E-mail: leserservice@springer.com

www.DerOnkologe.de

Der Pathologe 3 · 2009

| 181

61 .

Dissertation  Jessica Meinhardt  Structural Polymorphism of Alzheimer’s A Aggregates

2.4. Manuscript IV
Structural Polymorphism of Alzheimer A β and Other
Amyloid Fibrils
Marcus Fändrich
Jessica Meinhardt
Nikolaus Grigorieff
Published in Prion 3 (2), 89-93 (2009).
Summary
This review gives a comprehensive overview of the occurrence of amyloid fibril
polymorphism in different in vitro polypeptide systems and in vivo. The manuscript
contributes to a better understanding of the molecular basis of amyloid polymorphism by
defining three types of polymorphism that can underlie different amyloid fibril
morphologies. The review describes observations that several amyloidogenic polypeptides
can grow into multiple fibril morphologies with different inter- or intra-residue interactions.
This leads to the conclusion that amyloid formation differs considerably from the native
folding of globular proteins.
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Deposits of amyloid fibrils characterize a diverse group of
human diseases that includes Alzheimer disease, Creutzfeldt-Jakob
disease and type II diabetes. Amyloid fibrils formed from different
polypeptides contain a common cross-β spine. Nevertheless,
amyloid fibrils formed from the same polypeptide can occur in
a range of structurally different morphologies. The heterogeneity of amyloid fibrils reflects different types of polymorphism:
(1) variations in the protofilament number, (2) variations in
the protofilament arrangement and (3) different polypeptide
conformations. Amyloid fibril polymorphism implies that fibril
formation can lead, for the same polypeptide sequence, to many
different patterns of inter- or intra-residue interactions. This property differs significantly from native, monomeric protein folding
reactions that produce, for one protein sequence, only one ordered
conformation and only one set of inter-residue interactions.

Common Principles of the Amyloid Fibril Architecture
Amyloid fibrils occur inside the human body associated with
aging or a group of debilitating health conditions, including type II
diabetes, Creutzfeldt-Jakob and Alzheimer diseases.1,2 These fibrils
have been defined structurally as fibrillar polypeptide aggregates
with a cross-β structure.2 Hence, the central structural spine of
these fibrils is formed by an intermolecular and in principle infinite
β-sheet structure. The hydrogen bonds that connect juxtaposed
β-strands into a pleated β-sheet structure are aligned parallel to the
main fibril axis (Fig. 1A). In contrast, the amino acid side chains
extend perpendicular to the fibril axis. Therefore, the side chains
define the intra- or intermolecular interactions within the plane of
the fibril cross-section (Fig. 1B).2
Presence of a cross-β structure is usually demonstrated by
X-ray diffraction analysis. This method reveals a relatively sharp
*Correspondence to: Marcus Fändrich; Max Planck Research Unit for Enzymology
of Protein Folding; Weinbergweg 22; Halle (Saale) 06120 Germany; Tel.:
+49.345.5524970; Fax: +49.345.5511972; Email: fandrich@enzyme-halle.
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Previously published online as a Prion E-publication:
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Figure 1. Cross-β structure of amyloid fibrils. Side (A) and top (B) view of
the cross-β core structure as present in microcrystals of peptide fragments
of the yeast protein Sup35 (1yjp.pdb).

and intense meridional reflection at 4.7 to 4.8 Å, termed main
chain spacing, and a more diffuse, equatorial reflection at approximately 10 Å, termed side chain spacing.3 The main chain spacing
measures the distance between two hydrogen-bonded β-strands
within the same β-sheet (Fig. 1A). The sharpness of this reflection
indicates the low variability and high repetition of the underlying
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molecular unit along the fibril axis. Its conservation for fibrils
formed from different polypeptide sequences reflects the fact that
all amyloid fibrils encompass the polypeptide main chain in the
same basic molecular arrangement.
In contrast, the side chain spacing was shown to vary significantly for different amyloid fibrils.4 Spacings between 8.8 and
14.6 Å were observed. This spacing measures the packing distance
between two juxtaposed β-sheets (Fig. 1B). It depends substantially on the sequence of the amino acid side chains that protrude
outward from the cross-β sheets. Hence, this variability reflects
the differences of the polypeptide sequences constructing the fibril
structure. Taken together, X-ray diffraction shows that the structure of amyloid fibrils is highly conserved along the fibril axis, but
variable in the plane of the fibril cross-section.

Observation and Biological Relevance of Amyloid Fibril
Polymorphism

Figure 2. Polymorphism of Aβ(1-40) fibrils. (A) Schematic representation
of an amyloid fibril illustrating the definitions of fibril width and crossover
distance. (B) Gallery of negatively stained Aβ(1-40) amyloid fibrils from
the same sample.

The cross-β sheet structure
constructs the core of amyloid protofilaments. These protofilaments represent
the filamentous substructures of mature
fibrils.5,6 The helical twist of the protofilaments can give rise to a discernible
overall helicity of the mature amyloid
fibril.7-9 Although the basic structural
arrangement of the cross-β structure
is conserved for different fibrils, there
are different possibilities how they can
pack into the three-dimensional fibril
structure. Such variable protofilament
arrangements can give rise to several
distinct amyloid fibril morphologies. Figure 3. Structural types of amyloid fibril polymorphism. Schematic representation of different amyloid
Aβ(1-40) peptide, for instance, which fibril morphologies that differ in the number, relative orientation or structure of the underlying protofilaforms amyloid fibrils in Alzheimer ments.
disease1 produces a broad variety of
differently structured amyloid fibrils in
vitro.8,10 These fibrils can differ in several structural properties, represent the structural basis of multiple strains of mammalian
such as the cross-sectional thickness of the fibril or the helical prion diseases,24,25 different yeast prion phenotypes26,27 and
pitch. Both properties are readily observable by measurements of variable clinical or pathological manifestations of several human
the fibril width and crossover distance in transmission electron amyloid disorders.28,29
microscopy (TEM) images (Fig. 2). Structural polymorphism of
amyloid fibrils has been reported for numerous other polypep- Definition of Three Structural Types of Amyloid Fibril
tide systems, for example calcitonin,11 amylin,12 glucagon,13 the Polymorphism
SH3 domain of phosphatidylinositol-3'-kinase,5,9,13 insulin,6,14,15
For the purpose of this review, we define three possibilities of
lysozyme9 and various Aβ-derived sequences.7,8,16,17
how amyloid fibrils can differ in structure (Fig. 3). However, the
Structurally polymorphic amyloid fibrils are not only reported three types are not mutually exclusive. First, fibrils may consist of
for in vitro preparations. Examination of several tissue-extracted a different number of protofilaments. This possibility has been
amyloid fibrils shows also significant structural polymorphism.18,19 demonstrated by cryo-TEM reconstruction of different insulin
Structurally different fibrils or ensembles of fibril morphologies fibrils,6 scanning TEM analysis of Aβ(1-40) fibrils8,30 or by atomic
are thought to underlie different biological activities, such as force microscopy of amyloid fibrils formed from an immunoglobdifferent toxicities to neuronal cells16,20 or deposition patterns in ulin light chain domain.31 Second, fibrils may differ in the relative
amyloidotic diseases.21 In several cases the conformational specifics orientation of their protofilaments. This case was inferred by atomic
of distinct fibril morphologies were propagated to daughter fibrils force microscopy of SH3 domain fibrils9 or cryo-TEM reconstrucby template-dependent seeding.16,22,23 Such self-propagating vari- tion of Aβ(1-40) fibrils.10 Third, the fibrils can differ in their
ations of the molecular fibril structure have been suggested to protofilament substructure, and therefore, in the conformation
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Figure 4. 3D densities of Aβ(1-40) amyloid fibrils. Side (A) and top (B)
views of cryo-TEM reconstructions of eleven individual Aβ(1-40) fibrils
from the same sample. Image reproduced with permission from Meinhardt
et al.10

of the underlying peptides. Examples hereof were provided by
solid-state nuclear magnetic resonance (NMR) spectroscopy or
hydrogen/deuterium exchange studies of different fibril morphologies from Aβ(1-40),16 α-synuclein,32 prion protein26,33 and
amylin fragments.34 Solid-state NMR studies demonstrated that
different Aβ(1-40) amyloid fibril samples can give rise to different
NMR spectra.16 For one sample, NMR analysis provided evidence
for a single molecular conformation of the Aβ(1-40) peptide,
while the other fibril sample evidently contained two structurally
different peptide conformations. Moreover, the fibrils in the two
samples differ in the precise location of the β-strands along the
peptide sequence. While one morphology, termed quiescent fibrils,
contains four regions of extended conformation (residues 10–14,
16–22, 30–32 and 34–36), the other morphology, termed agitated
fibrils, was reported to encompass continuous β-strand segments
at residues 10–22, 30–32 and 34–36. Several other studies also
provided evidence for Aβ conformations with variable numbers of
β-strands.35-37

Molecular Basis of Different Amyloid Fibril Morphologies
The physico-chemical environment substantially influences
the fibril morphologies that are stabilized by a given polypeptide
chain. The fibril morphology is determined by environmental
factors, such as pH value, temperature, agitation, salts or other
www.landesbioscience.com

co-solutes.13,16,26,38-40 Furthermore, certain fibril morphologies
can arise by seeding and extension of appropriate structural
templates.41 However, even under the same conditions and within
the same sample substantial variations of the fibril morphology
may exist. Hence, a specific physico-chemical environment does
not necessarily lead to a single fibril morphology. In some cases,
it rather favors a specific ensemble of fibril structures. This was
demonstrated recently for samples of Aβ(1-40) fibrils in the presence of different salts.40 Salts tend to stabilize fibrils with a smaller
width, but fibril heterogeneity was observed in fibril samples with
and without salts.
Analysis of the structural diversity of an Aβ(1-40) fibril sample
revealed that the individual fibrils could not be classified readily
into few, clearly distinct subpopulations.10 Instead, the fibrils
formed a morphologic spectrum where structural properties, such
as fibril twist or width, vary almost continuously. This result was
obtained consistently both by negative stain TEM analysis (Fig. 2)
and by structural reconstruction of individual fibrils from cryoTEM images (Fig. 4). Certain fibril structures, such as fibrils 1, 5
and 11 in Figure 4, possess clearly distinct morphologies. However,
these three fibrils represent only certain regions within the entire
spectrum of fibril structures, and many intermediate types of fibril
structures exist as well. This spectrum of fibrils somewhat resembles the case of an optical spectrum. The latter encompasses also
distinctive regions that are commonly termed yellow, red or blue
but which are connected by several intermediate colors, altogether
constructing the entire spectrum.
Further studies with other polypeptide systems need to establish
the possible general relevance of these observations. However, two
main questions arise from the present findings. How can specific
fibril morphologies be classified? For example, which of the fibrils
shown in Figure 4 belong to the same morphology and why?
Unfortunately, answering this question may have to await structural resolution of different fibrils at atomic detail. Second, why
is a given polypeptide chain, such as Aβ(1-40), able to adopt so
many different fibril structures? The formation of fibril structures
with different patterns of interatomic interactions appears to be an
intrinsic property of the peptide.
Several studies have shown that the cross-β core structure is
formed by only a small proportion of a polypeptide chain, such
as Aβ(1-40). The regions forming the β-sheet structure have
been identified by various techniques, including peptide fragment analysis, solid-state NMR spectroscopy, hydrogen/deuterium
exchange, mutagenesis and proteolysis.35,37,42-44 These studies
report slightly different sequence regions of the Aβ(1-40) peptide
to be involved in the cross-β core structure. Moreover, the same
sequence segments may interact in different ways with each other.
This possibility has been demonstrated most clearly for peptide
microcrystals that encompass a cross-β structure.45 For example,
the peptide fragment NNQQ from Sup35 protein can pack in at
least two different manners to form a cross-β structure (Fig. 5A
and B). A similar observation was made for microcrystals formed
from Aβ(35-40) peptide under different incubation conditions
(Fig. 5C and D). Since the structure of amyloid fibrils is highly
conserved along the fibril axis (see above) these variations inevitably
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involve different interactions in the plane of the fibril cross-section
and, therefore, different pairings of the amino acid side chains.
The structural heterogeneity and polymorphism of amyloid
fibrils represents an important difference from the natively folded
protein structure. In native protein folding reactions, a given polypeptide chain always folds up into the same 3D conformation.46,47
Therefore, all natively folded molecules of the same protein
sequence share the same inter-residue contacts. Amyloid formation differs from this scenario as the same polypeptide sequence
can assume multiple conformationally stable states that are defined
by very different inter-residue contacts. These conclusions are in
accord with concepts that describe amyloid fibrils as a generic
conformational state48,49 or a ‘polymer-state’ of the polypeptide
chain.4,50,51 Their nature as organic polymers enables polypeptide
chains to form structural states for which sequence specificity is less
important than for native protein folding reactions, thus leading to
amyloid fibril polymorphism.4,50 More specific explanations of the
structural diversity of Aβ(1-40) or other amyloid fibrils, however,
need to await structural elucidation of these states at atomic or
near-atomic resolutions.
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Figure 5. Polymorphism of amyloid-like microcrystals. (A and B) Two different crystal structures of NNQQ peptide, showing either a face-to-back
(A, 2onx.pdb) or a face-to-face arrangement (B, 2olx.pdb). (C and D) Two
different crystal structures of the Aβ(35-40) fragment, showing different
conformations and arrangements of the peptides (2ona.pdb, 2okz.pdb).
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Summary
This manuscript reveals that different A species, including freshly dissolved,
oligomeric and fibrillar A, significantly alter the cellular metabolism in rat neuron, microglia
and astrocyte single cell cultures. In contrast, none of the A species shows such effects in
rat organotypic hippocampal slice cultures or upon in vivo injection in rat brain. However, A
oligomers, but not fresh or fibrillar A, markedly impair long-term potentiation in
hippocampal slices from rat, indicating disruption of synaptic function. Hence, this
manuscript indicates that long-term potentiation reflects the potent toxic effects of A
oligomers much better than single cell metabolic activity assays.
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Ab Mediated Diminution of MTT Reduction—An Artefact
of Single Cell Culture?
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Abstract
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT) reduction assay is a frequently used and easily
reproducible method to measure beta-amyloid (Ab) toxicity in different types of single cell culture. To our knowledge, the
influence of Ab on MTT reduction has never been tested in more complex tissue. Initially, we reproduced the disturbed MTT
reduction in neuron and astroglia primary cell cultures from rats as well as in the BV2 microglia cell line, utilizing four
different Ab species, namely freshly dissolved Ab (25-35), fibrillar Ab (1-40), oligomeric Ab (1-42) and oligomeric Ab (1-40). In
contrast to the findings in single cell cultures, none of these Ab species altered MTT reduction in rat organotypic
hippocampal slice cultures (OHC). Moreover, application of Ab to acutely isolated hippocampal slices from adult rats and in
vivo intracerebroventricular injection of Ab also did not influence the MTT reduction in the respective tissue. Failure of Ab
penetration into the tissue cannot explain the differences between single cells and the more complex brain tissue. Thus
electrophysiological investigations disclosed an impairment of long-term potentiation (LTP) in the CA1 region of
hippocampal slices from rat by application of oligomeric Ab (1-40), but not by freshly dissolved Ab (25-35) or fibrillar Ab (140). In conclusion, the experiments revealed a glaring discrepancy between single cell cultures and complex brain tissue
regarding the effect of different Ab species on MTT reduction. Particularly, the differential effect of oligomeric versus other
Ab forms on LTP was not reflected in the MTT reduction assay. This may indicate that the Ab oligomer effect on synaptic
function reflected by LTP impairment precedes changes in formazane formation rate or that cells embedded in a more
natural environment in the tissue are less susceptible to damage by Ab, raising cautions against the consideration of single
cell MTT reduction activity as a reliable assay in Alzheimer’s drug discovery studies.
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other hand, indicated that Ab decreases cellular MTT reduction
by accelerating the exocytosis of MTT formazan.
Although many in vitro findings on Ab toxicity and competing,
protective agents are based on the MTT assay [11–14], the
influence of Ab on MTT reduction has never been tested in
more complex models than single cell cultures. Organotypic
hippocampal slices (OHC) are an in vitro model that retains the
three dimensional structure of in vivo systems and ranges in
complexity between primary cell cultures and intact animals
[15]. OHCs represent a well established tool for the investigation
of brain damage due to oxygen glucose deprivation (OGD) [16]
or epilepsy [17]. When OHCs were exposed to very high doses
of Ab ($10 mM) neuronal apoptotic cell death [18,19] and a
pronounced activation of astrocytes [20] occurred. More subtle
submicromolar Ab concentrations caused a retraction of
neuronal dendrites and a degeneration of dendritic spines [21].
Although it has been shown that MTT is appropriate to evaluate
the viability of brain tissue slices and its reduction is impaired
after detrimental treatment, such as OGD [5,22], the influence
of Ab on MTT reduction in OHCs has never been tested
before.

Introduction
Deposits of beta-amyloid (Ab) and neurofibrillary tangles are the
two pathological hallmarks of Alzheimer’s disease. There is recent
evidence that soluble Ab aggregates can impair function,
morphology and subsequently the viability of neuronal cells [1].
Based on NADH dependent reduction activity, cells are able to
reduce the tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide] into a formazane [2]. Thus, it is
widely accepted that the amount of formazane production
correlates with both the number and the viability of the cells.
The MTT assay is well established for investigations of cellular
viability in single cell cultures [3] and tissue slices [4,5]. The MTT
assay is frequently used to evidence Ab related changes in
membrane properties and disturbed cellular viability [6,7]. The
question how Ab inhibits cellular MTT reduction is still a matter
of debate. Based on their findings that Ab potently inhibits cellular
reduction of MTT in cultured rat hippocampal neurons and HeLa
cell lines, Kaneko et al. (1995) have hypothesized that Ab
specifically suppresses mitochondrial succinate dehydrogenase [8].
Studies on rat brain tumor cells [9] and astrocytes [10], on the
PLoS ONE | www.plosone.org
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In this study, we compared OHCs and primary cell cultures
for the effect of different Ab species, varying in molecule length
and aggregation status, on MTT reduction. We used freshly
dissolved Ab (25-35), which is frequently used and already shown
to exert detrimental effects on brain function and MTT
reduction of single cells well before aggregation occurs [23,24].
However, we can not exclude aggregation of Ab (25-35)
occurring during the experiment. Further, we used Ab (1-40)
fibrils, which are polypeptide aggregates, characterized by a
fibrillar structure and the presence of a cross-b conformation
[25]. These fibrils were shown to impair cellular MTT reduction
[7]. The third species tested were so-called ‘oligomers’ of Ab (142) [26] and Ab (1-40) [27]. These oligomers are small nonfibrillar aggregates that are defined by an almost spherical shape
and that have been discussed to be early mediators of cellular
malfunction within the Alzheimer afflicted brain [28]. Moreover,
we analyzed the influence of freshly dissolved Ab (25-35), fibrillar
Ab (1-40) and oligomeric Ab (1-40) on long-term potentiation
(LTP) the cellular correlate for learning and memory [29] in
acute hippocampal slices from rats and compared it with the
influence on MTT activity. Surprisingly, in all tissue cultures we
could not confirm the Ab effects on MTT reduction known from
primary cell cultures.

glutamate (Figure 2B). Since this is an approved model for
excitotoxicity related cell damage [17], we considered the MTT
reduction assay to be suitable for the detection of cell damage in
OHCs.
As we intended to reproduce the Ab effect from single cells in
OHCs we applied high concentrations of freshly dissolved Ab (2535), fibrillar Ab (1-40), oligomeric Ab (1-40) and oligomeric Ab (142). Surprisingly, no Ab species caused an effect on MTT
reduction, independent from the cell culture medium (Ab (25-35)
in NB: 93.4622.1%; in DMEM: 100.9619.1%; Figure 2B) and
the kind of application (in the medium: Ab (25-35) 93.4622.1%,
fibrillar Ab (1-40) 103.2%617.5%, oligomeric Ab (1-40)
103.4%622.6% on top of the slice Ab (25-35): 94.9%625.3%;
Ab (1-42) 106.5%619.3%); Figure 2B). Similar results were
obtained for slices that were cultivated for a longer time period (20
DIV), ruling out the possibility that older and less viable slices are
more susceptible to Ab (aged OHCs: Ab (25-35) 96.7624.1%, Ab
(1-40) 96.6%634.5%; Figure 2B).
Succinate dehydrogenase activity [31] and exocytotic processes [32] are temperature-dependent and exocytosis is influenced
by osmotic forces [33]. In order to exclude that temperature and
osmolarity modify the Ab effect on MTT reduction in OHCs,
we scrutinized the effect of these two parameters. However,
lowering the ambient temperature to 21uC or 4uC generally
caused a decreased MTT reduction activity of the slices
(absolute values not shown), but did not elicit an Ab-induced
diminution in MTT reduction. In addition, the MTT reduction
under hypotonic (280 mosmol*kg21-causes a cell swelling) and
hypertonic (330 mosmol*kg21-causes a cell shrinkage) conditions
was also not significantly altered (Ab (25-35) hypertone medium
112.9%615.6%, Ab (25-35) hypotone medium 107.3%612.4%
of control; Figure 2B). Additionally, we confirmed the missing
toxic effect of freshly dissolved Ab (25-35) and fibrillar Ab (1-40)
in OHCs by an unchanged PI staining and by measuring the
release of cytosolic enzyme lactate dehydrogenase (LDH) into
the culture supernatant. There was no differences in the PI
staining (Figure 2C) and the LDH release of Ab (25-35) and
fibrillar Ab (1-40) treated slices, compared to control (LDH data
not shown).
In order to rule out that diffusion problems due to the size of the
Ab aggregates impede toxicity in the OHCs, we immunostained
cross sections of OHCs after Ab (1-40) treatment. Ab was clearly
marked within the slice (Figure 2D). Furthermore and in line with
the literature [20,34], Ab (1-42) caused an activation of astroglia,
as demonstrated by an increased expression of GFAP (Figure 2E).
These results indicate that Ab was able to affect the astroglia
within the OHC, although Ab failed to disturb the MTT
reduction of the slice.

Results
Ab impaired MTT reduction in neuronal, astroglia and
microglia single cell cultures
We extensively investigated different Ab species, namely freshly
dissolved Ab (25-35), fibrillar Ab (1-40), oligomeric Ab (1-40) and
oligomeric Ab (1-42) for their effects on MTT reduction in
neuronal, astroglia and microglia single cell cultures, representing
the majority of cell types within the brain. In accordance with the
literature [2,10], each Ab species led to a pronounced diminution
of MTT reduction in all cell types tested (Neurons: control
10064.4%, Ab (25-35) 84.463.9%, fibrillar Ab (1-40)
61.163.5%, oligomeric Ab (1-40): 46.062.4%, Ab (1-42)
77.765.1%; Microglia: control: 10065.6%, Ab (25-35)
25.966.2%, fibrillar Ab (1-40) 42.366.5%, oligomeric Ab (140): 49.162.5%, Ab (1-42) 72.763.1% Figure 1A). As we
intended to investigate the effect of Ab on MTT reduction in
OHCs, where the most abundant cell type is astroglia, we
determined the Ab effect in detail in astroglia single cell cultures.
Because OHCs and astroglial cultures are cultivated in different
culture media we elucidated whether or not the Ab mediated
disruption of MTT reduction is influenced by the culture medium.
All Ab species tested acted in a dose dependent manner and Ab
(25-35) showed the highest activity (Figure 1B). In agreement with
the literature [30], the Ab effect could be blocked by congo red
(Figure 1B). In neurobasal (NB) medium (used for OHC
cultivation) the Ab effect on MTT activity was similar to the
results obtained with DMEM (used for single cell culture; 500 nM
Ab (25-35) in DMEM: 43.763.7%, 500 nM Ab (25-35) in NB:
39.462.2%; values were normalized to control; Figure 1B).

Separation of single cells from OHCs and treatment with
Ab
Considering our conflicting findings in single cells and OHCs it
appeared likely that the susceptibility of cells to Ab mediated
diminution of MTT reduction activity depends on their
environment. To address this matter, we split one OHC
preparation into two groups. One group was cultivated further
and the other group was separated into single cells. For the first
time we prepared single cells from OHCs. Because of the
matured state of the isolated cells only few neurons survived the
isolation procedure and thus the cultures consisted largely of
astrocytes (Figure 3).
When we exposed the slices to Ab (25-35) before the
separation and measured the MTT reduction activity two hours
after the preparation, there was no effect of Ab (25-35) on the

Ab (25-35), Ab (1-40) and Ab (1-42) failed to impair MTT
reduction in OHC
Compared to single cells, the MTT reduction in OHCs was less
frequently investigated. Therefore, we characterized the MTT
assay in our system and examined its practicability to measure cell
toxicity in OHCs. Similar to single cells, OHC produced the first
formazane crystals immediately after MTT application and the
reaction was saturated within 3 hours (Figure 2A). The MTT
activity was diminished to 17.563.4% by application of 15 mM
PLoS ONE | www.plosone.org
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Figure 1. Influence of Ab on MTT reduction of single cell cultures. A) Influence of Ab on MTT reduction of neuron and microglia single cell
cultures. When applied to cell cultures for 3 days, at 1 mM all Ab species diminished the MTT reduction significantly in both cell types. The dashed line
indicates the control level; * = p#0.05, Mann–Whitney U-test, n = 10 per group B) Concentration dependent influence of Ab on MTT reduction activity
of astroglia single cell culture. When applied to cell culture for 3 days, any Ab species diminished the MTT reduction significantly, compared to
control. Congo red (2 mM) completely reverses the Ab effect; Ab (25-35) diminished the MTT reduction in NB medium, normally used for cultivation of
OHC; the dashed line indicates the control level; * = p#0.05, Mann–Whitney U-test, n = 10 per group C) Electron microscopic images (EMI) revealed
that freshly dissolved Ab (25-35) did not form aggregates. Moreover, EMI conformed the needle like structure of fibrillar Ab (1-40) and the smaller,
spherical shape of oligomeric Ab (1-40) and oligomeric Ab (1-42).
doi:10.1371/journal.pone.0003236.g001

MTT reduction of both, the slices and the single cells
(Figure 3A). In contrast, when the slices were first separated
and then Ab (25-35) was applied to the two groups for 2 days,
PLoS ONE | www.plosone.org

Ab diminished the MTT reduction in single cell cultures but
not in OHCs (Ab (25-35) 80.1%61.0% control: 100%61,1%;
Figure 3B).
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Figure 2. Influence of Ab on MTT reduction, PI uptake and GFAP expression of OHC. A) Time dependent MTT reduction activity of OHC.
Numbers indicate the time after MTT application in minutes B) Influence of glutamate, freshly dissolved Ab (25-35), fibrillar Ab (1-40) and oligomeric
Ab (1-42) on MTT reduction activity of OHC under different conditions. Application of 10 mM Ab for 3–6 days did not diminish the MTT reduction of
OHC under different conditions; application of glutamate (15 mM) significantly reduced the MTT reduction, compared to control; the dashed line
indicates the control level; * = p#0.05, Mann–Whitney U-test, n$12 per group C) PI staining of Ab and glutamate treated OHCs. Application of 10 mM
freshly dissolved Ab (25-35) and 10 mM fibrillar Ab (1-40) into the medium for 3 days did not cause cell death. Application of glutamate (15 mM)
induced cell death D) Immunostaining of cross sections against fibrillar Ab (1-40) revealed the presence of Ab in the slice E) GFAP and DAPI staining of
oligomeric Ab (1-42) treated and control slice. Ab (1-42) caused an activation of astroglia within the OHC, indicated by an increased GFAP expression.
doi:10.1371/journal.pone.0003236.g002

to acute slices in parallel to LTP recording. There was no
difference in the MTT reduction between control, Ab (25-35) and
Ab (1-40) oligomer treated slices (ACSF control: 100.0625.0%,
Ab (1-40) 107.9%627.0%; Ab (25-35) 106.7%615.7% Figure 4B).

Ab related impairment of LTP is restricted to a particular
Ab species and does not correlate with MTT reduction in
acute hippocampal slices
To further substantiate the assumption that cells within tissuelike structures react different to Ab than single cells, we exposed
acutely isolated hippocampal slices from adult rats to 500 nM Ab
(25-35) or 500 nM oligomeric Ab (1-40) or 1 mM fibrillar Ab (140) and measured the influence on LTP. When we exposed slices
to Ab (25-35) and oligomeric Ab (1-40), 30 min before tetanus
application, Ab (25-35) did not influence the LTP, while
application of oligomeric Ab (1-40) significantly attenuated LTP
(oligomeric Ab (1-40): 139.5%611.3% n = 8; Ab (25-35):
184.2%615.8% n = 8; control: 189.7%615.9% n = 16 of baseline
value 240 min after tetanus application; Figure 4A). Because of
their large molecule size Ab (1-40) fibrils were expected to have
limited and slow access to neuronal target structures. Therefore,
we exposed slices to Ab (1-40) fibrils persistently throughout the
experiment and with a relatively high concentration of 1 mM.
However, application of fibrillar Ab (1-40) did not alter LTP
(fibrillar Ab (1-40): 187.1616.6%, n = 8, of baseline value,
240 min after tetanus application; Figure 4A). To investigate
whether the disturbed LTP caused by Ab (1-40) oligomers
correlates with a diminished MTT reduction, we applied MTT
PLoS ONE | www.plosone.org
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Ab failed to diminish MTT reduction in vivo
The short life span of acutely isolated slices from adult animals
limits the exposure to Ab aggregates. OHCs in contrast, allow
long-time Ab exposure but constitute of juvenile tissue. As we
could not exclude that longer Ab applications would indeed be
able to reduce cellular viability in mature tissue we injected Ab
(25-35) and oligomeric Ab (1-42) into the rat brain. Three days
after Ab application, the animals were sacrificed and we measured
the MTT reduction in freshly prepared hippocampal slices. Ab
(25-35) and Ab (1-42) did not influence the MTT reduction in this
in vivo/ex vivo approach (untreated animal: 103.4623.7%, Ab (3525) control: 100.0%626.2%, Ab (1-42) 99.4%614.9%; Ab (2535) 108.0%620.4%; Figure 4C). To prove whether injected Ab
diffused into the hippocampus, we immunostained cross sections of
the ex vivo slices. Ab (1-42) oligomers were clearly marked within
the slice (Figure 4D). Hence, an effect of Ab on hippocampal cells
could be expected. However, we could not observe a staining of
Ab (25-35), probably due to a wash out of that protein during the
4
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Figure 3. Influence of Ab on MTT reduction activity of OHC and single cells, generated from OHC. A) Ab (25-35) 1 mM was applied to the
slice for 3 days. The MTT assay was done 2 hours after the preparation of the single cells out of the slice. In this case, 1 mM Ab did not diminish the
MTT reduction of OHC and single cells; B) 1 mM Ab was applied to the slices and single cells after the preparation for 2 days. In this case, Ab (25-35)
1 mM significantly reduced the MTT reduction of single cells, compared to control; * = p#0.05, Mann–Whitney U-test, n = 10 per group.
doi:10.1371/journal.pone.0003236.g003

called Ab derived diffusible ligands (ADDL) [39]. Later, Chong et
al. described in 2006 neuronal cell death in hippocampal brain
slices because of Ab (1-42) oligomer treatment [40]. The reason for
the difference to our results could be the kind of Ab (1-42)
preparation, as both groups used aggregation protocols which
resulted in spheres of approximately similar size. However, their
contrasting observations render it likely that their mode of
preparation resulted in a different internal structure of the
aggregates. Future studies should be carried out to extensively
compare the different Ab species for their potentially different
effects. Nevertheless, we observed comparable detrimental effects
of all investigated Ab species on MTT reduction in single cell
culture, which could not be seen in any complex tissue. That
discrepancy between single cells and OHCs regarding the effect of
Ab is difficult to reconcile. As single cell cultures are almost
exclusively prepared from embryonic tissue and as OHCs
represent juvenile tissue one explanation could be that the
respective cells are in different physiological states. Scrutinizing
this assumption we show that single cells obtained from juvenile
OHCs are only susceptible to Ab effects after being cultured.
Similarly, Yankner et al. (1990) reported that dissociated neurons
maintained in cultures are resistant to Ab (25-35) toxicity during
the first days in culture and that Ab neurotoxicity increases with
the age of the culture [41]. This may indicate that cultured cells
and cells that are embedded in the intact hippocampal synaptic

preparation procedure. But when injected Ab (1-42) oligomers
diffuse into the hippocampus, a successful diffusion of the smaller
Ab (25-35) peptide is likely. These data indicate that the missing
Ab effect on MTT reduction in OHC and acute isolated
hippocampal slices represent the in vivo situation.

Discussion
In this study we compared the effect of different Ab species on
the MTT reduction activity in hippocampal neurons, astrocytes,
microglia, OHCs, acutely isolated hippocampal slices from adult
animals and the hippocampal formation in vivo. We showed that all
tested Ab species impaired MTT reduction activity in all single cell
cultures already at high nanomolar concentrations. These findings
are in good agreement with various other studies investigating
toxic or activating Ab effects in hippocampal neurons [35],
astrocytes [10] and microglia [36]. In contrast to our findings in
the single cell cultures none of the Ab species affected cellular
viability in OHCs, although we could confirm the presence of Ab
in the slices by immunostaining and GFAP upregulation. In line
with our observations other studies in OHCs also showed no or, at
very high concentrations, only very limited toxic effects of Ab (2535), Ab (1-40) and Ab (1-42) [18,19,37,38]. In contrast to that and
to our findings Lambert et al. published in 1998 that slice cultures
could be injured with as little as 5 nM soluble Ab (1-42) of so
PLoS ONE | www.plosone.org
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Figure 4. Influence of Ab on LTP and MTT reduction of acute isolated slices. A) Influence of freshly dissolved Ab (25-35), oligomeric Ab (140) and fibrillar Ab (1-40) on LTP of acute hippocampal slices. Oligomeric Ab (1-40) significantly reduced the LTP, compared to control potentiation.
Freshly dissolved Ab (25-35) and fibrillar Ab (1-40) did not effect the LTP; * = p#0.05 ANOVA with repeated measures; The bar indicates the time of Ab
application. Tetanus was applied at time point 0; Analogue traces represent typical recordings of single experiments taken 20 minutes before
tetanization (1), and 240 minutes after tetanization (2). B) Ab treated acute slices did not differ from control slices in their MTT reduction activity. C)
Influence of Ab on MTT reduction activity of ex vivo slices. Injection of freshly dissolved Ab (25-35) and oligomeric Ab (1-42) for 3 days did not
diminish the MTT reduction of the ex vivo slices, compared to untreated animals and the reverse control protein Ab (35-25). D) Immunostaining of
cross sections against Ab revealed the presence of oligomeric Ab (1-42) in the hippocampus.
doi:10.1371/journal.pone.0003236.g004

circuitry and anatomy differ regarding cell properties which are
crucial for Ab toxicity or that the interaction between the neural
elements in the relatively intact tissue enables a counteracting
protective mechanism. Possible mechanisms may be alterations in
the membrane lipid composition [42] or an altered accessibility of
lipid rafts for Ab [43]. Similar reasons may account for the Ab
PLoS ONE | www.plosone.org
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effects in studies where OHCs were cultured for several weeks
[44]. These findings do not reflect the situation in adult tissue as
we and others [45] did not observe a fast toxic effect of Ab after in
vivo application. Also consistent with our results Geula et al. (1998)
did not observe a significant Ab toxicity in aged rats but found
age-dependent Ab toxicity in aged monkeys [46]. This does not
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exclude that the hippocampal neurons in OHCs, acutely isolated
slices and in vivo are physiologically impaired, as LTP was
disturbed in the acutely isolated slice preparations at least after Ab
oligomer application. Recent studies increasingly indicated that
soluble, pre-fibrillar Ab assemblies rather than mature fibrils may
induce early neuronal alterations, leading to physiological
interruption before cell death is detectable [47]. Our LTP
experiments elucidated the effects of distinct Ab species on
synaptic potentiation. We show that Ab (1-40) oligomers disturbed
LTP, whereas Ab (1-40) fibrils did not impair LTP, although Ab
(1-40) fibrils where higher concentrated and permanently exposed
to the slices. This is in good agreement with the current view that
Ab oligomers are responsible for the early disturbance of brain
physiology [48–51]. Whether or not LTP disturbances are a first
sign of neuronal degeneration remains to be elucidated. If so, the
MTT assay would evidently be unable to detect such early
alterations in cellular physiology, as we demonstrated that Ab (140) oligomer mediated LTP disruption was not reflected by MTT
reduction in slices. On the other hand, studies utilizing primary
neuronal and astroglial cultures showed an inhibition of MTT
reduction already 2 h after Ab application [10,52]. This may not
necessarily reflect cell death, as Ab-induced alterations in MTT
reduction in human cortical cultures could not be confirmed with
other cytotoxicity assays like LDH and alamarBlue [53].
Ab (25-35) did not affect LTP in the present study, although a
diminution in LTP was found by others [54]. One possible
explanation for this discrepancy is the strain dependence of the Ab
(25-35) effect, as Gengler (2007) showed that the influence of Ab
(25-35) on LTP in rat depends on their genetic background [55].
Taken together, we showed that single cell cultures are prone to
impairment by Ab, whereas cells embedded in the intact
hippocampal synaptic circuitry and anatomy are quite resistant,
suggesting that results obtained with cell cultures cannot be
conferred directly to complex tissue. In addition, we demonstrated
that Ab mediated LTP disruption depends on the Ab species and
does not correlate with MTT reduction in acute isolated slices,
relativizing the MTT assay as a reporter of early physiological
disruption and drug testing. Thus, Ab effects observed in single cell
cultures should be interpreted cautiously regarding their relevance
for more complex brain tissue, independently whether MTT
reflects cellular viability or precedes cell death.

buffer solution (Biochrom; Berlin, Germany). Then the protocol for
cell culture preparation described above was applied. Preparation
and cultivation of OHCs was done as described below.
For astrocyte-enriched cultures (95% astrocytes), cells were
seeded in 48 well plates at a starting density of 2*104 cells/ml in
DMEM supplemented with 10% (v*v21) fetal calf serum and
incubated at 37uC in an atmosphere containing 5% CO2. The
medium was changed every second day. For neuron-enriched
culture (80% neurones), the DMEM was exchanged by Start V
Medium (Biochrom) 24 h after seeding.
The cell lineage BV2 microglia was cultured in DMEM
supplemented with 10% FBS, 1% Pen/Strep (Biochrom), 1% lGlutamin (Biochrom) at a density not exceeding 5*105 cells*ml21
and maintained in 5% CO2 at 37uC.

Methods

Immunhistochemistry

Ab application/MTT assay
Ab (25-35) (Bachem) was freshly dissolved in bidistilled water to
a concentration of 1 mg*ml21. For fibril formation, recombinant
Ab (1-40) [57] was dissolved in bidistilled water to a concentration
of 1 mg*ml21 and incubated for 5–7 days at 37uC. The formation
of fibrils was verified by negative stain electron microscopy. Ab (142) oligomers were generated as described [26]. The quality of the
oligomer preparation was controlled by negative stain electron
microscopy and Sodiumdodecylsulfate-Polyacrylamidgelelectrophoresis (SDS-PAGE). The Ab species were added to the cell
culture medium at a concentration of 0.5–10 mM (Ab (1-42)
oligomers) or 0.5–20 mM (Ab (1-40) fibrils) and incubated for 1–3
days. Then MTT (Carl Roth) was added to the medium
(0.5 mg*ml21) and incubated for 3 hours. The medium was
removed and the cells were diluted in 20% SDS/50% Dimethylformamid. The relative formazane concentration was measured by
determination of the absorbance at 570 nm (well plate reader,
Optima FluoStar).

Organotypic cultures
Organotypic hippocampal interface slice cultures from 10-day-old
Wistar rats (Institute breeding stock) were prepared and cultured as
interface slices as described previously [59]. Briefly, the slices were
placed on membrane inserts in 6-well plates (NUNC, Wiesbaden,
Germany) containing 1.2 ml of NB medium/well and were
maintained in a humidified incubator for 12–15 days in vitro (DIV).

For the immunohistochemical staining of Ab and GFAP, the
slices were fixed in 0.1 M phosphate buffer containing 4%
paraformaldehyde. The slices were stored in the fixative overnight.
After cryoprotection in 30% sucrose, the slices were rapidly frozen
in methylbutane at 280uC. The whole slices were cut on a sliding
microtome and the 20 mm sections were stored at 4uC in
cryoprotectant (CPS) containing 25% ethylene glycol, 25%
glycerine in 0.1 M phosphate-buffered saline (PBS). The slices
were transferred from CPS to 0.1 M phosphate buffer and washed
overnight. Unspecific bindings were blocked for 2 h in the
corresponding serum and then the slices were incubated with
the primary antibodies and stored at 4uC overnight. All secondary
antibodies were incubated at room temperature for 2 h. The slices
were then coverslipped with 1,3-diethyl-8-phenylxanthine (DPX).
The following primary antibodies and final dilutions were used:
monoclonal mouse anti-GFAP (1:200; Chemicon), polyclonal
chicken anti-Ab (1:500; abcam), DAPI (1:10000; MoBiTec). The
primary antibodies were diluted in 0.1 M PBS/0.5% Triton X100 and 3% donkey normal serum (Sigma, Deisenhofen,
Germany). The following secondary antibodies and final dilutions
were used: donkey anti-mouse Cy3 (1:500; Dianova), donkey anti-

Single cell culture
The animals were maintained under constant environmental
conditions, with an ambient temperature of 2162uC, a relative
humidity of 40%, a 12-h light–dark cycle and free access to food
and water. All animal procedures have been approved by the
ethics committee of the German federal state of Sachsen-Anhalt,
and are in accordance with the European Communities Council
Directive (86/609/EEC).
Cells cultures from 1-day-old Wistar rats (Institute breeding
stock) were prepared and cultured as described previously [56].
Briefly, newborn rats were decapitated, and the brains were
removed and collected in ice-cold Hanks-buffer solution (Biochrom; Berlin, Germany). The brains were gently passed through
nylon meshes of 250 mm and 136 mm pore width, in consecutive
order. The cell suspension was centrifuged at 4uC for 5 min at
500g. The cells were resuspended in 10 ml growth medium
(DMEM supplemented with 10% (v*v21) fetal calf serum,
20 U*ml21 penicillin and 20 mg*ml21 streptomycin).
Single cells from OHCs were isolated by gently removing the
slices from the membrane and collecting them in ice-cold HanksPLoS ONE | www.plosone.org
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1 mM. Ab (1-40) oligomers and Ab (25-35) were applied to the
slice for 30 min before tetanus application at a concentration of
500 nM. The Ab (1-40) solvent HFIP was removed from the
ACSF by exposure to a gentle stream of carbogen for 1h. For
control experiments we added the same amount of HFIP used for
the Ab (1-40) experiment to the ACSF and removed it by
gasification. There was no difference between the potentiation in
the HFIP-deprived ACSF and pure ACSF and, therefore, these
experiments were pooled. In parallel to the experiments, some
slices of the same preparation were separately exposed to Ab for
3–4 hours and analyzed with MTT assay as described above.

chicken Cy2 (1:100; Dianova). These secondary antibodies were
diluted in 0.1 M PBS.

Ab application/MTT assay/PI staining
The Ab species were added to the slice culture medium at the
respective concentrations (1–10 mM) and incubated for 3–6 days.
For the application ‘‘on top of the slice’’, 1 ml of the Ab stock
solution was directly applicated onto the surface of the slice. 1 ml of
the solvent was applicated onto the control slices. Then MTT was
applied to the medium (0,5 mg*ml21) and incubated for 3 hours.
The slices were quickly removed from the membrane and
completely diluted in 20% SDS/50% dimethylformamid (incubation for 24 h at RT). After centrifugation, the relative formazane
concentration of the supernatant was measured by determination
of the absorbance at 570 nm (well plate reader, Optima FluoStar).
Electron microscopy was done as previously described by [60].
Cell death was evaluated by cellular incorporation of propidium
iodide (PI) 3d and 6d after Ab treatment. Cultures were incubated
with PI-containing medium (10 mM) for 2 h at 33uC. Fluorescent
images were acquired semiautomatized (Nikon motorized stage;
LUCIA software) and analyzed by densitometry to quantify
necrotic cell death (LUCIA Image analysis software).

In vivo infusion of Ab
In vivo infusion was performed as described previously [62].
Briefly, anaesthesia of 10-week-old male Wistar rats (Institute
breeding stock) was induced with halothane in a mixture of nitrous
oxide and oxygen (50:50) and maintained with 2–3% halothane
(Sigma, Deisenhofen, Germany) via a rat anaesthetic mask
(Stölting). The animals were placed in a Kopf stereotaxic frame.
Following a midline incision, a burr hole (1 mm in diameter) was
drilled into the skull (coordinates: posterior, 0.9 mm from bregma;
lateral, 1.7 mm to satura sagittalis) and a 29-gauge cannula was
lowered to 4.5 mm below the skull, according to the rat brain atlas
of Paxinos and Watson [63]. Ab (25-35) (1 mg*ml21) or Ab (1-42)
oligomer (1 mg*ml21) was injected intracerebroventricularly in 3ml sterile solvent over 5 min. After 5 min the cannula was slowly
withdrawn. Ab (35-25) (1 mg*ml21) was used as inactive peptide
control. After three days, acute hippocampal slices were prepared
as described above, then directly placed on cell culture membranes
and the MTT reduction activity analyzed as described above.

Acute hippocampal slices/LTP
Hippocampal slices (400 mm thick) were prepared from 7- to 8week-old male Wistar rats (Institute breeding stock) as described
previously [61]. Briefly, both hippocampi were isolated and
transferred into a submerged-type recording chamber where they
were allowed to recover for at least 1 h before the experiment
started. The chamber was constantly perfused with artificial
cerebrospinal fluid (ACSF) at a rate of 2.5 ml/min at 3361uC.
Synaptic responses were elicited by stimulation of the Schaffer
collateral–commissural fibers in the stratum radiatum of the CA1
region using lacquer-coated stainless steel stimulating electrodes.
Glass electrodes (filled with ACSF, 1–4 MV) were placed in the
apical dendritic layer to record field excitatory postsynaptic
potentials (fEPSPs). The initial slope of the fEPSP was used as a
measure of this potential. The stimulus strength of the test pulses
was adjusted to 30% of the EPSP maximum. During baseline
recording, single stimuli were applied every minute (0,0166 Hz)
and were averaged every 5 min. Once a stable baseline had been
established, long-term potentiation was induced by applying 100
pulses at an interval of 10 ms and a width of the single pulses of
0.2 ms (strong tetanus) three times at 10 min intervals.
Ab (1-40) oligomers and fibrils were prepared as described
previously [27] and visualized by negative stain electron
microscopy. Immediately after the slice preparation, fibrillar Ab
(1-40) was persistently applied to the slices at a concentration of

Statistics
Values of LTP recording are given as mean6S.E.M. Values of
MTT reduction are given as mean6S.D. As indicated in Results,
the Mann–Whitney U-test or the analysis of variance (ANOVA)
with repeated measures was used to compare the field potentials
between two groups of differentially treated cells or slices,
respectively (i.e., control vs. Ab treatment), where appropriate.
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Summary
This manuscript provides evidence that A(1-42) globulomers induce mitochondrial
dysfunction in murine cortical brain cells that manifests in an impairment of the
mitochondrial membrane potential and respiration. Structural analyses reveal that the
globulomers are rich in -sheet structure, but exhibit an increased fraction of antiparallel
-structure and a weaker binding to amyloid-specific dyes as compared to mature fibrils.
These findings indicate structural differences between both A species that may underlie the
higher sensitivity of aged mitochondria to A globulomers.
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Abstract We recently provided evidence for a mitochondrial dysfunction in P301L tau transgenic mice, a strain
modeling the tau pathology of Alzheimer’s disease (AD)
and frontotemporal dementia (FTD). In addition to tau
aggregates, the AD brain is further characterized by Aβ
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peptide-containing plaques. When we addressed the role of
Aβ, this indicated a synergistic action of tau and Aβ
pathology on the mitochondria. In the present study, we
compared the toxicity of different Aβ42 conformations in
light of recent studies suggesting that oligomeric rather than
fibrillar Aβ might be the actual toxic species. Interestingly,
both oligomeric and fibrillar, but not disaggregated (mainly
monomeric) Aβ42 caused a decreased mitochondrial
membrane potential in cortical brain cells obtained from
FTD P301L tau transgenic mice. This was not observed
with cerebellar preparations indicating selective vulnerability of cortical neurons. Furthermore, we found reductions in
state 3 respiration, the respiratory control ratio, and
uncoupled respiration when incubating P301L tau mitochondria either with oligomeric or fibrillar preparations of
Aβ42. Finally, we found that aging specifically increased
the sensitivity of mitochondria to oligomeric Aβ42 damage
indicating that oligomeric and fibrillar Aβ42 are both toxic,
but exert different degrees of toxicity.
Keywords Alzheimer’s disease . Amyloid aggregates .
Amyloid β-peptide . Amyloid toxicity . Fibrils .
Frontotemporal dementia . Globulomer . Mitochondria .
Oligomer . Protein aggregation . Respiration . Tau .
Transgenic mice

Introduction
β-Amyloid (Aβ)-containing plaques and tau-containing
neurofibrillary tangles (NFTs) are hallmarks for brain lesions
in both familial and sporadic cases of Alzheimer’s disease
(AD); however, how these lesions and their proteinaceous
components impair cellular functions and ultimately lead to
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neuronal cell loss is only partly understood [1–3]. Attempts
to gain insight into pathogenic mechanisms, and eventually,
to develop therapeutic strategies have been greatly assisted
by experimental animal models that express mutant forms
of AD-associated genes [4, 5].
In AD, pathogenic mutations have been identified in
both the gene encoding the precursor of the Aβ peptide,
APP, itself and in the PSEN genes which encode part of the
APP–protease complex. No mutations have been identified
in the MAPT gene encoding the microtubule-associated
protein tau [5]. Although AD is the most prevalent form of
dementia at high age, NFTs are, in the absence of Aβ
plaques, also abundant in additional neurodegenerative
diseases, including frontotemporal dementia (FTD). In
familial cases of FTD (FTD with Parkinsonism linked to
chromosome 17 (FTDP-17)), exonic and intronic mutations
have been identified in the MAPT gene which lead to the
formation of tau aggregates in the brain [6]. Gallyas silver
impregnation techniques are frequently employed to visualize
NFTs in both AD and FTD brains [7].
The P301L tau mutation was among the first to be
identified in FTDP-17 [8]. It was expressed by us in
neurons of transgenic mice [9]. P301L tau transgenic mice
develop NFTs that contain aggregated forms of hyperphosphorylated tau and show age-related memory impairment [10, 11]. Whereas transgenic mice expressing human
APP with mutations found in familial cases of AD develop
Aβ plaques, they fail to form NFTs. On the other hand, the
P301L transgenic pR5 mice model aspects of the tau
pathology of AD and FTD, but lacks plaque pathology. Both
pathologies have been successfully combined either by
crossing the respective transgenic strains or by establishing
so-called triple transgenic mice [12] (reviewed in [13]). We
addressed the pathogenic relationship of Aβ plaques and
NFTs by an alternative approach that is by injecting fibrillar
preparations of Aβ42 stereotaxically into the somatosensory cortex and the hippocampus of P301L and wild-type
human tau transgenic mice and non-transgenic littermate
controls. As shown previously, this caused a fivefold
increase of NFTs in the amygdala of P301L transgenic,
but not wild-type tau transgenic or control mice [14]. NFT
formation was correlated with the phosphorylation of the
pS422 and AT100 epitopes of tau [9, 15]. These findings
could be confirmed by us in vitro, using neuronally
differentiated SH-SY5Y neuroblastoma cells [16].
Subsequently, in addition to transcriptomic approaches [17,
18], we performed a proteomic and functional analysis of
P301L tau transgenic mice which revealed a mitochondrial
dysfunction together with a reduced electron transport chain
complex I activity [19]. We also provided first evidence for
an increased vulnerability of P301L tau mitochondria
towards fibrillar Aβ insult, suggesting a synergistic action
of tau and Aβ pathology on the mitochondria [19–21].

J Mol Med (2008) 86:1255–1267

In recent years, attempts have been undertaken to identify
the toxic species of Aβ. The focus of attention has since
shifted from fibrillar to oligomeric species as the large,
insoluble Aβ deposits which form the amyloid plaques in the
limbic and association cortices of AD patients are in
equilibrium with small, diffusible Aβ oligomers that appear
capable of interfering with hippocampal synaptic function
and memory [22]. Thus, in this study, we determined
whether oligomeric Aβ42 would already exert a pronounced toxicity towards P301L tau transgenic mitochondria, compared to disaggregated (mainly monomeric) and
fibrillar Aβ.

Materials and methods
Transgenic mice
The transgenic mice used in the present study express the
human pathogenic mutation P301L of tau together with the
longest human brain tau isoform (htau40) under control of
the neuron-specific mThy1.2 promoter [9]. The htau40
isoform contains exons 2 and 3 as well as four microtubulebinding repeats (2+3+4R, human tau40). Pronuclear injections were done into C57Bl/6 × DBA/2 F2 oocytes to
obtain founder animals that were back-crossed with C57Bl/
6 mice to establish transgenic lines as described [23].
P301L tau mice show tau hyperphosphorylation already at
3 months [9]. NFT formation starts at 6 months of age [14].
Consistent with our previous studies [19], the mice were
analyzed at 13–15 and 21–22 months of age. The mice
were maintained in a 12-h dark–light cycle with pelleted
food and water ad libitum. Animals were handled according
to the Swiss guidelines for animal care. The experiments
were conducted in accordance with international standards
on animal welfare as well as being compliant with local
regulations.
Monomer, oligomer, and fibril preparation
The Aβ42 synthetic peptide (H-1368, Bachem, Bubendorf,
Switzerland) was suspended in 100% 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP) at 6 mg/ml and incubated for
complete solubilization under shaking at 37°C for 1.5 h as
described previously [24].
Monomeric preparation [24] To obtain the monomeric
preparation, 30 mg HFIP-treated Aβ42 was resuspended
in 132 μl dimethylsulfoxide (DMSO) at RT for 10 min. A
60 ml buffer (20 mM NaPi, 140 mM NaCl, and 0.1%
Pluronic F68 pH 7.4) was added and the mixture stirred for
1 h at RT. Following a 20 min centrifugation at 3,000×g,
the supernatant was discarded and the pellet resuspended in
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6 ml buffer. Then, 34 ml of H2O was added and the mixture
stirred for 1 h at RT. Following a second centrifugation for
20 min at 3,000×g, the supernatant was stored as 5 ml
aliquots at −80°C.
Oligomeric preparation [24] To obtain the oligomeric
preparation, HFIP was removed by evaporation in a
SpeedVac and Aβ42 resuspended at a concentration of
5 mM in DMSO and sonicated for 20 s as described [16].
The HFIP-pretreated Aβ42 was diluted in phosphatebuffered saline (20 mM NaH 2PO4, 140 mM NaCl,
pH 7.4) to 400 μM and 1/10 volume 2% sodium dodecyl
sulfate (SDS; in H2O) was added (final concentration of
0.2% SDS). An incubation for 6 h at 37°C resulted in the
16/20-kDa Aβ42 globulomer (short form for globular
oligomer) intermediate. The 38/48-kDa Aβ42 globulomer
was generated by a further dilution with three volumes of
H2O and incubation for 18 h at 37°C. This was followed by
centrifugation for 20 min at 3,000×g and concentrating the
supernatant to 1.8 ml by dialysis against 5 mM NaPi,
35 mM NaCl pH 7.4 overnight at 6°C with a 30-kD
centriprep and subsequent centrifugation of the concentrate
for 10 min at 10,000×g. The supernatant was then stored in
100 μl aliquots at −80°C.
Fibrillar preparation adapted from previously described
methods [16, 25] To prepare fibrillar Aβ42, the peptide was
dissolved in Tris-buffered saline pH 7.4 (TBS) at a concentration of 0.5 mM and stored at −20°C. (All aqueous solutions
were prepared with deionized and filtered water (Millipore)).
The stock solution was diluted in TBS to a concentration of
50 μM and incubated at 37°C with gentle agitation for 24 h to
obtain aged, aggregated preparations of Aβ42.

Visualization of Aβ preparations on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels
The samples were analyzed using Tris-glycine 4–20%
gradient SDS-PAGE gels and stained with Coomassie
Brilliant Blue R250 according to [24]. Gels were scanned
with an Epson 4180 scanner.
Structural characterization of Aβ aggregates
For negative staining analysis, 4 μl of the sample was
placed on copper grids covered with formvar and carbon
and counterstained with 2% uranyl acetate, using the
droplet technique [26]. Specimens were examined in a
Zeus 902 transmission electron microscope operated at an
acceleration voltage of 80 kV.
Thioflavine T (ThT) spectra were recorded at room
temperature with a Shimadzu RF-5301PC fluorimeter,
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using an excitation wavelength of 482 nm and a cuvette
with 5 mm path length. Samples contained a final
concentration of 20 μM ThT and 5 μM Aβ42 in 5 mM
NaPi/35 mM NaCl, pH 7.4 (globulomers) or TBS, pH 7.4
(fibrils).
Congo Red (CR) absorption spectra were recorded at
room temperature, using an Analytik Jena Specord 210
spectrophotometer. Samples contained a final concentration
of 10 μM CR and 15 μM Aβ42 in 5 mM NaPi/35 mM
NaCl, pH 7.4 (globulomers) or TBS, pH 7.4 (fibrils).
For attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy, Aβ42 fibrils were concentrated
by centrifugation for 30 min at 500,000×g and 25°C in a
Beckman Optima TLX ultracentrifuge, using a Beckman
TLA-120.2 rotor. Subsequently, the fibril pellet was
resuspended in a small volume of TBS, pH 7.4 by pipetting
and vortexing. ATR-FTIR spectra of 1.9 mM Aβ42
globulomers in 5 mM NaPi/35 mM NaCl, pH 7.4 and
1.1 mM Aβ42 fibrils in TBS, pH 7.4 were recorded as
described [27].
Brain tissue preparation for mitochondrial analysis
Cellular preparations were obtained to determine the
mitochondrial membrane potential (MMP) and mitochondria
and to determine respiration rates as previously described
[19, 25]. For that, mice (six pairs of 13–15-month-old and
six pairs of 21–22-month-old hemizygous P301L tau and
WT control mice) were sacrificed by decapitation and brains
quickly dissected on ice. The cerebellum and one cortical
hemisphere (the other hemisphere was directly used for
preparation of isolated mitochondria for mitochondrial
respiration) were separately minced into 1 ml of medium I
(138 mM NaCl, 5.4 mM KCl, 0.17 mM Na2HPO4, 0.22 mM
K2PO4, 5.5 mM glucose, 58.4 mM sucrose, pH 7.35) with a
scalpel and further dissociated by trituration through a nylon
mesh (pore diameter 1 mm) with a pasteur pipette. The
resulting suspension, which contained both neuronal (about
72%) and glial cells (about 26%), was filtered by gravity
through a fresh nylon mesh with a pore diameter of 102 μm,
and the dissociated cell aggregates were washed twice with
medium II (110 mM NaCl, 5.3 mM KCl, 1.8 mM
CaCl2·H2O, 1 mM MgCl2·6 H2O, 25 mM glucose, 70 mM
sucrose, 20 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 7.4) by centrifugation (400×g for
3 min at 4°C). One hundred microliters of the suspension
were used for protein determination. After centrifugation,
cells were resuspended in 3 ml DMEM, and then aliquots of
100 μl were distributed per well in a 48-well plate for
measurement of the mitochondrial membrane potential. The
preparations of cerebellar and cortical cells from P301L tau
transgenic mice and WT littermate controls (cross-over
design) were made within 2 h under the same conditions
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and in parallel and maintained at 37°C in a humidified
atmosphere of 5% CO2/95% air. Viability was found to be
>90% using the MTT assay and trypan blue stain exclusion
test. Data are expressed as fluorescence units per milligram
protein.
Determination of the mitochondrial membrane potential
The membrane potential of the inner mitochondrial membrane
was measured using the rhodamine 123 (Molecular Probes,
Leiden, Netherlands) dye added to the cell culture medium at
a final concentration of 0.4 μM for 15 min. Cells were washed
twice with Hank’s balanced salt solution (Sigma, Germany),
and fluorescence was determined with a Victor2 multiplate
reader (Perkin Elmer, Rodgau-Jügesheim, Germany) at 490/
535 nm (Ex/Em). Loading capacity of the dye within the
membrane decreases when the mitochondrial membrane
potential declines after damage, e.g., exposure to Aβ42. For
the secondary insult with Aβ42, cells were incubated for 4 h
with the different types of preparation as described above. For
this purpose, monomeric and oligomeric preparations were
handled with specific care to avoid destabilization of
conformation. Thus, frozen aliquots were quickly thawed
and immediately diluted to the final assay concentration
(maximal incubation time at 37°C for 4 h only within the
nanomolar concentration range ≤100 nM). Since pre-experiments had shown that a maximum effect of fibrillar Aβ42
with regard to a reduction of MMP was reached at a
concentration of 50 nM whereas 100 nM did not further
decrease MMP (data not shown), the latter concentration was
omitted due to limited brain material.
Preparation of isolated mitochondria
Mice were sacrificed by decapitation and one brain
hemisphere was rapidly dissected on ice and washed in
ice-cold buffer (210 mM mannitol, 70 mM sucrose, 10 mM
HEPES, 1 mM ethylenediamine tetraacetic acid (EDTA),
0.45% BSA, 0.5 mM DTT, protease inhibitor cocktail
(Complete tablets, Roche Diagnostics). After removing the
cerebellum and one cortical hemisphere for the determination of the membrane potential (see above), the second
cortical hemisphere was homogenized in 2 ml buffer with a
glass homogenizer (10 to 15 strokes, 400 rpm) followed by
centrifugation at 1,400×g for 7 min at 4°C, to remove
nuclei and tissue particles. This low speed centrifugation
step was repeated once with the supernatant. Then, the
supernatant fraction was centrifuged at 10,000×g for 5 min
at 4°C to pellet mitochondria. The resulting pellet was
resuspended in 1 ml ice-cold buffer and centrifuged again at
800×g for 3 min at 4°C. Finally, the mitochondria-enriched
supernatant was centrifuged at 10,000×g for 5 min at 4°C to
obtain a mitochondrial fraction. This fraction was resus-
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pended in 100 μl of ice-cold buffer and stored at 4°C until
use, followed by determination of protein content.
Mitochondrial respiration
The rate of mitochondrial respiration was monitored at 25°C
using an Oxygraph-2k system (Oroboros, Innsbruck, Austria)
equipped with two chambers and DatLab software. Mitochondria (0.5 mg) were added to 2 ml of a buffer containing
65 mM sucrose, 10 mM potassium phosphate, 10 mM Tris–
HCl, 10 mM MgSO4, and 2 mM EDTA (pH 7.0). State 4
respiration was measured after adding 40 μl malate/
glutamate (240 mM/280 mM; assay concentration 4.8/
5.6 mM). Then, 10 μl adenosine diphosphate (ADP;
100 mM; assay concentration 0.5 mM) was added to
measure state 3 respiration. After determining coupled
respiration, 1 μl carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, 0.1 mM; assay concentration
0.05 nM) was added to the reaction chamber, and respiration
measured in the absence of a proton gradient. To inhibit
complex I activity, a total volume of 3 μl (2+1 μl) rotenone
(0.1 mM; final concentration 0.15 nM) was added. Then,
10 μl succinate (1 M; final concentration 5 mM) was added
and complex II-dependent respiration was measured. Finally,
8 μl KCN (0.5 M; assay concentration 2 mM) was added to
inhibit complex IV activity. P301L tau transgenic and WT
mitochondria were measured in parallel using the same
conditions (cross-over design in the two chamber system).
On a routine basis, the intactness of mitochondria was
confirmed by addition of cytochrome c (10 μM). To test the
effect of Aβ42 on mitochondrial respiration, isolated
mitochondria were exposed to different types of Aβ42
preparations (5 μM) or vehicle on ice. Then, the mitochondria suspension was added into the chamber (final concentration of Aβ42 preparation 100 nM).
Statistical analysis
Data are represented as mean ± SEM. For statistical
comparison, two-way ANOVA followed by post hoc t test
was used. Only p values less than 0.05 were considered
statistically significant.

Results
We previously reported a mitochondrial dysfunction in
P301L tau transgenic mice that is not caused by alterations
in numbers of mitochondria [19]. Furthermore, in aged
P301L tau mice, we had found a significantly reduced state
3 respiration, and thus markedly reduced respiratory control
ratio compared to age-matched WT mice. First evidence
was provided that a secondary insult with Aβ42 caused a
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Fig. 1

Characterization of Aβ42 species. a Coomassie Blue-stained
SDS-PAGE gel reveals predominantly monomeric Aβ42 (MW 4 kDa)
in the disaggregated (monomer) preparation. The preparation does
contain some heterogeneous Aβ peptides that migrate as trimers and
tetramers. Lane 1 Molecular weight marker, lane 2 5 μl of monomer
preparation. b Characterization of the globulomer preparation.
Coomassie Blue-stained SDS-PAGE gel reveals predominantly oligomeric Aβ42 (MW 50 kDa). Lane 1 Molecular weight marker, lane 2
after preparation (10 μl), lane 3 after concentration (0.5 μl), lane 4
after concentration and dialysis (0.5 μl), and lane 5 flow through
(10 μl). c, d Electron micrographs of negatively stained Aβ42
globulomers (c) and fibrils (d) reveal spherical aggregates or mature
amyloid fibrils, respectively. e–h ThT fluorescence emission and
Congo Red absorption in the presence (black line) and absence (gray
line) of globulomers (e, g) and fibrils (f, h). i, j ATR-FTIR spectra of
Aβ42 globulomers (i) and fibrils (j). FTIR spectra were normalized to
show equal intensity at the amide I′ maximum. The arrowhead points
at the peak at 1,693 cm −1, characteristic of oligomeric aggregates

higher reduction in membrane potential in P301L tau
mitochondria than in WT. Here, we aimed to determine
the relative toxicity of oligomeric compared to fibrillar
Aβ42 with regards to mitochondrial function, by testing
disaggregated (mainly monomeric), oligomeric, and fibrillar preparations of Aβ42.
Characterization of Aβ42 species
Monomeric Aβ42 was generated by an initial resuspension
of Aβ42 in 1,1,3,3,3 hexafluoro-2-propanol (HFIP) followed by two centrifugation steps. The majority of the
preparation was monomeric with some heterogeneous Aβ
peptides that migrated on SDS-PAGE as trimers and
tetramers (Fig. 1a). This preparation was, within the limits
of detection, free of oligomers (no band at 50 kDa) and
fibrils as confirmed by negative contrast electron microscopy (data not shown). Hence, this preparation was termed
‘disaggregated’.
The oligomeric preparation with an apparent molecular
weight of 50 kDa was generated by a series of concentration, centrifugation, and dialysis steps. Figure 1b shows a
Coomassie Blue staining of an SDS-PAGE gel after the
initial preparation of Aβ42 (10 μl, lane 2), after concentration (0.5 μl, lane 3), after concentration and dialysis
(0.5 μl, lane 4), and the flow through (10 μl, lane 5). After
concentrating the sample (lanes 3 and 4), the preparation
mainly consisted of oligomeric Aβ42, with monomeric
Aβ42 and trimers and tetramers being only a minor
contaminant. Negative staining electron microscopy
revealed fibril-free preparations of spherical aggregates
with a diameter of 2 to 5 nm (Fig. 1c). Aβ42 globulomers
bind weaker to the fluorescent amyloid-specific dye
thioflavine T (ThT) compared to mature fibrils, as indicated
by the smaller fluorescence intensity signal in the ThT
spectrum (Fig. 1e,f). Moreover, these aggregate species do
not exhibit an increased optical absorption when stained
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Fig. 2 Brain region-specific decrease of membrane potential after a
secondary insult with either oligomeric or fibrillar, but not disaggregated (mainly monomeric), Aβ. Different preparations of Aβ42 were
given to P301L tau transgenic and WT control brain cells and MMP
determined using the fluorescent dye rhodamine 123. a Disaggregated
Aβ42 added at the concentrations indicated for 4 h did not reveal
differences in membrane potential between cortical brain cells of
P301L transgenic and control cells. b Fibrillar preparations of Aβ42
caused a reduced membrane potential at 50 nmol/l for P301L tau and
WT cells (*p<0.05 vs. untreated corresponding control cells). P301L
tau showed a significantly reduced MMP at a concentration of
50 nmol/l Aβ42 compared to WT control mice (#p<0.05) as shown

previously. Two-way ANOVA revealed a significant difference
between both groups (p<0.05). c Oligomeric (globulomeric) preparations of Aβ42 caused a reduced membrane potential at 50 and
100 nmol/l for WT cells and at 100 nmol/l for P301L tau cells (*p<
0.05 vs. corresponding untreated control cells). P301L tau showed a
significantly reduced MMP at a concentration of 50 nmol/l oligomeric
Aβ42 compared to WT control mice (##p<0.01). Two-way ANOVA
revealed a significant difference between both groups (p<0.05). d
Different from the cortical preparations, cerebellar preparations
obtained from P301L mice are resistant to the effects of all forms of
Aβ42. a–d Values represent means ± SE from n=5–6 animals per
group. All experiments were performed in duplicates

with Congo Red (Fig. 1g). The FTIR spectrum of the Aβ42
globulomers provides further information on their secondary structure (Fig. 1i). The maximum of their amide I′ band
is at 1,628 cm−1 and, therefore, within the range that is
typically observed for β-sheet-rich amyloid fibrils [28].
However, the FTIR spectrum of the globulomers shows a
clearly resolvable peak at 1,693 cm−1, which has also been
observed for Aβ40 oligomeric aggregate species and might
indicate antiparallel β-sheet structure [29]. For the globulomers, the contribution of the main peak at 1,628 cm−1 to
the amide I′ band is smaller than for Aβ42 fibrils,
suggesting that they contain less β-sheet structure.

Natural human Aβ oligomers are formed soon after
generation of the peptide within specific intracellular
vesicles and are subsequently secreted from the cell [30].
Previous studies have shown that these Aβ42 globulomers,
as they have been also termed, are a persistent structural
entity formed independently of the fibrillar aggregation
pathway [24]. These preparations are a potent antigen in
mice and rabbits eliciting the generation of Aβ42 globulomer-specific antibodies that do not cross-react with the
full-length amyloid precursor protein APP, Aβ40, and
Aβ42 monomers or Aβ fibrils. Furthermore, Aβ42
globulomers have been shown to bind specifically to
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dendritic processes of neurons but not glia in primary
hippocampal cultures and to completely block long-term
potentiation (LTP) in rat hippocampal slices [30].
Fibrillar Aβ42 was obtained by resuspension of Aβ42 in
TBS and an incubation at 37°C for 24 h as described [16,
25]. Negative staining electron microscopy clearly shows
mature, twisted Aβ42 fibrils with a width of 6 to 12 nm
(Fig. 1d). Aβ42 fibrils show amyloid-typical tinctorial
properties upon binding to ThT and CR (Fig. 1f,h). The
fluorescence intensity of ThT at 482 nm and the CR
absorption increase substantially in the presence of Aβ42
fibrils. Moreover, the maximum of the CR absorption is
shifted from 497 to 513 nm, as typically observed for
amyloid fibrils [29]. The amide I′ band of the fibrils also
has its maximum at 1,628 cm−1 and suggests the presence
of an amyloid-like extended β-sheet structure in Aβ42
fibrils (Fig. 1j). Within the limits of detection, this
preparation was free of oligomers (data not shown).
Both oligomeric and fibrillar Aβ42 cause a decreased
membrane potential in P301L tau cortical preparations
We dissected the cerebellum and two cerebral brain
hemispheres from 6 P301L transgenic and six nontransgenic control WT littermates at 13–15 months of
age. The cerebellum and one cerebral hemisphere were
triturated separately to obtain cellular preparations to
determine the mitochondrial membrane potential. The
second cerebral hemisphere was used to prepare isolated
mitochondria to determine the rate of mitochondrial
respiration. Brain cells and isolated mitochondria from
the same animals were treated in parallel with the different
Aβ42 preparations.
Basal MMP of cortical brain cells was already reduced
in 13–15-month-old P301L tau compared to WT mice (+p<
0.05; Fig. 2a). Treatment of cortical preparations with
monomeric Aβ42 at a concentration ranging from 0 to
100 nmol/l had no effect on the MMP when P301L tau
preparations were compared with non-transgenic WT
littermate controls (Fig. 2a). In contrast, 50 nmol/l of
fibrillar Aβ42 induced a marked impairment for both the
wild-type and P301L neuronal preparations (Fig. 2b).
Consistent with our previous findings [12], the Aβ42 insult
resulted in a higher reduction in MMP in P301L tau
mitochondria compared to WT (#p≤0.05; Fig. 2b). When
we tested oligomeric preparations, these had a marked
effect on the MMP. WT preparations showed a reduced
MMP with 50 and 100 nmol/l of oligomeric Aβ42. Cortical
preparations from P301L mice showed an even more
pronounced reduction of the MMP at 100 nmol/l (Fig. 2c).
Again, P301L mitochondria showed a significantly reduced
MMP compared to that of WT mitochondria after treatment
with 100 nmol/l of oligomeric Aβ42 (##p<0.01; Fig. 2b).
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We conclude from this that cortical preparations of both
WT and P301L tau transgenic mice are susceptible to Aβ42
preparations, be they oligomeric or fibrillar in nature.
Importantly, when we looked at cerebellar preparations,
they were resistant to all three types of Aβ42 preparations
in as much as they showed no impairment of the MMP
(Fig. 2d). This finding underscores the concept of selective
vulnerability in neurodegeneration. For example, for the
Aβ-associated pathology in AD, five phases have been
defined, with only the final fifth phase being characterized
by Aβ deposition in the cerebellum [31, 32]. Similarly,
NFTs are found in the cerebellum only in the final stages of
AD, and in FTD, they are also not frequently encountered
[33]. The mechanisms underlying selective vulnerability in
AD and FTD are largely unknown, and several hypotheses
have been put forward. Interestingly, one of the factors
determining which cells die first when different types of
cells are exposed to the same stress may be variations in
mitochondrial composition [34].
Reduced state 3 respiration, respiratory control ratio,
and uncoupled respiration in P301L tau mice
We have previously shown a significantly reduced state 3,
but not state 4, respiration in aged (24-month-old) P301L
tau transgenic compared to age-matched WT mice; this led
to a markedly reduced respiratory control ratio [19].
In the present study, we restricted our analysis to the
effects of oligomeric and fibrillar Aβ, determining state 3
and 4 respiration, the respiratory control ratio, and
uncoupled respiration. The addition of malate and glutamate to coupled brain mitochondria, which fuel the
mitochondrial NADH-generating system, allowed the analysis of the complex I-dependent respiration (Fig. 3a,b).
State 3 respiration measures the capacity of mitochondria to
metabolize oxygen and the selected substrate in the
presence of a limited quantity of ADP, which is a substrate
for adenosine triphosphate (ATP) synthase (complex V).
State 4 respiration measures respiration when all ADP is
exhausted and is associated with proton leakage across the
inner mitochondrial membrane. Therefore, it represents a
“basal-coupled” rate of respiration. We found that whereas
state 4 respiration remained unchanged with NADHgenerating substrates in P301L tau mice and WT controls
(Figs. 3b and 4a), a significantly reduced state 3 respiration
could be observed in cortical mitochondria of 13–15-month-old
P301L tau mice treated with Aβ42 (Figs. 3b and 4b).
Consistent with our MMP findings, WT mitochondria
exhibited a reduced sensitivity to Aβ42 insults compared
to P301L mitochondria (two-way ANOVA p<0.05). State 3
respiration was significantly reduced after treatment with
oligomeric Aβ42. A similar trend was also seen after
exposure to Aβ42 fibrils. We have previously shown that
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Fig. 3 Respiration of mitochondria isolated from cortical brain cells
of P301L tau mice upon exposure to different Aβ preparations using
an oxygen electrode. a Representative diagram of measurement of
oxygen (O2) consumption in mitochondria from a 15-month-old
P301L tau mouse demonstrating a decrease in the total O 2
concentration with time. b Isolated mitochondria from 13- to 15month-old mice were exposed to different preparations of Aβ. Then,
mitochondria were added to the chamber and oxygen (O2) flux and
consumption by mitochondria (mito) was measured after adding
different agents (marked by arrows): malate/glutamate (mal/glu; state
4), ADP (state 3), FCCP, rotenone (rot), succinate (suc), and KCN.

State 4 was measured after adding malate/glutamate. Then, ADP was
added to measure state 3 respiration. After determining coupled
respiration, FCCP was added and respiration was measured in the
absence of a proton gradient. To inhibit complex I activity, rotenone
was added. Then, respiration was measured after adding succinate.
Finally, complex IV activity and O2 consumption was inhibited by
treatment with KCN. Two-way ANOVA reveals a reduced state 3 and
uncoupled respiration in the presence of either fibrillar or oligomeric
Aβ42 (p<0.05) Values represent means ± SE from n=5–6 animals per
group. All experiments were performed in duplicates

state 3 respiration is reduced in cortical P301L tau
mitochondria compared to WT controls reflecting reduced
complex I activity [19]. Thus, our data indicate that the
effect exerted by the presence of the P301L tau transgene
on state 3 respiration is exacerbated by Aβ42. The
respiratory control ratio is the ratio of state 3 to state 4
respiration, providing a measure for the efficiency of
coupling of the mitochondrial respiratory chain. The
respiratory control ratio is reduced in P301L tau mice
treated with either oligomeric or fibrillar Aβ42 indicating
that the relative efficiency of metabolic coupling of the
electron chain complexes is impaired by both types of
Aβ42 preparations (Fig. 4c).

We found in addition, after uncoupling with FCCP, that
the respiratory rate in the absence of a proton gradient, i.e.,
the ‘uncoupled respiration’, was significantly diminished in
13–15-month-old P301L tau mice after incubation with
either oligomeric or fibrillar preparations of Aβ42 (Figs. 3b
and 4d) indicating a reduced maximum capacity of the
electron transport chain. After complete inhibition of
complex I with rotenone, succinate was added as a substrate
for complex II. When the succinate-dependent respiration
was normalized to the uncoupled complex I-dependent
respiration in the respective experiments, there was no
significant difference between treated and untreated P301L
tau transgenic mitochondria (Fig. 3b). This indicates that
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Fig. 4 Reduced state 3 respiration, RCR (respiratory control ratio),
and uncoupled respiration in P301L tau mice. a In mitochondria from
13- to 15-month-old P301L tau transgenic mice, neither fibrillar nor
oligomeric preparations of Aβ42 cause reductions of state 4
respiration. b State 3 respiration, however, was significantly reduced
after treatment with oligomeric Aβ42 in P301L tau cells (+p<0.05).
Two-way ANOVA reveals a significant difference between both
groups with regard to the vulnerability of mitochondria to the
damaging effects of Aβ42 (p<0.05) that is significantly increased in
P301L tau mice. c Reduced respiratory control ratio in 13–15-month-

old P301L tau mitochondria indicating an impaired efficiency of
electron transport in the presence of either oligomeric or fibrillar
Aβ42 (two-way ANOVA p<0.05, post hoc testing revealed +p<0.05
vs. WT). d Reduced uncoupled respiration in 13–15-month-old P301L
tau mitochondria in the presence of either oligomeric or fibrillar Aβ42
(two-way ANOVA p<0.01, post hoc testing revealed +p<0.05 vs.
oligomeric Aβ42-treated WT and ++p<0.01 vs. fibrillar Aβ42-treated
WT). a–d Values represent means ± SE from n=5–6 animals per
group. All experiments were performed in duplicates

neither complex II nor complex III and IV are decisively
impaired by Aβ42. In accordance with the respiratory
control ratio, we have previously shown that ATP levels of
cerebral cells were unchanged in 12-month-old P301L tau
transgenic mice, but significantly reduced with aging [19].
Previous studies using homogenates of fresh samples of
frontal neocortex from patients with dementia and neurosurgical controls suggested partial mitochondrial uncoupling in disease as the ratio of oxygen uptake rates in the
presence and absence of ADP was significantly reduced for
the dementia patients compared with controls [35]. These in
vitro results indicate that metabolic changes may be
relevant to the pathogenesis of AD and related dementias
[36].
Together, our results suggest that P301L tau mice exhibit
an initial defect in mitochondrial function with reduced

complex I activity, which is exacerbated by the presence of
either oligomeric or fibrillar Aβ42.
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Aging increases the sensitivity of mitochondria
to oligomeric Aβ damage
Mitochondrial respiratory chain failure has been implicated
as a factor in general aging and is likely to have a greater
effect in tissues with a high dependency on energy
generated through oxidative phosphorylation such as the
brain [37]. We have previously shown that aging contributes to the mitochondrial dysfunction in P301L tau mice
[19]. Furthermore, we had found a 62.3% reduction of
complex V levels in human FTDP-17 brains obtained from
carriers of the P301L mutation, compared to control brains
[19]. The decreased levels of complex V in human P301L
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from 21–22-month-old P301L tau transgenic mice following incubation with disaggregated (mainly monomeric),
oligomeric, and fibrillar Aβ42 (Fig. 5). Again, treatment of
cortical preparations with disaggregated Aβ42 at a concentration ranging from 0 to 100 nmol/l had no effect on the
MMP when P301L tau preparations were compared with
non-transgenic WT littermate controls (data not shown).
Fibrillar Aβ42 significantly reduced MMP at a concentration of 50 nmol/l, similar to what we had found in 13–15month-old cortical brain cells from P301L and WT mice
(Fig. 5a). In contrast, oligomeric Aβ42 reduced MMP
already at a concentration of 25 nmol/l in cortical WT and
P301L brain cells (Fig. 5b) indicating that not the extent of
mitochondrial damage but the vulnerability to Aβ42
toxicity is enhanced. Notably, cerebellar preparations did
not show an age-related change in the sensitivity to all three
types of Aβ42 preparations in as much as they showed no
impairment of the MMP emphasizing again the concept of
selective vulnerability in AD (data not shown).
Together, aging increased sensitivity of cortical mitochondria to Aβ damage. This is in agreement with studies
in APP transgenic mice [25] as well as in primates, where
complex I activity had been shown to be reduced with
aging [38]. Thus, aging potentially intensifies complex I
activity defects in the P301L tau mice.

Discussion
Fig. 5 Aging increases sensitivity of mitochondria to oligomeric Aβ
damage. a For P301L tau and WT cells from 21- to 22-month-old
mice, fibrillar preparations of Aβ42 cause a reduced membrane
potential at 50 nmol/l (*p<0.05 vs. untreated corresponding control
cells). P301L tau showed a significantly reduced MMP at a
concentration of 50 nmol/l Aβ42 compared to WT control mice
(#p<0.05). Two-way ANOVA revealed a significant difference between
both groups (p<0.05). b Oligomeric (globulomeric) preparations of
Aβ42 caused a reduced membrane potential at 25, 50, and 100 nmol/
l for old WT cells and P301L tau cells from 21- to 22-month-old mice
(*p<0.05, **p<0.01, ***p<0.001 vs. corresponding untreated control
cells). P301L tau showed a significantly reduced MMP at a concentration of 25 and 100 nmol/l Aβ42 compared to WT control mice (#p<
0.05). Two-way ANOVA revealed a significant difference between both
groups (p<0.01). a, b Values represent means ± SE from n=5–6
animals per group. All experiments were performed in duplicates

FTDP-17 brains confirmed our proteomics observation
made in the P301L tau transgenic mice and suggested that
the P301L mutant tau pathology causes potentially a
specific mitochondrial dysfunction in humans as well as
in mice [19].
To address the toxicity of Aβ in our experimental
system, we determined the MMP not only with mitochondrial preparations obtained from 13–15-month-old, but also

Our findings first of all support the notion of a toxic role of
Aβ in respiration and, together with our previous findings,
antioxidant defense mechanisms [19, 25, 39]. Secondly,
they reveal a role for tau in mitochondrial dysfunction.
Thirdly, our experiments extend our previous findings that
treatment of PC12 cells with extracellular Aβ causes a
significant decrease in mitochondrial membrane potential
[40]. Finally, our results in P301L tau mice indicate the
effects of both fibrillar and oligomeric Aβ on mitochondrial
function of cortical brain cells at very low and physiological relevant concentrations within the nanomolar range and
within a very short time frame (incubation time 4 h)
indicating early and chronic alterations of mitochondrial
functions that may impact overall neuronal homeostasis. In
a related study, acute treatment of human cortical neurons
with oligomeric Aβ (5 μM) for only short periods was
shown to be sufficient to activate a mitochondrial apoptotic
death pathway [41].
How does Aβ exert its effect on mitochondria?
Interaction of Aβ with Aβ binding alcohol dehydrogenase
(ABAD), a short-chain alcohol dehydrogenase in the
mitochondrial matrix, has been shown to lead to mitochondria failure, e.g., mitochondrial membrane permeability and
reduction of the activities of enzymes involved in mito-
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chondrial respiration [42]. ABAD also binds to oligomeric
Aβ42 that has been found in cortical mitochondria of APP
transgenic mice [43]. Protease sensitivity assays suggest
that Aβ gains access to the mitochondrial matrix rather than
simply being adsorbed to the external surface of mitochondria [44]. This may explain how Aβ42 affects mitochondrial membrane potential and respiration. In our studies,
however, we did not determine whether there is a direct
interaction between Aβ and mitochondria, nor whether
extracellular Aβ is taken up by the neurons. It is very likely
that within the short time frame of our experiments (i.e.,
4 h) very little Aβ42 is taken up at all. The effects of this
putatively minor fraction cannot be discriminated from that
elicited by the majority of Aβ that is not taken up.
Therefore, our experimental design does not allow drawing
any conclusions concerning the role of intracellular Aβ in
mitochondrial dysfunction. In any case, it is generally not
understood how Aβ exerts its toxicity in other experimental
paradigms, whether it is receptor mediated and if so
whether it requires uptake of Aβ by nerve terminals and
retrograde transport, whether it is dependent on pore
formation and calcium ion influx, or whether it is related
to damage to nerve terminals, by interacting with the lipid
bilayer [45]. It has been hypothesized that oligomeric Aβ,
with its sharp morphology in contrast to monomeric Aβ,
has the ability to permeabilize cellular membranes and lipid
bilayers thereby entering organelles, such as the mitochondria [46, 47]. Of note, early reports about the action of
aggregated Aβ on membranes implicate increased membrane permeability elicited by fibrils [48, 49]. These
mechanisms might explain why aggregated Aβ preparations elicit effects on mitochondrial function, but not
disaggregated Aβ.
The differences we found between the effects of fibrillar
and oligomeric Aβ are subtle. In a related study, their
effects have been dissected from monomers. Cell medium
containing oligomers and abundant Aβ monomers, but not
amyloid fibrils, were microinjected into rat brain and shown
to markedly inhibit hippocampal long-term potentiation
[30]. Immunodepletion from the medium of all Aβ species
completely abrogated this effect. Pretreatment of the
medium with insulin-degrading enzyme, which degrades
Aβ monomers but not oligomers, did not prevent the
inhibition of LTP, indicating a role for Aβ oligomers. These
were shown to disrupt synaptic plasticity in vivo at
concentrations found in human brain and cerebrospinal
fluid, in the absence of monomeric or fibrillar amyloid.
When cells were treated with γ-secretase inhibitors at doses
which prevented oligomer formation but allowed appreciable monomer production, this no longer disrupted LTP,
indicating that synaptotoxic Aβ oligomers can be targeted
therapeutically [30, 50]. In Neuro-2A cells, oligomers were
shown to induce a tenfold greater increase in neurotoxicity
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as compared to fibrils [51]. However, whereas LTP seems
to be inhibited by oligomeric Aβ only and not by fibrillar
Aβ, in a different experimental paradigm, as in our study,
the two species seem to have both toxic, yet diverse effects
[52]. Using rat astrocyte cultures, oligomeric Aβ42 was
shown to induce initial high levels of the pro-inflammatory
molecule IL-1β that decreased over time, whereas fibrillar
Aβ caused increased levels over time [52]. Oligomeric, but
not fibrillar Aβ, induced high levels of iNOS, NO, and
TNFα, suggesting that oligomers induce a profound, early
inflammatory response, whereas fibrillar Aβ shows less
increases of pro-inflammatory molecules, consistent with a
more chronic form of inflammation [52]. Similarly, in our
experimental paradigm, we found toxic effects of both
fibrillar and oligomeric Aβ, but those of oligomeric Aβ
were more pronounced.
The presence of the pathogenic P301L mutation of tau
severely increased the susceptibility of mitochondria to Aβ
preparations. How tau accumulation is mediating these
changes is unclear. Overexpression of wild-type tau in cell
culture has been shown to impair plus-end-directed axonal
transport resulting in a reduction of mitochondria [53].
However, this is unlikely the case for P301L tau mice, as
mitochondrial neuritic numbers counted proximal or distal
to the cell body, did not vary significantly compared to
numbers in WT mice, [19]. Also, the total amount of
mitochondria has been shown to be unaltered in the
transgenic mice [19]. This is consistent with the finding
of similar numbers of mitochondria between NFT and nonNFT-bearing cells in AD [54]. It is likely that tau
accumulation has direct effects on the mitochondria as the
accumulation of increasingly insoluble ATP synthase αchain together with NFTs has been shown in AD brains
while detergent-soluble levels were reduced [55].
The synergistic effects of Aβ42 on mitochondria isolated
from P301L tau transgenic mice may seem subtle,
irrespective of whether they are incubated with fibrillar or
oligomeric Aβ42, but these effects are of in vivo relevance
as AD is a chronic and slowly progressive disease, with
time spans of up to several decades between Aβ and tau
aggregation and the onset of clinical symptoms.
In conclusion, we found that both fibrillar and oligomeric Aβ42 preparations impaired mitochondrial membrane potential and respiration. Furthermore, we revealed
the synergistic effects of Aβ42 and P301L tau (see also:
[56]). However, as aged cortical brain mitochondria showed
an increased sensitivity to oligomeric compared to fibrillar
Aβ, this suggests that oligomeric Aβ may be particularly
toxic. Although it is likely that oligomeric Aβ represents
the primary toxic insult, further experiments are needed to
substantiate this notion. Thus, there is increasing evidence
for different modes of toxic actions of Aβ suggesting that
in the development of treatment strategies, targeting either
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oligomeric or fibrillar Aβ may not be sufficient, but the
best approach is likely one that either prevents formation of
excess Aβ altogether or assists in its rapid clearance.
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Summary
This manuscript describes the selection of the conformation-sensitive amyloid
antibody domain B10 that can prevent A fibril formation by the stabilization of
protofibrillar structures. B10 recognizes different mature fibril morphologies, but does not
bind to A(1-40) oligomers with spherical morphology, although both species have a high
-sheet content. This finding indicates structural differences between A(1-40) oligomers
and fibrils that also manifest in differences of the interaction with amyloid dyes, the content
of antiparallel -structure or the morphology in electron microscopy.
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The formation of amyloid fibrils is a common biochemical characteristic that occurs in Alzheimer’s disease and several other amyloidoses. The unifying structural feature of amyloid fibrils is their
specific type of ␤-sheet conformation that differentiates these
fibrils from the products of normal protein folding reactions. Here
we describe the generation of an antibody domain, termed B10,
that recognizes an amyloid-specific and conformationally defined
epitope. This antibody domain was selected by phage-display from
a recombinant library of camelid antibody domains. Surface plasmon resonance, immunoblots, and immunohistochemistry show
that this antibody domain distinguishes A␤ amyloid fibrils from
disaggregated A␤ peptide as well as from specific A␤ oligomers.
The antibody domain possesses functional activity in preventing
the formation of mature amyloid fibrils by stabilizing A␤ protofibrils. These data suggest possible applications of B10 in the
detection of amyloid fibrils or in the modulation of their formation.

can have very high affinity or specificity. In addition, they are
readily available for genetic manipulations, large-scale expression and detailed functional analysis (19, 20). Selection can be
carried out in the presence of two competing antigens, thereby
eliminating unwanted cross reactivities. The library used in this
study is a fully synthetic library of camelid VHH-domains.
VHH-domains are the terminal Ig domains of heavy chain
antibodies from camelidae (camels, dromedaries, etc.). These
antibodies do not contain a light chain (21, 22), and all antigen
specificity is encoded within a single polypeptide chain. This
situation is of advantage for phage display. We have selected
from this library the conformation-sensitive VHH-domain B10,
which recognizes specifically amyloid fibrils from Alzheimer’s
A␤ peptide. However, B10 binds only weakly to the freshly
dissolved, disaggregated peptide or some A␤ oligomers.
Results

neurodegeneration 兩 prion 兩 protein folding

A

myloidoses are a group of conformational diseases where
natural polypeptide chains do not fold up into their respective native states but form, instead, fibrillar aggregates termed
‘‘amyloid fibrils’’ (1, 2). These fibrils occur inside the body
associated with aging or a number of diseases, such as Alzheimer’s, atherosclerosis, AA, and AL amyloidosis (2–4). All
amyloid fibrils possess the same basic conformational arrangement, termed cross-␤. This structure consists of ␤-sheets with
␤-strands oriented perpendicular to the main fibril axis (5). A
considerably diverse number of polypeptide sequences can promote amyloid fibril formation, including even cases where
normal protein folding would lead to an ␣-helical globular state,
e.g., myoglobin (6).
The conformational difference between native proteins and
amyloid fibrils raises possibilities to discriminate between these
states with conformation-sensitive (or ‘‘conformational’’) antibodies. Such methods of detection are potentially important for
clinical amyloid diagnosis, basic research, and therapy. Indeed,
active or passive vaccination strategies are currently explored for
the treatment of amyloid-related diseases (7, 8), including AL
amyloid (9), Alzheimer’s (10), and prion diseases (11, 12).
Vaccination was found to lead also to conformational antibodies
(13–15). These or other vaccination-derived antibodies have
been shown to prevent aggregation (10), clear preexisting tissue
deposits (10), repress prion replication (16), or impair aggregate
cytotoxicity (13, 17, 18).
Here we describe the generation of a conformation-sensitive
and amyloid-specific antibody domain that was selected from a
recombinant antibody domain library. Recombinant libraries
represent a modern and cost-effective source for the generation
of proteinaceous binders. Binders derived from such libraries
19232–19237 兩 PNAS 兩 December 4, 2007 兩 vol. 104 兩 no. 49

Conformational Specificity of B10. B10 was selected based on its
affinity for mature A␤(1–40) amyloid fibrils. Selection was
carried out by immobilizing partially biotinylated fibrils at the
surface of streptavidin-coated paramagnetic beads. Addition of
a 10-fold molar excess of disaggregated A␤(1–40) peptide to the
supernatant ensured the removal of sequence-specific binders
together with unbound phages. After three panning cycles, four
dominant VHH-domains prevailed. These VHH-domains were
expressed periplasmatically in Escherichia coli, purified, and
analyzed with surface plasmon resonance (SPR). Streptavidincoated sensor chips were coupled with partially biotinylated
A␤(1–40) amyloid fibrils or disaggregated A␤(1–40) peptide.
SPR reveals that three of the four VHH-domains interact
significantly with streptavidin (data not presented), whereas the
fourth domain (B10) shows specificity for amyloid fibrils.
From SPR data, we calculated an apparent dissociation constant (KD) of 475 ⫾ 54 nM for fibril binding and a molar
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Fig. 1. Conformational sensitivity of B10AP. (a) B10 homology model based on the coordinate file 1ZVH.pdb (45). Complementarity determining regions 1–3
are shown in green (CDR1), red (CDR2), and blue (CDR3). (b) Surface plasmon resonance sensorgrams of 100 nM 22C4 (blue) or B10AP (red) to biosensors covered
with fibrils or disaggregated A␤(1– 40). (Lower) The blue curve is scaled to 1/10th of its original value. (c) B10AP staining of disaggregated and fibrillar A␤(1– 40)
blotted onto nitrocellulose, quantitated by densitometry. Standard error of mean from three experiments is shown. (d and e) Hippocampal sections from an
Alzheimer brain tissue (d) and a control case without clinical signs of dementia (e). B10AP staining is visualized with ‘‘Permanent Red’’ chromogene. Alzheimer
tissue shows B10AP-positive plaques (⬎10 m, arrow heads). ( f) Cell culture-derived amyloid plaques (46) stained with anti-A␤ (1–16), B10AP and Hoechst 33342
(cell nuclei). See SI Text for material descriptions (d–f ).

stoichiometry of A␤-binding of 1:10 (B10:A␤). This value is in
good agreement with the molecular dimensions of the B10
homology model (Fig. 1a) and current structural data on A␤(1–
40) fibrils. The three complementarity determining regions that
are responsible for the specificity of the VHH-domain span, in
B10 homology model, a distance of 31 Å. X-ray diffraction
measures, for A␤(1–40) amyloid fibrils, a peptide repeat of 4.76
Å (23). Hence, one molecule of B10 covers approximately seven
molecules of A␤(1–40). The slight deviation from the experimental 1:10 ratio is consistent with unoccupied binding sites and
imperfections in the B10 binding density. Genetic fusion of B10
to E. coli alkaline phosphatase, a homodimeric protein (24),
leads to a fusion protein dimer that is termed B10AP. B10AP
possesses divalent binding characteristics, along with an improved fibril affinity (KD: 7.22 ⫾ 0.97 nM) (Fig. 1b). Neither
B10AP (Fig. 1b) nor B10 show significant interactions with
disaggregated A␤(1–40) peptide. They both differ from sequence-specific antibodies, such as 22C4 (Fig. 1b) or 4G8 (not
presented), that interact with amyloid fibrils and disaggregated
A␤(1–40) peptide. The fibril affinity of B10AP is significantly
higher (KD value ⬇ 7 nM) than that of conventional amyloid
fibril ligands, such as serum amyloid P component (⬇1 M) (3),
Congo red (0.1–1.6 M) (25, 26), or thioflavin T (ThT) (0.5–2
M) (27).
The phosphatase moiety of B10AP facilitates detection in
immunoblots or immunohistochemistry. Spotted onto nitrocellulose, B10AP detects A␤(1–40) amyloid fibrils in quantities of
⬎50 ng (Fig. 1c). B10AP staining of hippocampal sections from
confirmed Alzheimer’s cases shows plaques with diameters ⬎10
m (Fig. 1d). Eleven of 12 confirmed Alzheimer’s cases show
Habicht et al.
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plaque staining with B10AP. None of the 10 age-matched
controls produces this effect (Fig. 1e). B10AP detects large
cell-culture derived A␤ plaques and immuno-doublestaining
shows clear colocalization with a sequence-specific anti-A␤
antibody (Fig. 1f ). Smaller A␤ assemblies stain more heterogeneously. We conclude that the B10-epitope is conformationally
defined and specific for amyloid fibrils. The fact that B10AP
recognizes amyloid fibrils formed in vitro or in vivo implies that
A␤ amyloid fibrils of either origin share the same basic conformation and surface texture.
The B10-Epitope Is Common to Different Amyloid Fibrils. B10AP binds

several different amyloid fibrils. It recognizes fibrils that were
grown from A␤(1–40) in vitro under different conditions of incubation, such as in Hepes buffer (pH 7.4) or sodium borate (pH 9.0).
Furthermore, it binds to A␤(1–42) amyloid fibrils (Fig. 2a) and
tissue-extracted AA (derived from serum amyloid A protein) or AL
amyloid fibrils (derived from Ig light chains). Both precursor
sequences are not homologous to the A␤ sequence. Binding to
non-A␤ fibrils can be demonstrated by immunoblot (Fig. 2a) or
SPR [supporting information (SI) Fig. 5]. Although B10 binds
obviously to all analyzed amyloid samples, the B10-epitope density
and B10AP staining intensity varies for different fibrils (Fig. 2a).
These data show that B10 recognizes an epitope that is common to
different amyloid fibrils, if not generic. Binding to AL and AA
amyloid can be competed by preincubation of B10AP with A␤
fibrils (Fig. 2b), indicating that all fibrils bind to the same structural
region of B10.
The B10 epitope is localized on the fibril structure with
transmission electron microscopy (TEM) and cerium phosphate
PNAS 兩 December 4, 2007 兩 vol. 104 兩 no. 49 兩 19233
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Fig. 2. The B10-epitope is common to different amyloid fibrils. (a) B10AP
staining of blotted A␤(1– 40) or A␤(1– 42) amyloid fibrils formed in vitro, or
amyloid fibrils extracted from the tissue of one AA amyloid case and two AL
amyloid cases (AL1 and AL2). (b) B10AP staining intensity of blotted AL1 fibrils
after preincubation of B10AP with A␤(1– 40) fibrils at different wt/wt ratio
(AL1 vs. A␤). Similar data were obtained also for AL2 and AA amyloid (not
presented). Error bars show standard error of mean (n ⫽ 6). (c and d) Cerium
phosphate staining at the lateral side of A␤(1– 40) fibrils decorated with
B10AP (c) or without B10AP (d). Cerium phosphate leads to a black precipitate.

staining. This method takes advantage of the ability of the
B10AP phosphatase moiety to catalyze the formation of cerium
phosphate, an electron-dense precipitate that accumulates in the
vicinity of the active site (28). Electron micrographs of fibrils
incubated with B10AP show cerium phosphate staining along
the entire fibril length (Fig. 2c); i.e., the B10-epitope occurs at
the fibril side and not only at the fibril ends. The cerium
phosphate stain is spread evenly at abundant levels along all
fibrils, indicating that substantial structural disruptions are
absent in these fibrils. Because this analysis was carried out with
a sample containing different fibril morphologies (SI Fig. 6),
these data imply also that B10AP can bind to different fibril
morphologies. No cerium phosphate staining is seen in B10APfree control samples (Fig. 2d).
B10 Binds Only Weakly to A␤ Oligomers. Next we have checked as
to whether B10AP interacts also with some nonfibrillar A␤
aggregates, sometimes termed also A␤‘‘oligomers.’’ These nonfibrillar aggregates show diameters from ⬇10 to 60 nm (Fig. 3a)
and interactions with A11 antibody (data not presented). Although different oligomer preparations differ in their B10
affinity, oligomers generally stain less well with B10AP than
fibrils (Fig. 3b). Analysis with far-UV circular dichroism (far-UV
CD) reveals that oligomers possess a very high ␤-sheet content,
similar to amyloid fibrils (Fig. 3c). These data show that B10 does
not recognize all types of aggregates equally well. Moreover,
presence of a ␤-sheet structure does not suffice to explain B10
binding. Consistent with this, several techniques demonstrate
structural differences between amyloid fibrils and oligomers.
Oligomers interact less well with amyloid-specific dyes, such as
ThT and Congo red (CR) (Fig. 3 e and f ) and attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy produces a slightly but significantly different amide I
19234 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0703793104

Fig. 3. B10AP interacts weakly with A␤(1– 40) oligomers. (a) TEM image of
A␤(1– 40) oligomers. (b) B10AP staining intensity of A␤(1– 40) amyloid fibrils
and oligomers. (c) Far-UV CD spectrum of 58 M oligomers. A single ellipticity
minimum at 217 nm is highly characteristic for ␤-sheet conformation. (d)
ATR-FTIR spectrum of 2 mg/ml amyloid fibrils in pure water (pH 7.0) and 1
mg/ml A␤(1– 40) oligomers (arrowhead shows peak at 1,693 cm⫺1). CD and
ATR-FTIR spectroscopy were carried out as described (44). (e and f ) Optical
absorption of CR (e) and fluorescence emission of ThT ( f) in the presence of
A␤(1– 40) fibrils, oligomers, and only buffer.

regions for the two types of aggregates (Fig. 3d). The amide I
region is informative about the conformation and structural
context of backbone peptide groups. Although the amide I
maxima of oligomers and fibrils (1,623 and 1,628 cm⫺1) are both
consistent with the presence of an amyloid-like, aggregated
␤-sheet conformation (29), only oligomers show a clearly resolvable peak at 1,693 cm⫺1. Such a peak is generally assumed
to indicate antiparallel ␤-sheet structure (30). A␤(1–40) amyloid
fibrils are usually believed to encompass parallel ␤-sheets (31).
B10 Prevents the Formation of Mature Amyloid Fibrils by Stabilizing
A␤ Protofibrils. A␤(1–40) amyloid fibrils form through a nucle-

ation-dependent reaction that involves the transient stabilization
of several metastable intermediates (32, 33). These intermediates can have the shape of short linear protofibrils that possess
smaller diameters than mature fibrils and a more curly appearance (34). The nucleation-dependence of amyloid fibril formation separates this process into two phases: the lag phase during
which the nuclei are formed and the growth phase when the
nuclei are extended into fibrils (32). Both phases are well
resolvable for incubation of A␤(1–40) peptide without B10AP
(Fig. 4a). However, dot blot experiments with B10AP measure
a shorter lag phase (5.9 h) than fluorescence measurements with
ThT (7.3 h). These data demonstrate the formation of B10epitopes at significant level before the formation of ThT-positive
fibrils. TEM analysis demonstrates small amounts of nonfibrillar
aggregates after 4 h, large quantities of fibrils after 18 h, and both
fibrils and nonfibrillar structures after 7 h (Fig. 4a). The apparent quantity of the nonfibrillar aggregates declines progressively
upon incubation.
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97 .

BIOCHEMISTRY

Dissertation • Jessica Meinhardt • Structural Polymorphism of Alzheimer’s Aβ Aggregates

Fig. 4. B10AP prevents mature fibril formation by stabilization of A␤(1– 40) protofibrils. (a) Kinetics of fibril formation monitored with ThT fluorescence at 490
nm (blue), B10AP immunoblots (green) and TEM from aliquots drawn at indicated time points. Data fit with a sigmoidal model (47). Incubation conditions: 1
mg/ml A␤(1– 40) in 50 mM Hepes (pH 7.4), 50 mM NaCl at 37°C. (b) A␤(1– 40) fibril formation in the presence of absence of B10AP monitored online with ThT
(37°C) and TEM. (c) ATR-FTIR spectra of B10AP and B10AP-stabilized A␤ protofibrils (1:10 B10AP:A␤ molar ratio). Arrowhead shows additional peak at 1,624 cm⫺1.
(d) x-ray diffraction image of fully hydrated B10AP-A␤ protofibril complex. (e and f ) ThT fluorescence emission (e) and CR absorption spectra ( f) of A␤(1– 40)
amyloid fibrils, fragmented amyloid fibrils, B10AP, B10AP-stabilized protofibrils, B10AP-decorated mature fibrils and dye in Hepes buffer. (g) TEM images of
mature fibrils before (Left) and after fragmentation by 1 x freezing (Right). (h) Digestion of 50 M freshly dissolved, disaggregated A␤(1– 40), B10AP-stabilized
protofibrils and mature A␤(1– 40) amyloid fibrils with 62.5 ng/ml proteinase K in 50 mM Hepes (pH 7.4), 50 mM NaCl, 37°C. Gel electrophoresis shows the
disappearance of the A␤(1– 40) band. (i) Total sample (T), soluble (S) and pellet fractions (P) of preformed A␤(1– 40) amyloid fibrils with or without B10AP after
incubation in 50 mM Hepes (pH 7.4), 50 mM NaCl (37°C) for 1 week and centrifugation (513.000 ⫻ g, 30 min). A␤ and B10AP lanes are cut out from a
Coomassie-stained denaturing gel.

Addition of B10AP to A␤(1–40) at 1:10 (B10:A␤) molar ratio
potently blocks the formation of ThT-positive fibrils (Fig. 4b)
and leads, instead, to the stabilization of much more irregular,
curvilinear fibrils, similar to what has been described as protofibrils (35, 36). The presently analyzed fibrils possess amyloidlike characteristics, evident from an ATR-FTIR peak at 1,624
cm⫺1 (Fig. 4c) and x-ray diffraction (Fig. 4d). Fully hydrated
protofibril-B10AP complexes show reflections at 4.62 ⫾ 0.02 and
9.88 ⫾ 0.05 Å, the characteristic spacings of an amyloid-like core
structure (5). Nevertheless, protofibril-B10AP complexes show
only small interactions with amyloid-specific dyes, such as ThT
or CR (Fig. 4 e and f ), consistent with previous reports about A␤
protofibrils (37). Control reactions show that their small ThT and
CR affinities cannot be explained with a steric hindrance due to
B10AP or with a short fibril length, because B10AP-decorated
mature fibrils and fragmented mature fibrils (Fig. 4g) produce
significant interactions with both dyes (Fig. 4 e and f ). Protofibril-B10AP complexes are more susceptible toward proteolytic
digestion than mature fibrils (Fig. 4h), consistent with a lower
structural compactness. Taken together, we conclude that
B10AP prevents the formation of mature A␤ amyloid fibrils by
arresting fibril formation at the protofibril stage. Finally, centrifugation (Fig. 4i) and TEM analysis (not presented) do not
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provide evidence that B10AP binding leads to a significant
disaggregation of preformed A␤ fibrils. B10AP differs in this
respect from some sequence-specific antibodies that were reported to induce the dissociation of preformed fibrils (38).
Discussion
We describe here the generation of the VHH-domain B10 that
binds conformationally specific to amyloid fibrils. B10 does not
recognize a certain polypeptide sequence and binds only to A␤
peptide when it is present in the form of amyloid fibrils or
protofibrils but not when it is freshly dissolved and putatively
monomeric. B10 recognizes amyloid fibrils derived from different polypeptide sequences, such as serum amyloid A protein and
Ig light chains (Fig. 2a). A similar sequence-independence is
described also for WO1 and WO2 antibodies (15). The observation that B10AP binds amyloid fibrils that were formed in vitro
or in vivo testifies to the notion that amyloid fibrils of either
origin share the same basic conformational arrangement.
Experiments in which B10AP is added to A␤ peptide under
the conditions of fibril formation show that B10AP possesses
functional activity in abrogating the formation of mature amyloid fibrils (Fig. 4). The ability of antibodies to interfere with
amyloid formation or pathogenicity has been rationalized prePNAS 兩 December 4, 2007 兩 vol. 104 兩 no. 49 兩 19235

2. Manuscripts

viously with opsonization (9), a ‘‘peripheral sink’’ mechanism
(10), the neutralization of cytotoxicity (13, 18), the interference
with the cellular processing or the trafficking of the A␤ precursor
protein (39), fibril destabilization, and the prevention of fibril
formation (17, 38, 40). Evidence for fibril destabilization was
provided mostly with binders that were sequence-specific or
conformationally sensitive for the native state of a protein (17,
38, 40). By contrast, amyloid-specific antibodies may be assumed
to rather stabilize these fibrils than to induce their disassembly.
Consistent with this, we do not observe any significant dissociation of preformed amyloid fibrils in the presence of B10AP
(Fig. 4i). Instead, B10AP prevents selectively the formation of
mature amyloid fibrils, whereas the formation of amyloid protofibrils is promoted.
Amyloid protofibrils have been defined as metastable aggregates that kinetically precede the thermodynamically more stable mature amyloid fibrils (35). The fact that B10AP binds either
structural state implies that protofibrils and mature fibrils possess the same surface texture. Whether mature fibrils form by
coalescence of protofibrils or by reassembly of the peptides after
secondary protofibril dissociation is not finally established.
Consistent with this, the present observations that B10AP
impairs the transition into mature fibrils can be explained with
an interference of B10AP with the association of protofibrils into
mature fibrils or with an abrogated protofibril dissociation upon
B10AP binding. Given the potential cytotoxicity of amyloid
protofibrils (33), it cannot be assumed that stabilizing protofibrils may be intrinsically more desirable than mature fibril
formation. However, the higher susceptibility of the former
toward proteolytic degradation suggests that B10AP-stabilized
protofibrils may be dealt with more readily by natural clearance
mechanisms than mature amyloid fibrils.
Finally, this work provides clear evidence that recombinant
libraries can be used to directly select conformationally specific
and proteinaceous binders of certain types of aggregates. This
approach represents a fast and cost-effective way for the generation of such highly specific binders. Moreover, it avoids
unnecessary animal experiments for antibody generation and
allows, by application of competitive selection conditions (that
are not available during animal vaccination), to fine-tune the
experimental conditions so that unwanted cross-reactivities can
be directly ruled out. Resulting binders can discriminate between
different conformational forms of the same polypeptide chain.
Potential fields of application of these binders include basic
research and diagnosis. Selected binders can potentially dissect
out discrete aggregate populations at the level of otherwise
transient conformational ensembles. Alternatively, they could
provide also efficient means of targeting specific pathologically
relevant aggregate forms in the course of new therapeutic
strategies.
Materials and Methods
Source of Amyloid Fibrils. A␤(1–40) peptide was obtained from
Jena BioScience and Bachem. Unless stated otherwise, fibrils
were obtained by incubation of 1 mg/ml A␤(1–40) peptide for 5
days in 50 mM Hepes with 50 mM NaCl (pH 7.4, 37°C) or 50 mM
sodium borate (pH 9.0, room temperature). A␤ (1– 42)
(Bachem) fibrils were grown at 0.2 mg/ml concentration in
borate buffer. AA and AL amyloid fibrils were purified according to Skinner (41), dissolved in H2O and sonicated for 1 min.
A␤(1– 40) Oligomer Preparation. A␤(1–40) (2.5 mg/ml) was dis-

solved in 100% 1,1,1,3,3,3-hexafluoro-2-propanol. After incubation for 15 min at room temperature, the solution was diluted
10-fold with H2O. After further incubation for 15 min (room
temperature) large aggregates were removed from the sample by
spinning down at 14,000 ⫻ g for 15 min.
19236 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0703793104

Selection and Purification of B10. Phage display was carried out
according to standard procedures (42, 43), using a fully synthetic
library of camelid VHH-domains generated in house and displayed on M13 phages (G.H. and U.H., unpublished data).
Biotinylated A␤(1–40) amyloid fibrils (SI Text) were immobilized on streptavidin-coated magnetic beads (Dynal). Panning
was carried out in 10 mM Hepes buffer (pH 7.4) containing 0.15
M NaCl and a 10-fold surplus of freshly dissolved A␤(1–40) in
the soluble phase. Blocking solutions contained additionally 2%
BSA (albumine fraction V protease free) or skim milk. After
three panning cycles, the DNA from several single phages was
isolated and sequenced. The predominant sequences were subcloned into p416His (for expression as single VHH-domain) and
pGH-AP (for expression as fusions with E. coli alkaline phosphatase) and expressed in E. coli TG-1 (Stratagene). Purification
of B10 and B10AP was carried out by nickel chelate chromatography, ion exchange chromatography and, for B10 only,
reversed phase chromatography.
SPR. N-biotinylated, disaggregated A␤(1–40) peptide or A␤(1–

40) fibrils (SI Text) were captured on different flow cells of a SA
sensor chip (Biacore). 22C4 and B10AP were injected in 10 mM
Hepes buffer (pH 7.4), 0.15 M NaCl, 3 mM ethylene-diaminetetraacetic acid, 5 M surfactant P20 at a flow rate of 10 l/min.
Regeneration was done with 10 mM glycine/HCl, 1 M NaCl (pH
1.5) for 1 min. KD values were calculated from the concentration
dependent steady-state binding of B10 or B10AP using the 1:1
steady-state affinity model. Molar stoichiometry of B10/A␤(1–
40) fibril complexes was estimated from the measured maximum
binding capacity of the fibril coated sensor surface, the response
level of immobilized A␤ fibrils, and the molecular mass of B10
(15725 Da) and A␤(1–40) (4330 Da).
Immunoblots. If not stated otherwise, 1 g of polypeptide was
blotted onto 0.45 m nitrocellulose membrane (GE Healthcare or
Schleicher & Schuell) and blocked with 2% BSA in Tris-buffered
saline (pH 7.4, TBS) at room temperature for 1 h. Equal loading was
confirmed with control membranes using Ponceau red or Coomassie staining. Membranes were washed twice in H2O and once
in TBST (TBS with 0.1% Tween 20) for 5 min before they were
incubated for 1 h at room temperature with 0.5 g/ml B10AP in
TBS. Competition studies were performed by preincubating
B10AP for 1 h with A␤(1–40) fibrils at 1:0.5, 1:5, and 1:10 wt/wt
ratios of AA or AL fibrils to A␤. Membranes were washed twice
with H2O and once TBST for 5 min. Alternatively, washing and
blocking may be performed in TBS containing 0.3 M NaCl. B10AP
binding was visualized with NBT/BCIP (Pierce). Densitometric
quantifications used TotalLab 100 software.
Electron Microscopy. For cerium phosphate staining, 8 g from a

1 mg/ml fibril solution were incubated with 10-fold molar excess
of B10AP (1 h, 4°C). Three microliters of the solution mix (32
g/ml) were applied onto a nickel grid to adhere for 30 sec. The
grid was rinsed five times to wash off unbound B10AP by rotating
the nickel grid magnetically on the surface of a 1-ml drop of
water/buffer. Cerium phosphate staining was performed by
incubating three times for 10 min in 3.5 mM cerium(III)chloride,
1.5 mM p-nitrophenylphosphate, 25 mM tricine, 30% sucrose in
50 mM glycine-NaOH buffer (pH 9.0) and rinsed with 25 mM
glycine-NaOH (pH 10.0) (28). Negative staining techniques are
described in ref. 23.
CR Absorption Spectroscopy. All spectra were recorded at room

temperature, using a Cary UV-VIS spectrophotometer. Samples contained 50 mM sodium borate (pH 9) or 50 mM Hepes
buffer (pH 7.4), 50 mM NaCl, 10 M CR with or without 5 M
B10AP. A␤ concentration was kept constant at 50 M A␤
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ThT Fluorescence. ThT spectra of single samples were recorded
at room temperature with a Shimadzu RF-5301PC f luorimeter
using an excitation wavelength of 482 nm and a cuvette with
5-mm path length. Samples contained 50 mM sodium borate
(pH 9) or 50 mM Hepes buffer (pH 7.4), 50 mM NaCl, 20 M
ThT, 5 M A␤ incorporated into oligomers, fibrils, fragmented fibrils, or fibrils decorated with 0.5 M B10AP. Online
ThT aggregation kinetics measurements (Fig. 4b) were carried
out in a 96-well format at 37°C as described (44) but with
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modifications. Pitch of the data points: 30 min. Incubation
conditions: 50 M A␤(1– 40), 50 mM Hepes, (pH 7.4), 50 mM
NaCl, 20 M ThT and different B10AP concentrations.
X-Ray Diffraction. Exposures were carried out as described (23)
using B10AP-protofibril complexes that were pelleted by ultracentrifugation and placed under buffer in a wax-sealed glass capillary.
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present either as fibrils, fragmented fibrils, or protofibrils (1:10
B10AP:A␤).
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Summary
This manuscript relates the detrimental effects of A(1-40) oligomers on hippocampal
long-term potentiation and synaptic contacts to their structural arrangement. The regions of
highest protection against hydrogen/deuterium exchange in the oligomers roughly
correspond to the core regions of the fibrillar -sheet structure, indicating a structural
relationship of both species. However, increased dynamics and subtle structural differences
might confer the oligomers a higher flexibility and potential reactivity with cellular
components.
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Abstract
Soluble prefibrillar aggregates of amyloidogenic polypeptides are potent neurotoxins
and primary suspects in amyloid diseases, including Alzheimer’s disease. Studies detected
soluble oligomers of the amyloid- (A) peptide in the brains of Alzheimer’s patients and
could correlate their levels with disease progression. Despite their potential implication in
disease, detailed structural information on these aggregates is scarce, which severely limits
our understanding of the structural basis of amyloid diseases. Biophysical characterisation of
soluble A oligomers has mainly been complicated by their metastable nature. Here, we
could stabilize a long-lived, synaptotoxic A(1-40) oligomer for detailed structural
characterisation and hydrogen/deuterium exchange studies. We noted striking similarities
between oligomers and fibrils in the content and position of -strand regions. These data
imply a fibril-like intermolecular β-sheet structure in A oligomers. However, they lack the
long-range order in their β-sheets that is characteristic of amyloid fibrils. Oligomers
exchange much faster than mature fibrils, indicating increased structural dynamics in these
aggregates. This property may confer A oligomers the flexibility to interact with various
cellular components, such as biological membranes. Such interactions could explain the
disruption of synaptic function and neurotoxicity that we observed in our studies.
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A oligomers are assumed to be causative agents of cerebral damage in Alzheimer's
disease1. These oligomers represent non-fibrillar aggregates of A peptides that are
cytotoxic and impair long-term potentiation2-9. Previous structural analyses have shown that
A oligomers bear properties similar to A amyloid fibrils, e.g. in being rich in -sheet
structure5-7,10,11 and in encompassing -strands in sequence regions similar to amyloid
fibrils6,11. Hence, A oligomers appear to resemble amyloid fibrils in several aspects6, but
lack the high order that is specific for linear fibril structures10,12. However, detailed structural
analysis of soluble A oligomers, for example by hydrogen/deuterium (H/D) exchange, is
often hampered by their intrinsic propensity to form fibrils.
The analysed oligomers were derived from Aβ(1-40) peptide. They are synaptotoxic
and reduce the long-term potentiation (LTP) in acute murine brain slices (Fig. 1a). When
added to cultured primary rat hippocampal neurons, they cause a 40 % retraction of synaptic
contacts (Fig. 1b,c). Addition of oligomers to cultured rat phaeochromocytoma PC12 cells
leads to significant metabolic changes, evident from the MTT assay (Supplementary Fig. 1).
Moreover, it was shown previously that these oligomers are toxic to different types of
cultured cells, including BV2 microglia cells, primary rat neurons and primary rat astrocytes4.
Biophysical analysis demonstrates that the structure of these oligomers corresponds in
several respects to that of amyloid fibrils. It consists primarily of β-sheets, as demonstrated
by attenuated total reflectance Fourier-transform infrared (ATR-FTIR) (Fig. 2a) and
far-ultraviolet circular dichroism spectroscopy (Supplementary Fig. 2a). Component analysis
of the amide I region of the ATR-FTIR spectrum estimates a β-sheet content of
approximately 53 % in the oligomers (Supplementary Fig. 3, Supplementary Table 1). The
maximum of the amide I region is centred at 1,626 cm-1 (Fig. 2a), closely corresponding to
published characteristics of amyloid fibrils13. Exposure to X-rays produces Bragg spacings at
4.6 ± 0.1 Å and 10.1 ± 0.3 Å (Supplementary Fig. 2b), clearly demonstrating that the analysed
oligomers are not amorphous. Instead, they comprise a highly ordered secondary structure
and quasi-crystalline characteristics, as shown specifically by their ability to diffract X-rays.
Nevertheless, oligomers differ from fibrils in several other respects. Electron
microscopy demonstrates their non-fibrillar shape and size heterogeneity with diameters
ranging from 10 to 60 nm (Fig. 2b). Oligomers produce a well-resolved ATR-FTIR peak at
1,695 cm-1 (Fig. 2a), possibly indicating antiparallel β-sheet structure10,14,15. Moreover, the
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oligomers bind strongly to 8-anilinonaphthalene-1-sulfonate (Supplementary Fig. 4),
suggesting that they possess solvent-accessible hydrophobic patches. Oligomers do not
interact well with the amyloid-specific B10 antibody fragment15 or with amyloid-specific
dyes, such as Thioflavine T or Congo red (Supplementary Fig. 5).
Oligomers are metastable and convert into amyloid fibrils within one day
(Supplementary Fig. 6). This conversion is reversibly blocked in the presence of 10 % (v/v)
1,1,1,3,3,3-hexafluoroisopropanol (HFIP) (Supplementary Fig. 6). Thus, oligomers can be
stabilised for at least 7 weeks so that they become amenable to long-term analyses, e.g. by
H/D exchange. H/D exchange monitored by nuclear magnetic resonance (NMR) spectroscopy
provides site-specific information like the exchange rate constant kex. This information can
be used to localise secondary structural elements within the polypeptide sequence11,16-19. In
the case of amyloid fibrils, the kex values within cross- strands were found to be smaller
than 10-2 h-1 17,20,21. Similar results are obtained here for a sample of A(1-40) amyloid fibrils
that we analysed with [1H-15N]-correlation NMR spectroscopy (Fig. 2c).
In contrast, Aβ oligomers present profoundly different exchange characteristics.
Oligomers lack the highly protected regions characteristic of fibrillar cross--strands (Fig. 2d).
The most protected regions of oligomers show only kex values between 10-1 and 2 h-1. These
regions occur at residues Leu17-Ala21 and Gly25-Gly38 and account for approximately 48 %
of the A(1-40) sequence (Fig. 2d). This value roughly correlates with the -sheet content of
oligomers estimated from ATR-FTIR spectroscopy (Supplementary Table 1). We henceforth
interpret the two most protected regions as β-strands. As they occur within residues 10-40,
their position resembles that of the β-strands of Aβ fibrils. However, different studies on Aβ
fibrils do not provide consensus on the exact position of the β-strands, probably indicating
amyloid fibril polymorphism11,17-19.
These data imply the presence of an intermolecular β-sheet structure in both A
oligomers and amyloid fibrils. However, oligomers lack the long-range order in their β-sheets
that is specific for amyloid fibrils. Moreover, oligomers do not present the very high
protection from H/D exchange typical of amyloid fibrils (Fig. 2c,d). The lower protection of
the oligomers might result from lower structural stability and higher dynamics in their
assembly. These dynamics may manifest in a relatively fast disassembly and reassembly of
the oligomers.
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These structural specifics might explain the neurotoxicity associated with oligomers.
The faster exchange kinetics may reflect an increased flexibility of the A peptide in
oligomers compared to fibrils10,12. This higher structural flexibility might confer oligomers a
high potential reactivity with diverse cellular components. Moreover, the more pronounced
antiparallel -sheet organisation in oligomers could contribute to their ability to interact
with biological membranes10. Such interactions may lead to perturbation or even
permeabilisation of lipid bilayers22,23, thereby causing synaptotoxicity and neuronal
dysfunction.

Methods Summary
A(1-40) fibrils and oligomers were prepared as described15,24. Briefly, fibrils were
grown by incubating 1 mg/ml Aβ(1-40) in 50 mM sodium borate buffer (pH 7.8) at room
temperature. Oligomers were formed by dissolving 2.5 mg/ml A(1-40) peptide in 100 %
HFIP, followed by a ten-fold dilution in H2O and removal of large aggregates by
centrifugation (14,000 g, 15 min). LTP experiments and quantification of synaptic contacts
were performed as described previously25,26.
For the H/D exchange studies, oligomers and fibrils were prepared from recombinant,
fully 15N-labelled A(1-40) peptide27. To initiate the H/D exchange in oligomers, the sample
solvent was removed by freezing in liquid N2 and subsequent lyophilisation and then
replaced by the same volume of 10 % d2-HFIP in D2O. H/D exchange reactions were
performed at 20°C and stopped at suitable time points by lyophilisation of one aliquot. To
initiate the H/D exchange in fibrils, mature fibrils were pelleted by centrifugation (9,400 g,
10 min), washed with buffer and resuspended in the same volume of 50 mM sodium borate
in D2O. Fibril exchange was stopped by sedimentation (16,000 g, 10 min) and freezing in
liquid N2. All exchanged samples were kept at -80°C until measurement.
For the NMR-based detection of H/D exchange, the aliquots were dissolved in
perdeuterated dimethyl sulfoxide, containing 0.1 % deuterated trifluoroacetic acid. The
protonation state of each aliquot was subsequently monitored by recording a series of sixty
[1H-15N]-SOFAST heteronuclear multiple quantum coherence experiments28 for 3 hours,
typically initiated 5-8 min after dissolution (Supplementary Fig. 7). Peak volumes were
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determined in NMRPipe29 and extrapolated to the signal intensities at dissolution in
dimethyl sulfoxide. kex values were determined by fitting the extrapolated signal intensities
of the aliquots to a single-exponential equation or to the sum of two single-exponentials if
F-test indicated a significantly better fit (p < 0.05, Supplementary Fig. 8).
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Figures

Figure 1.
Synaptotoxicity of the analysed A(1-40) oligomers.
a, Long-term potentiation (mean  SEM) of acutely isolated murine hippocampal slices with
0.5 µM freshly dissolved Aβ(1-40), 1 µM A(1-40) oligomers or 1 µM Aβ(1-40) amyloid fibrils.
The oligomers significantly impair LTP (p < 0.01 ANOVA with repeated measures, n  6).
Black curves: control slices treated with buffer. Grey lines: time points of high frequency
stimuli.
b, Double immunostaining of synaptophysin (synapses) and MAP2 (dendrites and cell
bodies) on primary rat hippocampal neurons after 1-day treatment with buffer only or 1 µM
freshly dissolved, oligomeric or fibrillar A(1-40), showing substantial spine reductions with
oligomers.
c, Quantitative analysis of the images shown in b reveals a 40 % decrease of the synapse
number relative to the dendrite length (mean  SEM, n  20).
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Figure 2.
Secondary structure of A(1-40) fibrils and oligomers.
a, ATR-FTIR spectra of A(1-40) oligomers (red) and fibrils (blue). Arrowhead: peak at
1,695 cm-1. Decomposition analysis provided in Supplementary Fig. 3 and Supplementary
Table 1.
b, Transmission electron micrograph of A(1-40) oligomers after negative staining.
c,d, Residue-specific kex values of A(1-40) fibrils (c) and oligomers (d). Grey circles: no data
available. Hatched bars: kex values from the slow exchange phase of biphasic exchange
curves (see Supplementary Fig. 8). Error bars represent the standard error of the exponential
fits as shown in Supplementary Fig. 8. Arrows: regions of highest protection, interpreted as
-strands.
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Supplementary Figures and Tables

Supplementary Figure 1.
A(1-40) oligomers induce metabolic changes in rat neuronal PC12 cells.
5 µM A(1-40) oligomers (red) or 5 µM fibrils (blue) substantially decrease the MTT
reduction (mean  SEM, n = 8) in rat PC12 cells compared to medium control (grey).
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Supplementary Figure 2.
A(1-40) oligomers consist of -sheet structure.
a, Far-ultraviolet circular dichroism spectrum of 0.25 mg/ml oligomers in 10 % HFIP at 20°C.
The ellipticity minimum at 217 nm is characteristic of a high proportion of -sheets.
b, X-ray diffraction images of lyophilised A(1-40) oligomers (top) and air-dried A(1-40)
fibrils (bottom). Reflections are isotropic, because the aggregates are randomly oriented.
White arrowhead: main chain reflections (oligomers: 4.6  0.1 Å; fibrils: 4.75  0.04 Å); black
arrowhead: side chain reflections (oligomers: 10.1  0.3 Å; fibrils: 9.8  0.2 Å).
c, Left: Negative staining transmission electron microscopy (TEM) image of a 0.25 mg/ml
A(1-40) oligomer sample in 10 % HFIP. Right: TEM image for the same sample after
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lyophilisation and resuspension in 10 % HFIP, showing that lyophilisation does not affect the
morphology.
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Supplementary Figure 3.
Component analysis of the amide I region of A(1-40) oligomers and amyloid fibrils.
a,b, ATR-FTIR spectra of 5 mg/ml A(1-40) oligomers (a, red line) and fibrils (b, dark blue
line) taken from Fig. 2a. Decomposition with identical initialisation parameters1 yields
standard deviations of less than 5 x 10-6 from calculated amide I bands (black). Five
components were identified, centred at: light green, 1626 cm-1; magenta, 1644 cm-1; light
blue, 1658 cm-1; orange, 1680 cm-1; green, 1695 cm-1. See Supplementary Table 1 for
decomposition results.
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Supplementary Figure 4.
Binding of 8-anilinonaphthalene-1-sulfonate (ANS) to A(1-40) oligomers and fibrils.
a,b, ANS fluorescence emission spectra of 5 µM A(1-40) oligomers (a) and mature fibrils (b).
Control spectra of 100 µM ANS without A (black) and of Aβ without ANS (dashed line) are
plotted. ANS is a common marker of molten-globule characteristics2. The higher
fluorescence intensity of the oligomers indicates the presence of solvent-accessible
hydrophobic patches.
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Supplementary Figure 5.
Binding of Congo red or Thioflavine T to A(1-40) oligomers and fibrils.
a,b, Fluorescence emission spectra of 5 µM A(1-40) oligomers (a, red) and fibrils (b, blue) in
the presence of 20 µM Thioflavine T.
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c,d, Absorption spectrum of 15 µM A(1-40) oligomers (c, red) and fibrils (d, blue) in the
presence of 10 µM Congo red.
Control spectra of the dye without A (black) and of Aβ without dye (dashed line) are
plotted in a-d.
e,f, Difference spectra between the absorption of A(1-40) oligomers with Congo red –
Congo red alone (e) and of mature Aβ(1-40) fibrils with Congo red – Congo red alone (f). The
Congo red difference spectrum of mature A(1-40) fibrils (blue) shows a characteristic peak
at 543 nm, indicative of dye binding. In contrast, A(1-40) oligomers (red) do not show
substantial Congo red binding.
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Supplementary Figure 6.
Stability of A(1-40) oligomers in HFIP.
Top row: Negative stain TEM image of freshly prepared A(1-40) oligomers in 10 % HFIP
reveals the spherical, non-fibrillar nature of this species. The sample was split into two
aliquots. From one aliquot the HFIP was removed by evaporation under N2 for 1.5 h
(magenta panel). The second aliquot remained in 10 % HFIP (red panel).
Left panel: TEM shows that the spherical structure of the A oligomers is preserved upon
incubation in the presence of 10 % HFIP for at least 44 days at 20°C (maximal H/D exchange
time used for oligomers). These aggregates do not interact significantly with Congo red
(bottom row, red line), similar to freshly prepared oligomers (see Supplementary Fig. 5e).
For comparison, the Congo red difference spectrum of mature A fibrils is plotted in blue. All
Congo red difference spectra represent averages of three independent samples.
Right panel: Removal of HFIP induces fibril formation in the oligomer sample after one day as
shown by TEM analysis. After 44 days, large amounts of mature fibrils have formed that
substantially bind Congo red (bottom row, magenta line).
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Supplementary Figure 7.
[1H-15N]-correlation spectra of dissolved A(1-40) oligomers or fibrils before and after H/D
exchange.
a, 2D NMR spectrum of dissolved, fully protonated A(1-40) fibrils.
b, 2D NMR spectrum of dissolved A(1-40) fibrils after 5 months of exchange into deuterium.
Specific cross-peaks present a marked reduction of intensity.
c, 2D NMR spectrum of dissolved, fully protonated A(1-40) oligomers.
d, 2D NMR spectrum of dissolved A(1-40) oligomers after 16 days of exchange into
deuterium.
The shown SOFAST heteronuclear multiple quantum coherence spectra were recorded
within 5-8 min after dissolution of fully 15N-labelled A(1-40) fibrils or oligomers in d6-DMSO
containing 0.01 % (v/v) d1-TFA. Variations in the cross-peak patterns of fibrils and oligomers
result from slight pH differences in the dissolved samples due to residual exchange buffer.
Sequence specific chemical shift assignments of backbone amide cross-peaks only shown in
panel c. Black ellipses are drawn to guide the eye.
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Supplementary Figure 8.
Time-dependent exchange profiles of specific residues in A(1-40) fibrils and oligomers.
a,b, Plots of the relative NMR peak volume versus exchange time tex for individual residues in
A(1-40) fibrils (a) and oligomers (b). Depicted residues are coloured in the A(1-40)
sequence. Arrows indicate the most protected regions in the A(1-40) sequence, probably
indicating the position of -strands. The data points were fit to a single-exponential equation
or to the sum of two single-exponential equations (E3 and H6 in fibrils). Error bars indicate
standard errors of the extrapolated peak volumes as determined by exponential fitting (see
Material and Methods).
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Supplementary Table 1.
Decomposition of the amide I band of A(1-40) oligomers and fibrils.
Amide I component (cm-1)

A(1-40) oligomersa

A(1-40) fibrilsa

1,626b

48 %

67 %

1,644

6%

4%

1,658

19 %

13 %

1,680

21 %

14 %

1,695b

5%

2%

a

Component fractions expressed as percent of the amide I band.

b

Components interpreted as -sheet structure.
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Supplementary Methods

Preparation of A oligomers and fibrils
Chemically synthetic A(1-40) peptide was obtained from Bachem. Recombinant
A(1-40) peptide, including fully

15

N-labelled Aβ(1-40) peptide, was produced in house by

using a recombinant expression system for Escherichia coli3. Amyloid fibrils were grown in
vitro by incubating a solution of 1 mg/ml recombinant Aβ(1-40) seeded with 1 % chemically
synthetic Aβ(1-40) in 50 mM sodium borate buffer (pH 7.8) at room temperature for
two weeks. Oligomers were prepared by dissolving recombinant A(1-40) peptide at
2.5 mg/ml concentration in 100 % 1,1,1,3,3,3-hexafluoroisopropanol (HFIP, Sigma). After
incubation for 15 min at room temperature, the solution was diluted ten-fold with H2O. After
further incubation for 15 min at room temperature, large aggregates were removed by
centrifugation at 14,000 g for 15 min.

Long term potentiation (LTP) measurements
Hippocampal slices (400 μm thickness) were prepared from 4-months-old male
C57/Bl6 mice (breeding stock of the Leibniz Institute for Neurobiology) as described
previously4. Briefly, both hippocampi were isolated and transferred into a pre-chamber
containing 8 ml permanently carbogen-gasified artificial cerebrospinal fluid (ACSF). Freshly
dissolved Aβ was prepared by dissolving 1 mg/ml Aβ(1-40) in water. A fibrils for LTP
measurements were prepared by incubating Aβ(1-40) at a concentration of 1 mg/ml in water
at room temperature for 7 to 10 days. Pure water was used in control experiments for
freshly dissolved and fibrillar Aβ and 10 % HFIP in water was used as control for Aβ
oligomers. Immediately prior to the experiment, the Aβ(1-40) oligomer solvent HFIP was
removed by exposure to a gentle stream of carbogen for 1 h. 0.5 µM fresh Aβ(1-40), 1 µM
Aβ(1-40) oligomers, 1 µM fibrils or respective control solutions were applied to the slices in
the pre-chamber for 2 h. The slices were then transferred into a submerged-type recording
chamber and were allowed to recover for at least 30 min before starting with the
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electrophysiological experiments. The recording chamber was constantly perfused with ACSF
at a rate of 2.5 ml/min at 33 ± 1°C.
Synaptic responses were elicited by stimulation of the Schaffer collateral–commissural
fibers in the stratum radiatum (CA1 region) by using lacquer-coated stimulating electrodes of
stainless steel. Field excitatory postsynaptic potentials (EPSP) were recorded with glass
electrodes (filled with ACSF, 1-4 MΩ) that were placed in the apical dendritic layer. The initial
slope of the EPSP was used as measure of this potential. The stimulus strength of the test
pulses was adjusted to 30 % of the EPSP maximum. During baseline recording, single stimuli
were applied every minute (16.6 mHz) and averaged every 5 min. Once a stable baseline had
been established, long-term potentiation was induced by applying three series of strong
tetanus pulses. The interval between the three series was 10 min. Each series consisted of
hundred 0.2 ms pulses at 10 ms intervals.

Quantification of synaptic contacts
Cultures of primary hippocampal neurons were prepared from 19 d-old Wistar rat
embryos (breeding stock of the Leibniz Institute for Neurobiology) as described previously 5.
After an initial cultivation period of 21 days, cell cultures were exposed to 1 µM of different
Aβ(1-40) species or respective controls for 24 h at 37°C. The various Aβ states (freshly
dissolved, oligomers, fibrils) and corresponding controls were prepared as those used for LTP
measurements. The data of the water control group and HFIP/water control group were
pooled as there was no significant difference.
After incubation with Aβ or control solutions, cells were fixed in 100 % methanol at
-20°C for 20 min. The cells were washed with phosphate buffered saline (PBS: 155.4 mM
NaCl; 80 mM Na2HPO4; 22.8 mM NaH2PO4; pH 7.4), re-hydrated in PBS for 30 min and
incubated in blocking solution (10 % horse serum, 5 % sucrose, 2 % bovine serum albumin
and 0.3 % Triton X-100 in PBS) at room temperature for 30 min. The primary anti-MAP2/antisynaptophysin rabbit polyclonal antibody (SySy) was diluted 1:800 in blocking solution and
incubated at 4°C overnight. After three times washing for 10 min in PBS, containing 0.3 %
Triton X-100, cells were incubated with Alexa-488 secondary goat-anti-rabbit antibody
(Molecular Probes, 1:1000 in blocking solution) at room temperature for 2 h. Following
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extensive washing with PBS, cover slips were mounted on glass slides with Vectashield
mounting medium (Linaris). Images were obtained by using a LSM 5 Pascal confocal
microscope (Zeiss) equipped with a 40 x magnification Plan Neofluar 0.75 objective, an argon
laser emitting at 488 nm, and a helium/neon laser emitting at 543 nm. Images were
obtained using LSM software.
Synapse density was determined as previously described5. Briefly, the region of
interest was scanned with a confocal laser scanning microscope as described above. The
dyes Alexa 488 (MAP2, dendrites and cell bodies) and Alexa 568 (synaptophysin, synapses)
were scanned sequentially. Synapse quantitative assays were performed using the
measurement tools in NIH ImageJ software (http://rsb.info.nih.gov/ij/). The lengths of all
dendrites and the number of all synapses within the region of interest were quantified.
Synapse density was calculated as the ratio of synapses to the sum of dendritic lengths.

MTT assay
Rat phaeochromocytoma PC12 cells (American Type Culture Collection) were cultured
in RPMI 1640 medium, containing 5 % fetal bovine serum, 10 % horse serum, 1 % glutamine,
1 % penicillin and 1 % streptomycin, in 5 % CO2 at 37°C. The medium was replaced every
second day. Cells were differentiated by supplementing the medium with 50 ng/ml nerve
growth factor  (2.5S, Invitrogen) for 7 days. The differentiated cells were plated at a density
of 5,000 cells per well in 96-well tissue culture plates and treated with 5 µM A(1-40)
oligomers or fibrils in fresh medium for 24 hours. Immediately prior to application, the A
oligomer sample was subjected to a gentle stream of N2 for 1.5 h to evaporate the HFIP.
Cells were analysed with a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) Cell Proliferation Kit I (Roche) according to the manufacturer's instructions. Cellular
MTT reduction was determined based on the absorption at 550 nm, using a BMG Fluostar
Omega 96-well plate reader. As controls, cells were incubated in medium without A
aggregates or lysed completely by addition of 0.1 % Triton X-100. The 550 nm absorbance
reading of the samples incubated without A was set to 100 % MTT reduction, while the
absorbance reading of the Triton-treated cells was set to 0 % MTT reduction.
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H/D exchange
Isotope-enriched chemicals were purchased from Eurisotop. H/D exchange of
oligomers was initiated by freezing the oligomer sample in liquid N 2, followed by
lyophilisation and resuspension in the initial volume of 10 % d2-HFIP/D2O. Transmission
electron microscopy confirms that lyophilisation does not affect the oligomer morphology
(Supplementary Fig. 2c). Oligomer exchange reactions were performed under quiescent
conditions at 0.25 mg/ml concentration, 20°C and pD* 3.8 (pH-meter reading without
correction for isotope effects). At different time points between 0 min and 44 days, an
aliquot of the exchanging oligomer sample was taken, and the exchange was stopped by
lyophilisation.
Mature 15N-labelled A(1-40) fibrils were sedimented by centrifugation at 9,400 g for
10 min. The supernatant was removed, and the fibril pellet was washed once with 50 mM
deuterated sodium borate buffer (pD* 7.8). Afterwards the pellet was resuspended in
deuterated borate buffer by pipetting up and down and vigorous vortexing. The H/D
exchange reaction was performed under quiescent conditions at a concentration of 1 mg/ml
and at 20°C. At different time points between 0 min and 5 months, an aliquot of the
exchanging fibril sample was taken and centrifuged at 16,000 g for 10 min, followed by
washing with D2O. The fibril pellets were immediately frozen in liquid N2 to quench hydrogen
exchange and kept at -80°C until measurement.

Nuclear magnetic resonance (NMR) spectroscopy
NMR experiments were carried out at 25°C on a Bruker AVANCE III narrow-bore
spectrometer operating at 600 MHz (proton frequency) and equipped with a 5-mm triple
resonance, pulsed field z-gradient cryoprobe. To monitor H/D exchange with solution-state
NMR spectroscopy, oligomers or fibrils had to be disaggregated. Disaggregation was
achieved by dissolving the lyophilised oligomers or the wet fibril pellet in perdeuterated
dimethyl sulfoxide (d6-DMSO) containing 0.1 % deuterated trifluoroacetic acid (d1-TFA).
Complete dissolution was achieved by vigorous vortexing. NMR experiments were carried
out using final A concentrations of 150-550 µM. The dissolved aggregates were transferred
immediately into a Shigemi BSC-3 NMR tube, and within the next 3 h a series of 60 2D band-
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selective optimised flip-angle short-transient heteronuclear multiple quantum coherence
(SOFAST-HMQC) experiments was recorded6.
Transmission electron microscopy showed that treatment with DMSO/TFA effectively
dissolved all A(1-40) oligomers and fibrils before acquisition of the first NMR experiment
( 8 min). Thus, well-dispersed [1H-15N]-correlation spectra were obtained. Only the
[1H-15N]-amide cross-peaks of residues D1, Q15 and L34 in fibrils and of D1 and Q15 in
oligomers could not be detected in the HMQC spectra. The chemical shifts of all other
backbone amides could be assigned unambiguously by using
peptide and

15

N-edited NOESY,

13

C,15N-labelled A(1-40)

15

N-edited TOCSY, [1H-13C]-HSQC,

13

C-edited NOESY,

HNCACB, HNCO, HNCACO CCCONH and HCCH-TOCSY triple resonance experiments. The
NMR spectra were processed and analysed with the program XEASY7.
The program NMRPipe8 was used to quantify the peak volumes of the [1H-15N]-amide
cross-peaks in each SOFAST-HMQC spectrum. During the workup of the DMSO-dissolved
NMR samples (~8 min), further forward exchange (H to D) in previously protected regions
and back exchange (D to H) can occur. These processes impede direct recording of the
exchange pattern arising from the actual forward exchange (H to D) experiment. To
compensate for any exchange occurring within the dead time between dissolution of the
samples and NMR detection, a series of 60 spectra was recorded within 3 h after NMR
sample preparation (see above) and the signal decay of each peak was fitted to a single
exponential function. Based on this fit, the peak volume at dissolution was extrapolated.
The plots of the extrapolated peak volumes versus the exchange time tex revealed
monophasic exchange behaviour for most residues. For these residues, the decay of the
hydrogen signal was fitted to a single-exponential equation, yielding the exchange rate kex
(Supplementary Fig. 8). Only for some residues (Glu3, His6, Ser8 and Val39) and only in the
fibril sample, a different exchange pattern was encountered that presented biphasic
behaviour. Such a biphasic behaviour was observed previously for an Aβ(1-42) fibril sample,
probably resulting from structural heterogeneity in these residues9. The exchange data from
these residues was fitted to the sum of two single-exponential equations, thus yielding two k
values (see Fig. 2). The sum of two exponential functions produced a significantly better fit
for these residues compared with a single-exponential fit, as determined with F-test
(p < 0.05).
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Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy
Immediately prior to ATR-FTIR measurements, residual HFIP was removed from the
sample of A(1-40) oligomers by evaporation under a gentle stream of N2 for 1.5 h. The
oligomers were concentrated to 5 mg/ml using Amicon Ultra-4 centrifugation units with
30 kDa cutoff (Millipore). A(1-40) fibrils were grown as described above, but at a
concentration of 5 mg/ml. Infrared spectra were measured in water (oligomers) or in 50 mM
sodium borate buffer, pH 7.8 (fibrils). All spectra were acquired on a Bruker Tensor-27 FTIR
instrument equipped with a BIO-ATR-II cell and a photovoltaic LN-MCT detector cooled with
liquid N2. A total of 40 scans was collected at room temperature with an aperture of 4 mm.
Three-term Blackman–Harris apodisation was applied prior to Fourier transformation. An
instrument resolution of 4 cm-1 was used with four times zero filling, resulting in a data point
resolution of 1 cm-1. Absorbance spectra were corrected for residual solvent absorption by
scaled subtraction of the solvent spectrum. To determine the secondary structure fractions,
the spectra were processed and decomposed as described 1.

Transmission electron microscopy
The structure of oligomers or fibrils was assessed by negative stain transmission
electron microscopy (TEM). 4 µl were placed onto copper grids covered with formvar and
carbon films and counterstained with 2 % (w/v) uranyl acetate, using the droplet
technique10. Specimens were examined in a Zeiss 902 electron microscope equipped with an
Orius SC 1000 CCD camera (Gatan). The microscope was operated at an acceleration voltage
of 80 kV and a magnification of 80,000 x was used for imaging.

Circular dichroism spectroscopy
Far-ultraviolet circular dichroism spectra of 0.25 mg/ml A(1-40) oligomers in 10 %
HFIP were recorded on a JASCO J-720 spectropolarimeter at 20°C. We used quartz cells
(Hellma) of 1 mm path length that were optimised for polarimetrical measurements. The
final spectra represent averages of 10 scans after solvent subtraction.
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X-ray diffraction
For X-ray diffraction, A(1-40) oligomer solution was snap-frozen in liquid N2 and
lyophilised. The lyophilised material was placed onto a glass capillary and exposed to X-rays
for 2 min, using a Rigaku MM007 rotating anode X-ray generator with confocal optics
equipped with a Rigaku Saturn 944 CCD detector. The sample-detector distance was set to
50 mm. X-ray diffraction of A(1-40) fibrils was performed as described11. The spacings were
determined by averaging eight individual measurements at different positions of the
reflection ring.

8-Anilinonaphthalene-1-sulfonate (ANS) and Thioflavine T fluorescence spectroscopy
Immediately prior to fluorescence measurement, HFIP was removed from the oligomer
samples by evaporation under N2 for 1 h. Samples contained a final concentration of 100 µM
ANS (Cayman Chemical) or 20 μM Thioflavine T (Sigma) and 5 μM Aβ(1-40) fibrils in 50 mM
sodium borate, pH 7.8 or 5 µM oligomers in water. Fluorescence spectra were recorded at
room temperature with a Shimadzu RF-5301PC fluorimeter and a cuvette with 5 mm path
length (Hellma). The fluorescence of ANS was excited at 374 nm. Thioflavine T was excited at
450 nm.

Congo red absorption spectroscopy
A stock solution of Congo red (Sigma) was prepared in deionised water and filtered
using 0.22 µm pore filters (Millipore). The concentration of the Congo red stock solution was
determined by measuring the absorbance of a diluted aliquot at 498 nm and using an
extinction coefficient of 45,000 M-1 cm-1. Samples contained a final concentration of 10 µM
Congo red and 15 μM Aβ(1-40) fibrils in 50 mM sodium borate, pH 7.8 or 15 µM oligomers in
3.5 % HFIP. Immediately after mixing with the A test sample, absorption spectra from
400-700 nm were collected at room temperature with a Specord 210 spectrophotometer
(Analytik Jena). The difference spectra of the test samples were calculated by subtracting the
absorption spectrum of 10 µM Congo red in borate buffer or in 3.5 % HFIP.
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A peptide has the ability to construct a diversity of aggregate structures. A
monomers can arrange into morphologically different prefibrillar aggregate types, such as
globulomers, spherical oligomers or protofibrils (Table 1.2) [Finder and Glockshuber 2007;
Haass and Selkoe 2007]. These structures precede the formation of mature A fibrils that
can likewise exhibit a substantial morphologic variability (Figure 1.3) [Goldsbury et al. 2000].
Chapter 3.1 discusses the structural characterization of a specific ensemble of polymorphic
A fibrils, which gives valuable insights into the molecular basis of amyloid structure and
polymorphism. Chapter 3.2 analyzes the structural properties of two toxic prefibrillar A
aggregate species and relates them to potential mechanisms of toxicity.

3.1. Structural Analysis of Polymorphic A Fibrils
3.1.1. Biological Relevance of Amyloid Fibril Polymorphism
The results presented in the included manuscripts show that A(1-40) peptide can
produce a variety of fibril morphologies under different growth conditions (Figures
M I-1c,2a; M II-5) [Klement et al. 2007; Fändrich et al. 2009; Meinhardt et al. 2009]. Previous
studies also described that A [Petkova et al. 2005; Paravastu et al. 2008] and other
amyloidogenic polypeptides [Bauer et al. 1995; Pedersen et al. 2006a] form different fibril
morphologies upon incubation under different growth conditions.
Moreover, different morphologies can exist within one sample, even though all A
fibrils have been subject to the same growth conditions (Figures M I-1c,2a; M II-5; M III-2a;
M IV-2B) [Klement et al. 2007; Fändrich et al. 2009; Meinhardt and Fändrich 2009;
Meinhardt et al. 2009]. The occurrence of different types of twisted and straight fibrils in the
same sample has been reported for very different amyloidogenic polypeptides, including A
[Harper et al. 1997a; Malinchik et al. 1998; Goldsbury et al. 2000; Petkova et al. 2002],
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amylin [Goldsbury et al. 1997], calcitonin [Bauer et al. 1995], gonadotropin-releasing
hormone [Maji et al. 2008], glucagon [Pedersen et al. 2006a], immunoglobulin light chain
[Ionescu-Zanetti et al. 1999], insulin [Bouchard et al. 2000; Jimenez et al. 2002; Jansen
2005], lysozyme [Chamberlain et al. 2000], -synuclein [Abe and Nakanishi 2003; Vilar et al.
2008], SH3 domain [Jimenez et al. 1999; Chamberlain et al. 2000] and transthyretin
[Chamberlain et al. 2000].
Importantly, fibril polymorphism is not exclusive to in vitro samples. Multiple
morphologies were also observed ex vivo for tissue-derived amyloid fibrils from
apolipoprotein AI, lysozyme and tau protein [Crowther and Goedert 2000; Jimenez et al.
2001]. Moreover, different polymorphic forms of the same prion protein were reported to
self-propagate in vivo and have been linked to variations in prion strain phenotypes [Tanaka
et al. 2006]. Hence, the formation of polymorphic fibrils may represent a generic ability of
polypeptides in the course of amyloid formation in vitro and in vivo.
Systematic analysis of the physico-chemical environment in the samples revealed that
different growth conditions, such as different temperatures, buffers (K. Klement and
J. Meinhardt, unpublished) or salts [Klement et al. 2007], produce different polymorphic
ensembles of A(1-40) fibrils (Figure M II-5,6). For example, the presence of different salt
ions leads to ensembles of fibril morphologies with smaller average width and stronger twist
than without salts (Table MII-2) [Klement et al. 2007]. Hence, the solution conditions in vitro
and presumably also in vivo determine the range of possible fibril characteristics and the
population distribution. This may result in more or less toxic ensembles of polymorphic
fibrils. Taken together, these observations suggest that polymorphism is a widespread
phenomenon among amyloid fibrils in vitro and in vivo. Therefore, unraveling the reasons for
this polymorphism might be crucial to a better understanding of amyloid structures and
amyloidoses.
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3.1.2. Common Structural Characteristics of the Analyzed A  (1-40) Fibril
Ensemble with Other In Vivo and In Vitro Fibrils
This thesis investigates the basis of fibril polymorphism by the first comprehensive
structural analysis of several individual A(1-40) fibrils from the same polymorphic sample
[Meinhardt et al. 2009]. The A(1-40) fibril ensemble used in the presented studies was
formed by in vitro fibrillation reactions. However, these fibrils correspond in all examined
biophysical properties to in vivo fibrils within amyloid plaques from Alzheimer’s patients and
to in vitro fibrils from other polypeptides. This emphasizes the general relevance of the
presented polymorphism analyses.
(i)

The analyzed A(1-40) fibrils show the characteristic cross- X-ray diffraction
pattern with sharp Bragg spacings at 4.75 ± 0.04 Å and a second weak reflection
at 9.8 ± 0.2 Å (Figure M VIII-S2b) [Serpell et al. 1997; Fändrich 2007b;
Meinhardt and Fändrich 2009].

(ii)

Attenuated total reflectance (ATR)-FTIR spectroscopy of the fibril sample
produces an amide I maximum at circa 1,626 cm-1 (Figure M III-1c) [Meinhardt
and Fändrich 2009]. The position of this band corresponds to the range
typically observed for amyloid fibrils [Zandomeneghi et al. 2004]. The narrow
width and position of the amide I band is indicative of stable long -strands and
strong hydrogen bonds, as expected for an extremely stable structure like
amyloid fibrils. The shape of the amide I band is characteristic of parallel
-sheet structure [Cerf et al. 2009].

(iii)

H/D exchange indicates the presence of a highly protected, hydrogen-bonded
core in the analyzed fibrils (Figure M VIII-2c), consistent with studies on other
fibrils [Hoshino et al. 2002; Lührs et al. 2005; Ritter et al. 2005; Whittemore et
al. 2005; Williams et al. 2006; Toyama et al. 2007; Yu et al. 2009].

(iv)

Electron microscopy analysis reveals the characteristic straight and unbranched
morphology of these fibrillar structures [Cohen and Calkins 1959; Serpell et al.
1997]. The fibrils are periodically twisted with left-handed chirality and typically
10 to 25 nm in width (Figures M I-1,2a; M III-2; M IV-2B) [Fändrich et al. 2009;
Meinhardt and Fändrich 2009; Meinhardt et al. 2009].
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(v)

The fibrils exhibit a high affinity for amyloid-specific dyes, such as Congo red
and Thioflavine T (Figures M III-1d; M VIII-S5) [LeVine 1993; Westermark et al.
1999; Meinhardt and Fändrich 2009].

(vi)

The conformational antibody domain B10 binds strongly to the polymorphic
fibrils (Figure M VII-3b) [Habicht et al. 2007]. B10 also recognizes amyloid fibrils
from other precursor polypeptides and aggregates present in cerebral AD
plaques (Figures M VII-1d,2).

These biophysical and biochemical analyses demonstrate that the polymorphic fibril
ensemble shares common structural properties with disease-associated A aggregates and
with amyloid fibrils formed from different precursor proteins and in different physicochemical environments. These conserved characteristics result from the common cross-
structure that comprises the core of all amyloid protofilaments [Meinhardt and Fändrich
2009].

3.1.3. Molecular Basis of Amyloid Fibril Polymorphism
For the purpose of this thesis, three basic structural types of amyloid fibril
polymorphism are defined: (i) number polymorphism, (ii) arrangement polymorphism and
(iii) conformation polymorphism (Figures 3.1; M IV-3) [Fändrich et al. 2009]. These types of
polymorphism are not mutually exclusive and a combination of (i), (ii) and (iii) can underlie
different individual morphologies.
(i)

Number polymorphism
First, the morphological diversity of the fibrils may arise from a variable number of

laterally associated protofilaments (Figure 3.1). TEM of A(1-40), calcitonin, insulin and
gonadotropin-releasing hormone fibrils or AFM of an immunoglobulin light chain fibril
provided evidence for this type of polymorphism (Figure 1.5) [Bauer et al. 1995; IonescuZanetti et al. 1999; Goldsbury et al. 2000; Jimenez et al. 2002; Goldsbury et al. 2005; Maji et
al. 2008]. The differences in the protofilament number were reflected by discrete variations
of the fibril width or different numbers of lengthwise striations within the ribbon-like fibrils
[Goldsbury et al. 2000; Maji et al. 2008].
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The cross-sections of the reconstructed A(1-40) fibrils 1 and 11 seem to be
compatible with previous structural models that suggest the presence of two protofilaments
(Figures 1.10c; 1.11a; M I-2c) [Petkova et al. 2002; Sachse et al. 2008; Meinhardt et al. 2009].
The cross-sectional areas of fibrils 1 and 11 and the other ten reconstructed fibrils are within
the same range (Table M I-1). These findings suggest that all reconstructed fibrils are
composed of the same number of protofilaments, thereby making number polymorphism
unlikely for the reconstructed set of fibrils.

Figure 3.1 | Amyloid fibril polymorphism can be classified into different structural types.
Fibril polymorphism can arise from differences in the number (left), relative arrangement (middle) or
conformation (right) of the constituent protofilaments. The cuboids represent peptide layers that stack on top
of each other to form a protofilament.

(ii)

Arrangement polymorphism
Second, fibrils may differ in the relative arrangement of their constituent

protofilaments. Variable arrangements of a common protofilament building block were
previously described in an AFM study of SH3 domain fibrils [Chamberlain et al. 2000] and a
cryo-EM work on -synuclein fibrils [Vilar et al. 2008]. Moreover, Eisenberg and co-workers
observed polymorphic protofilament arrangements in amyloid-like microcrystals of several
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amyloidogenic peptide fragments. These peptides can arrange into different steric zipper
structures which represent a pair of tightly interdigitated β-sheets with a dry interface
between them [Nelson et al. 2005]. First, Eisenberg et al. identified polymorphic steric
zippers that are related by a shift in registration of the constituent sheets, termed
‘registration polymorphism’ (Figure 3.1). Fibril-forming sequences from amylin and tau,
associated with type II diabetes and AD, can form such distinct steric zippers by adopting
different registrations [Wiltzius et al. 2009]. Second, they observed ‘facial polymorphism’ in
steric zipper structures of elk and yeast prion protein segments associated with strains
[Sawaya et al. 2007; Wiltzius et al. 2009]. These polymorphic arrangements differ by the
orientation of the constituent -sheets that are either packed face-to-face or back-to-back
(Figure 3.1).
The morphologic differences of the analyzed set of A(1-40) fibrils also seem to arise
mainly from a variable relative arrangement of the two constituent protofilaments into the
three-dimensional fibril structure (Figure M I-6) [Meinhardt et al. 2009]. The two
protofilaments can arrange side-by-side (fibril 1), slightly offset (e.g. fibril 5) or entirely offset
(fibril 11) (Figure M I-6). The fibrils can be transformed into one another by shifting the two
protofilaments towards each other, similar to the registration polymorphism described for
amylin and tau protein [Wiltzius et al. 2009]. The present resolution of the fibril
reconstructions does, however, not reveal the exact orientation of the -strands. Therefore,
it is not clear if facial polymorphism also contributes to the observed morphologic
differences.
(iii)

Conformation polymorphism
Third, amyloid polymorphism can be due to variations of the internal protofilament

structure that arise from a different symmetry or conformation of the constituent peptides.
Structural differences were observed in the packing of side chains, the conformation of
non--strand segments or in the -sheet structure. Such differences in the folding of the
monomeric peptide subunits were revealed in polymorphic fibrils or amyloid-like
microcrystals from A(1-40) [Petkova et al. 2005; Sawaya et al. 2007; Paravastu et al. 2008],
-synuclein [Heise et al. 2005], A(35-40) [Wiltzius et al. 2009], yeast prion protein Sup35
[Sawaya et al. 2007; Toyama et al. 2007; van der Wel et al. 2007] and amylin fragments
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[Madine et al. 2008] by H/D exchange, solid-state NMR and X-ray microcrystallography
(Figure 1.7).
In many cases, conformational polymorphism arises from differences in the -sheet
structure. First, the length of the -strand segments in polymorphic fibril can differ as
observed in a H/D exchange study of two polymorphic Sup35 amyloid fibrils [Toyama et al.
2007]. Second, the -strand segments can be formed by different sequence regions of the
polypeptide, termed ‘segmental polymorphism’ by Eisenberg and co-workers [Wiltzius et al.
2009]. For example, different segments of the amylin sequence produce polymorphic steric
zippers [Wiltzius et al. 2009]. Third, several studies provide evidence for A conformations
with variable numbers of -strands. Solid-state NMR data suggested the presence of two
-strands in the A(1-40) sequence [Petkova et al. 2002], while proline and alanine scanning
mutagenesis indicated the presence of three expanses of -sheet structure (Figure 1.10c,e)
[Williams et al. 2004; Williams et al. 2006].
For the reconstructed set of A(1-40) fibrils, the number, length and precise position
of the -strands along the peptide sequence could not be revealed on a single fibril level due
to the limited resolution. Therefore, a detailed analysis of the contribution of conformational
polymorphism to the observed fibril heterogeneity has to await fibril reconstructions at
higher resolution. However, some conclusions on the general protofilament substructure
can be drawn by comparison with previous high-resolution structural models of A(1-40)
fibrils.
Comparison with the reconstructions of fibrils 1 and 11 suggests that each
protofilament might consist of a pair of -sheets (Figures M I-6; M III-4) [Petkova et al. 2002;
Petkova et al. 2006; Sachse et al. 2008]. The two -strand segments that construct one
protofilament might belong to the same A peptide. Indeed, H/D exchange identified two
-strand regions between residues E11-V24 and N27-V36 (Figure M VIII-2c). Similar to the
model proposed by Petkova et al., the C-terminal -strand may fold back on the N-terminal
-strand and lock the peptide into a -arch conformation [Petkova et al. 2002]. Hence, each
protofilament would be composed of a single stack of A peptides.
An alternative structural model was recently put forward for a specific A(1-40) fibril
morphology that closely resembles fibril 11 (Figure 1.11a) [Sachse et al. 2008].
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This cryo-EM reconstruction also clearly reveals two high-density regions per protofilament,
but a single A peptide does not sufficiently fill the reconstructed density. Moreover,
scanning TEM analysis determined an average value of 2.5 peptides per protofilament
cross-section. Therefore, Sachse et al. suggested that the two -sheet regions belong to two
oppositely directed A peptides (Figure 1.11a), reminiscent of the recently described class 1
steric zipper structures [Sawaya et al. 2007].

3.1.4. Morphologic Continuum of Amyloid Fibrils
Previously, polymorphic fibrils were thought to cluster into few and clearly distinct
morphologic types [Bauer et al. 1995; Goldsbury et al. 2000]. However, we found that
different fibrils cannot be classified into a small number of distinct morphologies [Meinhardt
et al. 2009]. Instead, the A peptide apparently has the ability to stabilize a nearly endless
number of fibril types that differ in fibril twist, width and overall shape. Characteristic fibril
parameters observed by TEM, such as the width or the distance between adjacent
crossovers, show an almost continuous distribution over a wide range of values
(Figure M I-1d). This data suggests that the different fibril morphologies construct,
altogether, a morphologic continuum with gradually altered properties.
Moreover, electron microscopy in negative stain and ice reveals a common correlation
between the fibril width and crossover distance (Figures M I-1d; M II-7; Table M I-1). Wide
fibrils tend to exhibit large spacings between crossovers and vice versa. A similar relationship
has previously been reported for polymorphic amyloid fibrils formed from calcitonin and an
-synuclein fragment (Figure M II-7) [Bauer et al. 1995; Abe and Nakanishi 2003]. The fibrils
from the different precursor polypeptides cluster in specific regions of the correlation plot,
but show a common linear relationship (correlation coefficient R = 0.88), consistent with the
unifying basic structure of amyloid fibrils.
The observed relationship between width and crossover distance supports the
hypothesis that the fibril twist depends on the cross-sectional shape of the fibril. However,
the observed fibril width represents only one dimension of the fibril cross-section. In
contrast, the polar moment of inertia IZ incorporates both dimensions. This parameter
describes the mechanical resistance of a fibril towards torsion and can, therefore, be directly
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related to the fibril twist or crossover distance. Previous studies estimated the IZ values of
different fibrils simply from the measured diameter by assuming a perfectly circular
cross-section [Knowles et al. 2007]. However, the cryo-EM reconstructions presented in
Figure M I-2c reveal that amyloid fibrils can adopt very different cross-sectional shapes,
ranging from square-like to roughly elliptical [Meinhardt et al. 2009]. This structural
information allows, for the first time, an exact calculation of IZ at single fibril level. Consistent
with this, linear fitting of the plot of fibril twist versus IZ produces a very good correlation
coefficient of 0.93 (Figure M I-5). The observed relationships support that the symmetrically
reconstructed fibrils are members of a morphologic continuum and suggest a generic
structural relationship of amyloid fibrils.
Detailed analysis of the fibril reconstructions further corroborates the existence of a
morphologic continuum of A fibrils. Individual fibrils, such as the fibrils 1 and 11 described
in manuscript I, possess clearly distinct morphologies (Figure M I-2) [Meinhardt et al. 2009].
However, many intermediate types of fibrils exist that connect fibrils 1 and 11 into a
continuum of gradually altering morphologies. The width, twist and cross-sectional structure
of these fibrils are intermediate between those of fibrils 1 and 11 (Table M I-1; Figure M I-2).
Moreover, the arrangement of the two protofilaments seems to be related in the fibrils that
construct the morphologic continuum. While the two protofilaments in fibril 1 are arranged
side-by-side, they are organized offset to each other in fibril 11 (Figure M I-6). Some of the
fibrils 2 to 10 seem to possess an arrangement intermediate between those of fibrils 1 and
11, involving a partly offset protofilament organization. These various protofilament
arrangements are similar to the registration polymorphism as described by Eisenberg et al.
(Figure 3.1) [Wiltzius et al. 2009].
Hence, the protofilament-protofilament interfaces and the involved residues must
differ considerably for different fibrils. While the two protofilaments in fibril 1 possess a
relatively large interaction surface, they contact each other only slightly in fibril 11
(Figure M I-6) [Meinhardt et al. 2009]. Inter-protofilament interactions must be relatively
non-specific and flexible to allow the protofilaments to reorganize relative to one another.
Indeed, the A(1-40) peptide consists primarily of hydrophobic residues (57.5 %) that can
interact in a promiscuous manner. Therefore, the side chains that constitute the interface of
the protofilaments may interact favorably in many different ways. Hence, hydrophobic
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interactions among adjacent side chains may be an important driving force for the
supramolecular organization of the A peptide, and, perhaps, for the assembly of amyloid
fibrils in general. The promiscuous nature of these non-covalent interactions is likely to be
part of the reason for the observed polymorphism of the A(1-40) fibrils.
Moreover, the existence of short disordered regions in the A peptide would permit
some degree of flexibility at the protofilament-protofilament interface [Chamberlain et al.
2000]. Manuscript VIII shows that residues 25 to 26 and the residues at the C- and N-termini
are less protected from H/D exchange, indicating a higher degree of structural disorder
(Figure M VIII-2c). Such disordered regions might contribute to a different side chain packing
at the interface and at the fibril surface.

3.1.5. Implications of t he Polymer Nature of Amyloid Fibrils
The observation of fibril polymorphism clearly distinguishes amyloid formation from
native protein folding [Wetzel et al. 2007]. With few exceptions [Luo et al. 2004], most
native globular proteins fold into an active, singular folded conformation based on their
amino acid sequences [Anfinsen 1973]. In fact, most proteins can accept large sequence
perturbations without changing the overall protein fold [Gazit 2002]. Hence, all natively
folded molecules of a given polypeptide sequence share the same inter-residue contacts.
Because of the stable hydrogen-bonded core of amyloid fibrils, it has been suggested that
the single fold dogma seen for native proteins could also apply to these highly ordered
aggregates [Pedersen and Otzen 2008]. In contrast, amyloid formation can lead to different
inter-residue contacts for the same sequence, resulting in structural heterogeneity.
The actual phenomenon of structural polymorphism is, on reflection, not entirely
unexpected. In all but a few cases [Fowler et al. 2007], the molecular structure of the
amyloid state does not serve an obvious purpose for living organisms [Pedersen and Otzen
2008]. As a consequence, peptides that form amyloid have not been optimized through
evolution to fold into one unique structure [Pedersen and Otzen 2008]. This means that the
single-fold dogma seen for most native proteins does not necessarily apply to amyloid-like
aggregates. The polymorphic nature of the cross--structure might also explain why this
motif does not represent a typical building block of native proteins in which function is
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tightly coupled to a unique fold. There might even exist a counterselection throughout
evolution against sequences with an increased likelihood of forming a cross- structure.
The structural basis for the polymorphism of amyloid fibrils lies in their nature as
organic polymers. Amyloid fibrils are, in many ways, more related to synthetic polymers,
such as polyamide or nylon chains, than they are to the monomeric polypeptides from which
they are derived [Wetzel et al. 2007]. The chemically much simpler organic polymers can
also grow into various morphologies [Bunn and Garner 1947; Kodali and Wetzel 2007].
Amyloid fibrils, when viewed in the electron microscope, generally share an elongated,
unbranched appearance and a high level of structural conservation along their main axis
(Figure M I-1a-c) [Meinhardt et al. 2009]. In contrast, they often occur as mixtures of
different morphologies, as illustrated for A(1-40) fibrils in Figure M IV-2B [Fändrich et al.
2009]. The presence of a high degree of order alongside structural polymorphism may seem
like a contradiction of terms in the first place. However, the polymer properties of amyloid
fibrils reconcile the highly conserved, main chain-dependent cross- structure along the fibril
axis with the variable interactions in the plane of the fibril cross-section.

3.1.6. Development of Fibril Polymorphism During Nucleated
Polymerization
The findings described in section 3.1.5 are consistent with a nucleated polymerization
mechanism of fibril formation, which has been proposed on the basis of in vitro aggregation
studies [Harper and Lansbury 1997; Meinhardt et al. 2007]. Sequence specificity governs the
formation of polymer-like amyloid fibrils much less than native protein folding. Therefore,
the molecular structure of A(1-40) fibrils is not solely determined by amino acid sequence
and is not purely under thermodynamic control, but is partly determined by stochastic
factors [Hortschansky et al. 2005b; Petkova et al. 2005].
Similar to the mechanism of protein crystallization, the nucleation-dependent
fibrillization pathway involves two subsequent processes [Harper and Lansbury 1997]. In the
initial nucleation reaction, A monomers come together to form soluble oligomeric
aggregates, serving as fibrillation nuclei. The occurrence of different fibril morphologies
suggests that distinct nucleation mechanisms exist for A(1-40). The stochastic nature of this
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process and slightly different microenvironments within the sample can lead to the
formation of structurally diverse nuclei [Hortschansky et al. 2005b]. Due to their
promiscuous nature, the interactions between A peptides may differ slightly in different
nuclei, where the Gibb’s free energy of nucleation is very similar for different arrangements.
A high variability of the nucleus structure would also support the view that these entities
form from unfolded or at least partially unfolded polypeptides [Fändrich et al. 2003; Chiti
and Dobson 2006]. Such structures possess considerable conformational flexibility, which
enables the formation of very different conformational states.
In a second step, the preformed nuclei are extended into larger prefibrillar aggregates
and eventually into long fibrils, thereby stabilizing their diverse structures. When further A
peptides attach onto the nucleus, they must adopt the present conformation, thus
propagating the preformed structural arrangement of the nucleus [Christopeit et al. 2005].
Once a fibril has formed with a particular morphology, a high kinetic barrier prevents
conversion to a different morphology, consistent with the observed structural persistence of
the fibrils (Figure M I-1a) [Paravastu et al. 2008].
Such a self-propagating nature was described for sonicated fragments of A(1-40) and
2-microglobulin fibrils [Petkova et al. 2005; Yamaguchi et al. 2005]. Parent fibrils can
transmit their morphologic characteristics over several fibril generations by templatedependent seeding. A similar propagation mechanism was suggested for mammalian and
yeast prion strains, where proteins with normal structure spontaneously adopt the
conformation of abnormal, disease-associated conformers [Bessen et al. 1995; Telling et al.
1996; Diaz-Avalos et al. 2005; Toyama et al. 2007; Wickner et al. 2007].

3.1.7. Implications of Amyloid Polymorphism for Disease
The Aβ peptide possesses the intrinsic ability to form polymorphic amyloid fibrils under
different incubation conditions [Klement et al. 2007; Meinhardt et al. 2009]. Therefore,
different Aβ amyloid fibril morphologies may also exist in the brains of AD patients, similar
to the polymorphic fibrils extracted from other human tissues [Crowther and Goedert 2000;
Jimenez et al. 2001]. Structurally different fibrils or ensembles of fibril morphologies are
thought to underlie different biological activities, such as a different toxicity to neuronal cells
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[Seilheimer et al. 1997; Petkova et al. 2005] or deposition patterns in amyloid diseases
[Meyer-Luehmann et al. 2006]. Thus, morphologic variability in vivo might contribute to the
clinically verified differences in the onset and pathological manifestations of several human
amyloid disorders. Similarly, structural polymorphism in prion amyloids can lead to the
variable clinical properties of the different strains of mammalian prion diseases and to the
observed species barrier effects [Chien et al. 2004; Kodali and Wetzel 2007].
The importance of mature amyloid fibrils in the etiology of Alzheimer’s and other
amyloid diseases, as opposed to prefibrillar aggregates, is a subject of current controversy.
One principal argument against a primary role of mature fibrils in AD has been the absence
of a robust correlation between the severity of neurological impairment and the extent of
amyloid deposition. However, cytotoxicity studies with different A(1-40) morphologies
raise the possibility that certain amyloid morphologies may be more pathogenic than others,
which would weaken the correlation between disease symptoms and total amyloid
deposition [Petkova et al. 2005].

3.2. Structural Analysis of Prefibrillar A Aggregates
Accumulating evidence suggests that prefibrillar A aggregates are, rather than mature
fibrils, the actual pathologic species in the etiology of AD. However, due to their limited
stability, information on the relationship between toxicity and structure of these A entities
has been scarce. Similar to mature fibrils, prefibrillar aggregates can exhibit different
morphologies. This chapter discusses the structural characteristics of a spherical A(1-40)
oligomer and a smaller globular A(1-42) oligomer (globulomer) that were revealed in
manuscripts V to VIII.
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3.2.1. Pathologic Relevance of the Analyzed Prefibrillar A Aggregates
An important question is whether the prefibrillar aggregates prepared in vitro possess
similar neurotoxic activity than the structures implicated in the disease state in vivo. This
question was tackled by assessment of the synaptic contacts, hippocampal LTP,
mitochondrial function and cellular metabolism after treatment with the aggregates:
First, immunostaining of synapses in primary neuron cultures from rat hippocampi
reveals a significant Aβ(1-40) oligomer induced reduction in synaptic contacts to 60 % of the
control level (Figure M VIII-1b,c). Reduced spine densities were also reported after
treatment with A(1-42) ADDLs [Lacor et al. 2007; Rönicke et al. 2009] and A dimers
[Shankar et al. 2008]. Decreased synapse density represents the strongest neuropathological
correlate of the degree of dementia in AD [Shankar et al. 2008].
Second, micromolar concentrations of A(1-40) oligomers cause a discernible
reduction of the LTP in acute rat and murine brain slices (Figures M V-4A; M VIII-1a) [Rönicke
et al. 2008]. No such effect is seen in control slices treated with Aβ(1-40) fibrils or freshly
dissolved peptide (Figures M V-4A; M VIII-1a). These findings are in good agreement with
LTP studies on A(1-42) globulomers [Barghorn et al. 2005] and other prefibrillar A
preparations that indicate a potent impairment of synapse function [Lambert et al. 1998;
Walsh et al. 2002a; Knobloch et al. 2007; Shankar et al. 2008].
Third, A(1-42) globulomers induce mitochondrial dysfunction in P301L tau transgenic
mice [Eckert et al. 2008a]. Nanomolar concentrations of these aggregates impair both the
mitochondrial membrane potential (Figure M VI-2C) and respiration in cortical brain cells
(Figure M VI-3,4). These results indicate early and chronic alterations of mitochondrial
functions and antioxidant defense mechanisms that may impact the overall neuronal
homeostasis [Eckert et al. 2008a].
Fourth, Aβ(1-40) oligomers and A(1-42) globulomers show considerable toxicity on
rat primary neuron or astrocyte cell cultures as well as on murine BV2 microglia and rat PC12
phaeochromocytoma cell lines (Figures M V-1A; M VIII-S1) [Rönicke et al. 2008]. Micromolar
applications to these cell cultures significantly decrease the MTT reduction to 25-85 % of
control values. These observations indicate that the A aggregates induce metabolic
dysfunction as previously reported for other oligomer preparations [Hoshi et al. 2003; Kayed
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et al. 2003; Chimon et al. 2007]. Decreased metabolic activity was, however, also observed
for cells treated with freshly dissolved A and fibrils (Figures M V-1A; M VIII-S1). This shows
that the MTT cytotoxicity test in single cell culture is less specific for A oligomers than LTP
or synapse immunostaining. The prefibrillar aggregates might induce early neuronal
alterations that lead to LTP disturbances before physiologic alterations or cell death are
detectable by cytotoxicity assays [Rönicke et al. 2008]. Moreover, this finding may indicate
that single cell cultures are more susceptible to A damage than tissue-embedded cells
[Rönicke et al. 2008]. Embedding in the intact hippocampal synaptic circuitry and
interactions between the neuronal elements might promote counteracting protective
mechanisms. These mechanisms could influence the membrane lipid composition or the
accessibility of lipid rafts for A [Rönicke et al. 2008].
Although it is unclear whether the present A oligomers belong to the intermediate
species that are primarily responsible for AD, their toxic effects on synapses, mitochondria
and neuronal metabolism imply their potential pathologic relevance. The question whether
aggregates of A(1-40) or A(1-42), if any, represent the key effectors in AD has been under
intense debate. The two additional hydrophobic residues at the C-terminus render A(1-42)
more aggregation-prone, thus allowing the formation of A oligomers at an earlier time
point [Bitan et al. 2003]. Indeed, many disease-causing mutations in the APP or presinilin
genes are associated with an enhanced production of the 42-isoform [Haass and Selkoe
2007]. Consistent with this, A(1-42) readily forms globular oligomers in vitro that are much
smaller

(diameter

2-5 nm,

Figure M VI-1C)

than

A(1-40)

oligomers

(10-60 nm,

Figure M VIII-2b) and that potently interfere with mitochondrial and synaptic function
(Figures M VI-2C,3,4) [Barghorn et al. 2005; Eckert et al. 2008a]. However, the presented
manuscripts show that oligomers of the less hydrophobic A(1-40) isoform likewise disrupt
synaptic structure and function (Figures M V-4A; M VIII-1) [Rönicke et al. 2008]. Moreover,
A(1-40) represents the most abundant species inside the cerebral cortex of AD patients and
the most significant correlate of synapse loss [Mori et al. 1992; Vigo-Pelfrey et al. 1993; Lue
et al. 1999]. These findings suggest that synaptotoxic A(1-40) aggregates may also play a
central role in vivo and that structural analysis of both A aggregate species is important for
a better understanding of the disease process.
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3.2.2. Structural Similarities of A Oligomers and Fibrils
To better understand the determinants of toxicity of the pathogenic A oligomer
species and their relationship to fibrils, manuscripts VI-VIII analyzed their structural
properties [Habicht et al. 2007; Eckert et al. 2008a]. These analyses reveal several structural
similarities to fibrils, indicating that the fibrillar cross- structure may be partly preformed in
A oligomers.
First, both Aβ(1-40) oligomers and A(1-42) globulomers are rich in -sheet structure
as demonstrated by FTIR and CD spectroscopy (Figures M VI-1I; M VII-3c,d; M VIII-2a,S2a)
[Habicht et al. 2007; Eckert et al. 2008a]. Quantitative analysis of the amide I components
shows that the A peptide adopts predominantly β-sheet structure in A(1-40) oligomers
(54 %) and in fibrils (69 %) (Figure M VIII-S3; Table M VIII-S1). Consistent with this, various
studies found a substantial fraction of ordered -structure in prefibrillar A aggregates,
including spherical A(1-40) and globular A(1-42) oligomers [Lansbury 1999; Lashuel et al.
2002; Barghorn et al. 2005; Chimon et al. 2007; Cerf et al. 2009; Ono et al. 2009; Yu et al.
2009]. Similar to mature fibrils, the major peak of the amide I region is relatively narrow and
centred at 1,626 to 1,628 cm-1 (Figures M VI-1I,J; M VIII-2a). This value is similar to the amide
I maximum of small A(1-42) oligomers [Cerf et al. 2009] and lies within the range reported
for amyloid fibrils (1610 to 1630 cm-1) [Zandomeneghi et al. 2004].
Second, the X-ray diffraction pattern of A(1-40) oligomers exhibits a main-chain
reflection at 4.6 ± 0.1 Å and a side chain reflection at 10.1 ± 0.3 Å which resembles the
pattern of amyloid fibrils (Figure M VIII-S2b). These reflections also correspond well to those
determined for B10-stabilized protofibrils (Figure M VII-4d). Hence, A oligomers are by no
means amorphous or unstructured entities, but possess an ordered, amyloid-like -sheet
structure. The observation of relatively narrow linewidths in a solid-state NMR study of
A(1-40) oligomers corroborates the well-ordered structure of these aggregates [Chimon et
al. 2007].
The metastable A(1-40) oligomer structure could be stabilized for several weeks in
the presence of the organic solvent HFIP. This hydrophobic, nonpolar alcohol likely weakens
hydrophobic interactions [Hirota et al. 1997] that are apparently important for the
formation of the protofilament-protofilament interface in mature fibrils. Simultaneously,
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HFIP enhances local polar interactions, such as hydrogen bonds, that are crucial to the
formation of -sheets [Hirota et al. 1997]. These properties may explain why this solvent
inhibits the formation of mature fibrils, while preserving the prefibrillar -sheet structure.
This stabilization enabled detailed structural analysis by H/D exchange which reveals
two regions with higher protection (kex < 2.5 h-1), roughly comprising residues Leu17-Ala21
and Gly25-Gly38 (Figure M VIII-2d). Similarly, solid-state NMR on A(1-40) oligomers
indicated high structural order for the analyzed residues in the hydrophobic core region
(e.g. Ala21, Val24, Gly25, Ile32, Leu34 and Gly38) and structural disorder for most residues at
the N-terminus (e.g. Ala2, Phe4 and Gly9) [Chimon et al. 2007]. This is also consistent with
the observation that co-administration of A antibodies to the mid or C-terminal region
prevents oligomer-induced deficits in long-term potentiation and depression more
effectively than antibodies to the N-terminus [Shankar et al. 2008]. In contrast, A(1-42)
globulomers encompass only one stretch of highly protected structure between Ile30-Val40
[Yu et al. 2009].
Interestingly, the slower exchanging stretches in A(1-40) oligomers roughly
correspond to the regions of highest protection in the analyzed A(1-40) fibrils, located
between Glu11-Val24 and Asn27-Val36 (Figure M VIII-2c). The H/D exchange experiments do
not provide information on the structural nature of the protected stretches. However,
consistent with the high -sheet content demonstrated by CD and infrared spectroscopy
these regions are interpreted as -strands. The exchange data on fibrils shows good
agreement with a previous solid-state NMR study on A(1-40) fibrils that revealed two
-strand segments between Val12-Val24 and Ala30-Val40 [Petkova et al. 2002]. Similarly,
previous H/D exchange studies observed a strongly hydrogen-bonded core, consisting of two
highly protected stretches centred in residues 16-23 and 28-35 [Whittemore et al. 2005] or
17-25 and 30-36 [Olofsson et al. 2007]. However, the exact position and length of the
-strands vary slightly in the different studies, presumably due to different fibril
morphologies and conditions of exchange. The similarities in the secondary structure
patterns of A(1-40) oligomers and fibrils suggest that the fibrillar -sheet regions are
predefined in the oligomers. Consistent with this, another A(1-40) oligomer was found to
share a common parallel -sheet structural motif with fibrils [Chimon et al. 2007].
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3.2.3. Differences in the Structural Dynamics of A Oligomers and Fibrils
Although A(1-40) oligomers and fibrils show several similarities with respect to their
-sheet structure, H/D exchange reveals a striking difference of both aggregate forms. In
A(1-40) oligomers, the exchange of backbone amide protons versus deuterium occurs
much faster than in fibrils and is mostly completed within one day (Figure M VIII-S8). The
same process takes several months when the A(1-40) peptide is incorporated into fibrils.
The exchange rates in the regions of highest protection differ by two orders of magnitude
between oligomers and fibrils (Figure M VIII-2c,d). Consistent with a study on small A(1-42)
oligomers these data suggest that the analyzed oligomers are more dynamic than mature
fibrils, possibly due to a continuous disassembly and reassembly [Cerf et al. 2009]. In
contrast, the fibrils, once formed, apparently represent a stable structural entity in which
assembly and disassembly occurs exclusively at the ends.
These data support concepts according to which A(1-40) folds into a prefibrillar state
that possesses a well-defined fibril-like -sheet structure but only a metastable
supramolecular packing [Chimon et al. 2007]. The lower stability of the supramolecular
packing in oligomers might also explain some of the differences to fibrils. First, oligomers
bind weaker to amyloid-specific dyes, such as Congo red or Thioflavine T (Figure M VI-1E,G;
M VIII-S5) [Eckert et al. 2008a], and to the fibril-specific conformational antibody B10
(Figure M VII-3b) [Habicht et al. 2007]. The higher dynamics may impede the formation of a
stable structural epitope that is required for binding. Second, the strong binding of the
fluorescent dye 8-anilinonaphthalene-1-sulfonate shows that A oligomers expose more
hydrophobic patches to the solvent, consistent with the lower degree of supramolecular
packing (Figure M VIII-S4). And third, TEM reveals the variable, spherical morphology of the
oligomers as opposed to the highly repetitive, linear morphology of amyloid fibrils (Figures
M VI-1C,D; M VIII-2b,S6) [Eckert et al. 2008a]. The dynamic oligomers typically possess
diameters of only several nanometers, while the highly stable fibrils can grow to a length of
several micrometers (Figure M VI-1C,D) [Eckert et al. 2008a].
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3.2.4. Relationship of A Aggregate Structure and Toxicity
The unique structural characteristics and dynamics of the A oligomers may also
account for their high toxicity. The faster exchange dynamics may reflect a lower structural
stability of soluble oligomers and a higher flexibility of the A peptide in oligomers
compared to fibrils (Figure M VIII-2c,d) [Cerf et al. 2009]. Decreased stability was also
demonstrated in SH3 domain oligomers by single-molecule fluorescence studies [Orte et al.
2008]. Moreover, the small size of the oligomers increases their accessibility and interaction
surface in comparison to fibrils which deposit as large inert plaques in the extracellular
space. This high flexibility and accessibility may confer the oligomers an increased potential
reactivity with a wide range of cellular components, such as signal receptors or biological
membranes, thereby generating toxic effects [Bucciantini et al. 2002; Cerf et al. 2009]. A
hypothetical toxicity mechanisms suggests that oligomers interact with lipid bilayers and
cause membrane perturbations or even permeabilisation [Lashuel et al. 2002; Kayed et al.
2004]. The exposure of hydrophobic patches in A oligomers could facilitate such
detrimental interactions with cellular membranes.
Moreover, A oligomers possess a large fraction of anti-parallel -sheet conformation
as revealed by a pronounced peak at 1695 cm-1 in the infrared spectrum (Figures M VI-1I;
M VII-3d; M VIII-2a) [Habicht et al. 2007; Eckert et al. 2008a; Cerf et al. 2009]. This structural
arrangement resembles the antiparallel -barrels of bacterial outer membrane porins [Cerf
et al. 2009]. These proteins are known to form oligomeric pores in their toxic conformation,
each monomer supplying several -strands that self-assemble and fold into a -barrel. A
similar mechanism might contribute to the detrimental effects of oligomers, such as the
disruption of long-term potentiation, synaptic contacts and cellular metabolism observed
here or the cognitive deficits reported in other studies [Lesne et al. 2006; Shankar et al.
2008].
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3.3. Conclusions
This thesis shows that amyloid formation reactions exhibit two classes of
polymorphisms: the different metastable prefibrillar aggregates commonly observed during
amyloid formation and the range of conformationally distinct mature fibrils often seen at the
reaction endpoint. A oligomers and various polymorphic forms of mature amyloid fibrils are
distinguished by differences in their structural stability and atomic structure. These
differences give rise to the various observed morphologies.
The presence of polymorphic amyloid aggregates inside living organisms also implies
profound implications for diagnosis of amyloid diseases and drug development. Preventing
the aggregation of A or removing existing aggregates is a potential therapeutic approach in
AD. For this strategy to succeed, a candidate drug must be able to tackle aggregates with
diverse morphologies. Such a single-drug-multiple-target approach requires the presence of
common structural characteristics in different amyloid morphologies. Similarly, diagnostic
tests must be able to recognize multiple distinct aggregate forms.
Indeed, this study indicates that the conformation-sensitive VHH antibody domain B10
can form complexes with diverse A(1-40) fibril morphologies (Figure M VII-3b; J. Meinhardt,
unpublished) [Habicht et al. 2007]. In addition, B10 was found to bind to cerebral amyloid
plaques of AD patients (Figure M VII-1d). These observations suggest that the polymorphic
fibrils share common structural features that might be very similar or may even correspond
to those of A fibrils in diseased Alzheimer’s tissue. Oligomer-specific antibodies were also
reported to recognize prefibrillar aggregates of a wide variety of amyloidogenic peptides and
proteins [Kayed et al. 2003]. This observation suggests that most, if not all, amyloid
oligomers possess similar structural properties and might share a common mechanism of
pathogenicity. Hence, the pathogenicity of protein-deposition diseases could be primarily
related to the structural nature of the amyloid aggregates rather than to the specific
sequences of the polypeptides from which they arise [Bucciantini et al. 2002]. This
hypothesis emphasizes that knowledge of the origin and nature of aggregate pathogenicity is
of crucial importance in efforts to identify the correct targets for drug design in the search
for effective therapeutic protocols.
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Aging and a diverse group of progressive disorders, including type II diabetes,
Creutzfeldt-Jakob and Alzheimer’s disease, are commonly associated with the misfolding of
disorder-specific amyloidogenic polypeptides. The different polypeptides self-assemble into
prefibrillar intermediates and, eventually, into stable, ordered amyloid fibrils. Although
these types of amyloid aggregates are formed by the same precursor polypeptide, they can
exhibit a variety of morphologies, ranging from different spherical to elongated, fibrous
aggregate structures. Increasing evidence suggests that soluble prefibrillar aggregates are
potent neurotoxins and may represent the key effectors of neurotoxicity in amyloid disease,
rather than insoluble tissue deposits of mature amyloid fibrils. However, the molecular
structures that underlie these toxic effects are poorly understood, because the metastable
nature of prefibrillar aggregates and the structural polymorphism of amyloid aggregates
have hampered their analysis. This thesis analyzes the structure of polymorphic aggregates
formed by the amyloid- peptide (A) which represent the pathologic hallmarks of
Alzheimer’s disease.
I investigated the structural basis of amyloid fibril polymorphism by single-fibril
reconstructions from cryo-electron microscopy images. The individual A(1-40) fibril
morphologies reveal almost continuous variations in their width, twist and cross-sectional
shape, suggesting the presence of a structural continuum. The structural variations
apparently arise from a gradually shifted lateral arrangement of the two protofilaments that
construct these different morphologies. Hence, the inter-protofilament interactions must be
relatively flexible to allow the protofilaments to reorganize relative to one another. These
structural analyses demonstrate that A peptide can stabilize a remarkably diverse number
of different fibril morphologies, each associated with a specific set of inter- or
intra-molecular interactions.
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Moreover, I could stabilize soluble, spherical oligomers of Alzheimer’s A(1-40) and
A(1-42) peptides for detailed structural analysis. The analyzed aggregates potently impair
cellular metabolism, synapse structure and function. Infrared spectroscopy and NMR-based
hydrogen/deuterium exchange reveal a high fraction of -sheet structure that is centred in
the same sequence regions as in mature fibrils. Despite these structural similarities with
respect to -sheet structure, the A peptides must not adopt exactly the same conformation
in oligomers and fibrils. The oligomers show more pronounced indicators of antiparallel
-sheet organization and bind weaker to fibril-specific antibodies and amyloid dyes. The
different binding properties might also arise from higher dynamics of A oligomers that
manifest in a rapid hydrogen/deuterium exchange behavior. These unique features in the
supramolecular structure and dynamics of oligomers could represent a critical step in their
toxicity mechanism which might involve the perturbation or permeabilization of biological
membranes.
The structural heterogeneity sets amyloid aggregates apart from most native globular
proteins that only fold into one three-dimensional structure with defined inter-residue
contacts. Hence, the observation of amyloid polymorphism challenges the traditional
concept implying that protein conformation and quaternary structure are completely
determined by protein sequence.
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Alterungsprozesse und eine Vielzahl degenerativer Erkrankungen, wie Typ-2-Diabetes,
die Creutzfeldt-Jakob- oder die Alzheimer-Krankheit, gehen mit der Fehlfaltung von
krankheitsspezifischen

amyloid-bildenden

Polypeptiden

einher.

Die

verschiedenen

Polypeptidketten lagern sich zu präfibrillären Intermediaten und schließlich zu hochstabilen,
geordneten Amyloidfibrillen zusammen. Obwohl diese Amyloidaggregate aus dem gleichen
Vorläufer-Polypeptid bestehen, können sie eine Vielfalt unterschiedlicher Morphologien –
von verschiedenen sphärischen bis hin zu langen, faserförmigen Aggregatstrukturen –
ausbilden. Eine wachsende Zahl experimenteller Befunde lässt vermuten, dass lösliche
präfibrilläre Aggregate stark neurotoxisch wirken und damit eine Schlüsselrolle in der
Pathogenese

von

Amyloidkrankheiten

einnehmen,

während

unlösliche

Gewebeablagerungen von Amyloidfibrillen eine untergeordnete Rolle spielen. Die
molekularen Strukturen, die diesen toxischen Effekten zu Grunde liegen, sind jedoch
weitgehend unverstanden, da die Metastabilität präfibrillärer Aggregate und der strukturelle
Polymorphismus von Amyloidaggregaten ihre Analyse erschwert. Diese Doktorarbeit
analysiert polymorphe Strukturen am Beispiel von Aggregaten des Amyloid--Peptids (A),
die das wichtigste pathologische Kennzeichen der Alzheimer-Krankheit darstellen.
Die strukturellen Grundlagen des Polymorphismus von Amyloidfibrillen wurden
anhand

von

Einzelfibrillen-Rekonstruktionen

aus

kryo-elektronenmikroskopischen

Aufnahmen untersucht. Die verschiedenen A(1-40)-Fibrillenmorphologien zeigen nahezu
kontinuierliche Veränderungen der Fibrillenbreite, Verdrillung und Querschnittsform. Diese
Ergebnisse lassen sich mit dem Vorliegen eines strukturellen Kontinuums von
Fibrillenmorphologien in Einklang bringen. Die strukturellen Veränderungen basieren
scheinbar auf einer schrittweisen seitlichen Verschiebung der beiden Protofilamente, aus
denen sich die verschiedenen Morphologien zusammensetzen. Die Wechselwirkungen
zwischen den beiden Protofilamenten müssen relativ flexibel sein, um eine Verschiebung der
Protofilamente gegeneinander zu ermöglichen. Diese strukturellen Analysen zeigen, dass
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A-Peptide eine erstaunlich große Anzahl unterschiedlicher Morphologien stabilisieren
können, die jeweils über ein spezifisches Muster an inter- und intra-molekularen
Interaktionen verfügen.
Desweiteren ermöglichte die Stabilisierung von löslichen, sphärischen Oligomeren des
Alzheimer-A(1-40)- und A(1-42)-Peptids eine detaillierte strukturelle Analyse. Die
analysierten Aggregate beeinträchtigen den zellulären Metabolismus sowie die Struktur und
Funktion der Synapsen erheblich. Infrarot-Spektroskopie und Kernspinresonanz-gestützter
Wasserstoff-Deuterium-Austausch enthüllen einen hohen Anteil an -Faltblatt-Struktur,
deren Kern sich in ähnlichen Sequenzregionen wie in ausgewachsenen Fibrillen befindet.
Trotz der strukturellen Ähnlichkeiten in der -Faltblatt-Struktur, nehmen Oligomere und
Fibrillen keine identischen Konformationen an. Oligomere zeigen verstärkte Anzeichen
antiparalleler

-Faltblatt-Struktur

und

binden

fibrillen-spezifische

Antikörper

und

Amyloidfarbstoffe schwächer. Die Unterschiede in den Bindungseigenschaften könnten auch
eine Folge der höheren Dynamik der A-Oligomere sein, die sich in einem schnellen
Wasserstoff-Deuterium-Austauschverhalten

äußert.

Diese

Besonderheiten

der

supramolekularen Oligomerstruktur und -dynamik könnten ein wichtiges Element in ihrem
Toxizitätsmechanismus darstellen, in dem die Oligomere möglicherweise eine Störung oder
Perforation biologischer Membranen bewirken.
Ihre strukturelle Heterogenität grenzt Amyloidaggregate klar von den meisten nativen
globulären Proteinen ab, die sich nur in eine funktionsfähige räumliche Struktur mit
definierten Inter-Aminosäure-Kontakten falten. Die Existenz von Amyloid-Polymorphismus
stellt damit das traditionelle Konzept der Proteinfaltung in Frage, nach dem die
Konformation und Quartärstruktur von Proteinen ausschließlich durch die Sequenz bestimmt
werden.
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