
doi:10.1016/j.jmb.2006.07.011 J. Mol. Biol. (2006) 362, 347–354
Quaternary Structure of a Mature Amyloid Fibril from
Alzheimer’s Aβ(1-40) Peptide
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Amyloid fibrils are fibrous polypeptide aggregates that can be formed in
vitro and under pathologic conditions, such as in type II diabetes,
Alzheimer's and Creutzfeldt-Jakob diseases. Using a range of biophysical
techniques including electron microscopy we have analysed the quaternary
structure of a mature amyloid fibril formed from the Aβ(1-40) peptide from
Alzheimer's disease. We find that the analysed fibril is discernibly polar and
represents a left-handed helix consisting of two or three protofilaments.
These are organised in a manner so that the cross-section is, under the
present resolution conditions (2.6 nm), S-shaped. In the cross-section, each
protofilament can accommodate two β-strands, suggesting that each
protofilament contains two cross-β-sheets. These data shed new light on
the way in which Aβ(1-40) and the protofilaments formed from this peptide
are organised within the mature fibril.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Amyloid fibrils occur inside the human body,
often associated with aging or neurodegenerative
conditions.1 One example is Alzheimer's disease.
Although the pathogenic role of Aβ fibrils or
aggregates is, for the Alzheimer's disease, still
under debate, increasing evidence suggests that
Aβ acts in a cascade of events resulting ultimately in
neuronal degeneration and other Alzheimer-speci-
fic, phenotypic alterations.2 Aβ occurs inside the
human brain in peptide isoforms of different length.
The 40 residue peptide Aβ(1-40) represents the most
abundant isoform in the cerebral cortex of Alzhei-
mer patients,3 while the minor species Aβ(1-42)
shows a significant disease-associated increase.4

In vitro, Aβ(1-40) can form aggregates of differ-
ent structure, including protofibrils and mature
fibrils.4,5 The latter are end products of fibril
formation, and they are defined by a long, straight
and often twisted overall structure, and also by their
strong affinity for Congo red. Mature fibrils can
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occur in different morphologies, varying in thick-
ness, twist and protofilament organisation.5–7

In all cases, amyloid fibrils are defined by the
presence of the same basic type of polypeptide
structure, termed the cross-β conformation.8 This
structure is invariably the same, irrespective of the
sequence constructing the fibrils or the disease states
under which they occur.1,8 In vitro, amyloid-like
fibrils can be formed by many natural polypeptide
chain sequences, even though these are not known
to do so in vivo, such as apomyoglobin or several
polyamino acids.1,9,10 These and other observations
resulted in the proposal that amyloid fibrils repre-
sent a generic polymer state of the polypeptide
chain.1 Several models have been put forward to
propose conformational arrangements of the poly-
peptide chains in the fibril that could be the same for
different polypeptide sequences.8,11–13 In addition,
small peptides, which form amyloid-like contacts
within microcrystalline arrays have been suggested
as amyloid model structures.14,15

Aβ peptide fibrils have been studied previously
with a range of techniques, including nuclear
magnetic resonance (NMR). Using solid-state NMR
(ss-NMR), the structure of the single Aβ(1-40)
peptide in the fibril and the nature of direct
peptide–peptide contacts were explored.6,7,17,18

Another model was determined for Aβ(1-42) by
hydrogen/deuterium-exchange NMR.16 For the
Aβ(1-40) or Aβ(1-42) peptides it suggested a U-
d.
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turn-shaped conformation in the fibril, consisting of
two β-strands and an intervening loop. However,
different studies assign the loop region to slightly
different residues.6,13,16–18 Furthermore, different
peptide conformations seem to exist in the fibrils
and some fibril samples contain the peptide in a 2:1
molar ratio of conformations.7 Previously, cryo-
electron microscopy (CEM) enabled reconstructions
of amyloid fibrils from insulin, SH3-domain or prion
protein.19–21 Here, we have analysed the quaternary
structure of one such fibril by CEM and other
structural techniques.
Figure 1. Structural homogeneity of the fibril sample.
(a) Images of fibrils in negative stain (2% (w/v) uranyl
acetate). (b) Histogram of the fibril width distribution
from 500 cross-overs (negative stain) measured from
fibrils longer than 300 nm. Dark gray bars, main
morphology accounting for 92% of the fibrils; light gray,
minor morphology corresponding to 8% of the fibrils.
Results

Morphological homogeneity of the fibril samples
used in the present analysis

Biophysical analysis of amyloid fibril samples is
often complicated by the fact that these samples
contain a large diversity of fibril morphologies.5,6

As an initial step we carried out a screen of
different conditions of fibril formation of Aβ(1-40)
peptide and their effect on the structural homo-
geneity of these samples. This screen resembled a
crystallisation trial and established that incubation
in 50 mM sodium borate (pH 9.0), leads to the
population of a single fibril species that is highly
abundant (Figure 1(a)). This fibril morphology
accounts for 92% of the fibrils longer than 300 nm
(Figure 1(b)) and it is defined by a width of
approximately 20.5 nm and a rather straight and
unbranched appearance (Figure 1(a)). However, the
individual fibrils of this morphology can differ in
length and in the distance of adjacent cross-overs.
As examined in more detail below, these cross-
overs reflect a periodic twist of the overall fibril
structure.

Amyloid nature of the fibrils present in solution

Far-ultraviolett circular dichroism spectroscopy
demonstrates the presence of a β-sheet conforma-
tion (Figure 2(a)). Attenuated total reflectance Four-
ier-transform infrared spectroscopy shows narrow
amide I and II maxima centred at 1628 cm–1 and
1549 cm–1 (Figure 2(b)). These properties are highly
characteristic for aggregated or amyloid-like β-
sheets which were found to lead, within the amide
I' region, to absorption maxima between 1610 cm–1

to 1630 cm–1.22 When fibrils are uniaxially aligned
and exposed to X-ray irradiation they produce an
anisotropic diffraction pattern with a meridional
spacing of 4.76 Å (Figure 2(c)). This reflection spot
indicates the distance of two hydrogen-bonded β-
strands of the same β-sheet. Its meridional orienta-
tion demonstrates, therefore, that the strands of the
sheet run transversely to the main fibril axis. This
arrangement is termed a cross-β structure.8 The
fibrils have strong affinity for aggregate-specific
dyes, such as Congo red or thioflavin-T, and their
Congo red bound forms give rise to discernible
apple-green birefringence when viewed in a polar-
ising microscope with crossed polarisers (Figure
2(d) to (e)). Taken together, these characteristics
establish firmly the presence of the amyloid-like and
mature properties of these fibrils.

Overall topology of the reconstructed fibril

Platinum shadowing of the fibrils reveals that the
periodicity and the cross-over structure of the fibrils
are associated with a fibril supertwist (Figure 3(a)).
This twist is left-handed in all cases. The same result
was obtained with atomic force microscopy (Figure
3(b)). A left-handed fibril twist has been observed in
most, if not all, twisted amyloid fibril morphologies
examined to date5,20 and also previously in fibrils
formed from Aβ(1-40) peptide. The direction of the
twist is thought to reflect the generic left-handed
twist of β-sheet structures.20,22 To analyse the fibril
quaternary structure in more detail by three-dimen-
sional (3D) reconstruction, fibrils were embedded in
vitreous ice and analysed by CEM (Figure 3(c)).
From 1533 segments (105 nm length) we obtained a



Figure 2. Amyloid properties of the fibrils. (a) Far-ultraviolett circular dichroism spectrum of Aβ(1-40) fibrils. The
mean residue weight ellipticity is given in cm2 dmol−1. (b) Amide I region of the infrared spectrum of the fibril sample
after seven days (dotted line) and 14 days of incubation (continuous line) at 20 °C. (c) X-ray diffraction image. Arrowheads
show the sharp meridional main-chain spacing (4.76 Å); arrows show the diffuse equatorial side-chain reflection (inner
rim 9.6 Å; outer rim 10.1 Å). (d) Polarising microscopy images of fibril samples stained with Congo red: top, bright field;
bottom, dark field; the scale bar represents 100 μm. (e) Fluorescence spectra of Aβ fibrils (black squares) or freshly
dissolved, disaggregated peptide (black circles) with thioflavin-T, or of thioflavin-T alone (open circles).
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density map at about 2.6 nm resolution (Figures 3(d)
and 4; Table 1). The average cross-over distance in
this data set is 135 nm, measured from raw cryo
images (Figure 3(e)). Besides the cross-over periodi-
city, however, no subunit repeat is recognisable in
the raw images (Figure 3(c)) and in the reconstruc-
tion (Figure 3(d)), such as the 2.7 nm repeat found
for the SH3-domain amyloid.19 Furthermore, the
present fibrils do not reveal a hollow core or ring-
like cross-section described for other amyloid
fibrils.19,23 Instead, these fibrils are ribbon-like in
shape (Figure 3(d)) and the cross-overs show clear
polarity (Figure 3(c)). Comparison of projections of
the reconstructed fibril with the original data shows
good correspondence (Figure 5).

Interpretation of the density map

The fibril cross-section comprises three core
regions of higher density that are similar in size
and shape (Figure 6(a)). Each core region is
approximately 8 nm long and 3.5 nm wide and
may represent an individual protofilament (see
below). Within the cross-section, the core regions
are joined by end-to-end contacts resulting in an
appearance of the fibril cross-section that resem-
bles a stretched version of the letter S (Figure 6(a)).
The two outer core regions differ in their mor-
phology from that of the central core region. The
latter has a somewhat more buried surface area
due to its contacts with the two peripheral core
regions, while the peripheral core regions are more
exposed and contact only one other core region
each.
To interpret the density we have compared our

fibril reconstruction with the dimensions of the
single peptide and also with possible structural
models of amyloid fibrils (Figure 6(b) to (f)). This
shows that a fully extended Aβ chain or generic
amyloid fibril models from recent publications8,11–13

do not easily fit our structure. By contrast, the size
and shape of the core regions of our cross-section
show good agreement with the dimensions of a
recently published structural model of residues 9–
40 of the Aβ peptide in a U-turn-like conformation
(Figure 6(b)). When filtered to 2.6 nm resolution



Figure 3. Quaternary structure of the fibril. (a) Electron micrograph of a fibril after platinum shadowing and (b)
atomic force microscopic image of the fibril showing the left-handed overall twist. (c) CEM images of a fibril frozen in
vitreous ice. (d) Side view of the reconstructed fibril. (e) Histograms of one cross-over length superimposed onto manually
aligned and averaged CEM images. The red bars of the histogram are fitted with a Gaussian curve.
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such arrangements lead to an overall dimension of
3 nm×7.3 nm. This size is in close correspondence
with the size of the core regions described above.
However, 20% of the residues of the peptide are not
included in this model and the full-length peptide
might require more space than indicated by the
model. Hence, there is room in our 3D reconstruc-
tion to accommodate two or, depending on the
conformation of the eight residues missing in the
peptide model, three protofilaments (see below). It
Figure 4. Resolution of the reconstruction. The Four-
ier-ring correlation of two independently reconstructed
volumes from two halves of the data set indicates a dip at
about 2.6 nm resolution. The reconstruction was low-pass
filtered to this resolution.
is of note that although a turn-like peptide
structure fits our density map particularly well,
the resolution of our reconstruction does not
exclude other peptide conformations that do not
feature a turn but, for example, have a structure
extending across two core regions. By contrast, our
data are inconsistent with an arrangement of two
or four turn-like Aβ molecules that interact through
their β-sheet regions as suggested for other Aβ(1-
40) peptide fibrils.6,16,18 None of the three core
regions is large enough to accommodate such an
arrangement. It is possible, however, that other
fibril morphologies described elsewhere5 are more
consistent with some of the previously proposed
arrangements of peptides.
Although our fibril reconstruction puts clear

constraints on a number of previously proposed
fibril models, it is not possible to discern at the
current resolution of 2.6 nm, the number of
protofilaments making up a fibril. Therefore, the
density may accommodate two peptides in cross-
section with the peptides contacting each other in
the fibril centre. This interpretation would leave
Table 1. Fibril reconstruction statistics

Total length of non-overlapping segments (nm) 14,957
Number of fibrils 52
Number of segments 1533
Segment size (nm) 105
Average cross-over (nm)/repeat distance (Å) 135/4.76
Pixel size on the specimen (nm) 0.7



Figure 5. Comparison of projections of the fibril reconstruction with the original data. Projections of the fibril
reconstruction at different axial rotation angles (top row) show good agreement with the raw images (bottom row),
indicating that the reconstruction is consistent with the data.
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sufficient room to accommodate the additional 20%
of residues not included in the NMR structure.
Alternatively, each of the three core regions may
accommodate one peptide in cross-section, giving
rise to three protofilaments. A determination of the
Figure 6. Interpretation of the fibril cross-section.
Comparison of the observed fibril cross-section (a) with
the dimensions of atomic models and their simulated
densities at 2.6 nm resolution: (b) the ss-NMRAβmodel of
residues 9–40; (c) nanotube;16 (d) β-helix from pectate
lyase superimposed with residues 15–36 from Aβ(1-40)17;
(e) four-sheet protofilament model superimposed with
residues 12–42;15 and (f) fully extended Aβ(1-40) peptide.
(g) Fit of the fibril cross-section with two β-strands
represented as bars, per core region. The star indicates
the central core region of uncertain molecular identity.
precise number of protofilaments has to await a
reconstruction at higher resolution. Based on the
good fit of the turn-like peptide structure containing
two juxtaposed β-strands, however, we suggest that
the central spine of each protofilament is formed by
two β-sheets in which the backbone hydrogen
bonds are oriented parallel to the main fibril axis.
This assembly is consistent with the cross-β struc-
ture revealed by X-ray analysis (see above).
Discussion

The present analysis of the quaternary structure of
a single amyloid fibril morphology formed from
Aβ(1-40) peptide has been facilitated by preparation
of samples containing a narrow distribution of fibril
morphologies suitable for 3D reconstruction. The
observed morphology corresponds to Aβ(1-40) fibril
morphologies described recently.5

The densitymap derived here has been interpreted
by comparison with structural models of Aβ peptide
proposed previously (Figure 6), which lend support
for a turn-like peptide conformation. Previous
evidence for such a conformation has come from
cross-linking,26 NMR6,16–18 and observations that a
lactam-enforced U-turn leads to accelerated fibril
nucleation.27 Depending on whether or not the
central core region contains a separate protofilament,
the present reconstruction can be fit with two or
three peptide units in cross-section. The twist and
amount of buried surface area of the central core
region differ from those of the two outer core regions.
These differences imply possible conformational
differences between the central and peripheral
protofilaments. Such an interpretation would be
consistent with literature data obtained from ss-
NMR, hydrogen exchange and proteolysis that
suggest that Aβ peptide can form fibrils in which
the peptide is present in sterically non-equivalent
positions.7,24,25 However, NMR reports also fibril
species that show only a single peptide conforma-
tion. This would be more consistent with a fibril
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containing only two protofilaments. Which of these
different possibilities is realised in the present fibrils
has to await more detailed structural information
about the fibril, and in particular, about the central
core region.
In contrast, the present data clearly show that

juxtaposed protofilaments do not interact, in this
fibril, through a non-covalent packing of the β-
sheet regions from different protofilaments. Such
an arrangement was suggested previously for other
fibril morphologies.6,18 Instead, the present fit of the
protofilament structure with a turn-like peptide
conformation and two β-sheets implies, for our
observed fibril morphology, that the interaction
surfaces of juxtaposed protofilaments are formed
by interactions occurring at the terminal ends of
the β-strands or in loop regions protruding from
these strands. Based on the location of the β-
strands in the sequence6 these interaction surfaces
are formed from the peptide N and C termini as
well as from the loop-region intervening the two β-
strands, which contains approximately residues
21–29. Interestingly, all known natural variants of
Aβ, most of which are associated with familial
forms of the disease,4 show variations in precisely
these regions of the peptide. Furthermore, residues
21–29 can be particularly sensitive to proline
scanning mutagenesis28 and often these residues
are buried and highly protected against hydrogen
exchange.24

Besides the 40 residue peptide isoform Aβ(1-40),
Aβ peptide can occur also with a longer main-
chain length, for example as the 42 residue peptide
Aβ(1-42). The latter peptide has been suggested to
adopt, within the fibril, also a turn-like conforma-
tion consisting of two β-strands,16,17 but CEM
reconstructions of such fibrils have not been
published. A recent analysis of fibril projections,
however, suggests that this peptide can form fibrils
where four turns are arranged side-by-side when
viewed in cross-section.16 These fibril models
resemble a morphology proposed for Aβ(1-40)6

and the major difference of the two peptides may
arise merely from the higher intrinsic aggregation
propensity of Aβ(1-42).4

In-depth knowledge about the quaternary struc-
ture of the fibrillation end product will be a
prerequisite for developing a more thorough under-
standing of the principles governing the architecture
and the formation of such amyloid fibrils, in
particular, when considering the potentially more
harmful precursors of mature structures.4
Materials and Methods

Sample preparation

Synthetic Aβ(1-40) peptide was obtained from Bachem.
The peptide was mostly reduced (>95%) as shown by
reverse phase chromatography. Fibrils were formed at
1 mg/ml concentration by incubation in 50 mM sodium
borate (pH 9.0), at 20 °C for a minimum of 24 h.
Circular dichroism (CD) spectroscopy

The far-ultraviolett CD spectra were recorded on a
JASCO J-720 spectropolarimeter using quartz cells
(Hellma) of 1.0 mm path length that were optimised for
polarimetrical measurements. Peptide concentrations
were determined using the Coomassie Plus™ kit (Pierce).

Fourier-transform infrared spectroscopy

Infrared spectra were recorded using a Bruker Tensor 27
spectrometer (Bruker Optik, Ettlingen, Germany) equipped
with a BIO-ATR II cell and a LN-MCT Photovoltaic detec-
tor. Spectra represent the sum of 40 scans after refer-
ence subtraction and one times zero-filling. They were
recorded at room temperature and at a resolution of
4 cm–1. The peptide was dissovled at 2 mg/ml concentra-
tion in pure water and the pHwas adjusted with NaOH to
pH 9.0.
Thioflavin-T fluorescence spectroscopy

All samples were recorded in 50 mM sodium borate
buffer (pH 9.0). Aβ peptide or final fibril concentrations
were 0.05 mg/ml and the thioflavin-T concentration was
always 20 μM. All fluorescence measurements were
carried out at room temperature and by using a
SHIMADZU RF-5301PC fluorimeter (Jena, Germany).
Emission spectra were recorded between 460 nm and
600 nm (emission slit setting 5) whilst exciting at 450 nm
(emission slit setting 3).

Congo red staining and polarising microscopy

The test for apple-green birefringence was performed
by drying 50 μl aliquots of a fibril suspension (1 mg/ml)
on a glass slide. The fibrils were stained using a freshly
filtered Congo red solution (0.1% (w/v) in water).
Excessive and non-specific Congo red stain was removed
by washing in water and ethanol. Samples were analysed
using a LEICA DM/DR 450× polarisation microscope
(Bensheim, Germany).

X-ray fibre diffraction

X-ray specimens were prepared by drying of 50 μl of a
10 mg/ml solution of Aβ(1-40) fibrils between two wax-
filled glass capillaries. The X-ray images were recorded
with an exposure time of 30 min and a sample–detector
distance of 325 mm.

Atomic force microscopy

For atomic force microscopy analysis, samples were
diluted with ultrapure water to a final concentration of
1 μg/ml. Aliquots (10 μl) of the diluted solution were
placed on a freshly cleaved mica plate (Plano, Wetzlar,
Germany). After 2 min, the mica was washed with
ultrapure water and dried in a dessicator for at least 2 h.
Tapping mode atomic force microscopy images were
recorded using a Nanoscope III Multi Mode Workstation
(Digital Instruments, Santa Barbara, USA), equipped with
a lateral scanner (140 μm) and NCH silicon point-
probes (force constant 32 N/m to 60 N/m; Nanoprobes,
Neuchatel, Switzerland). We used frequencies of 298 kHz
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to 366 kHz, drive amplitudes between 150 mVand 300 mV
and scan rates of 1 Hz to 2 Hz.
Electron microscopy

For platinum shadowing, fibrils were unidirectionally
shadowed with platinum-iridium mixtures using eleva-
tion angles of 20° to 35° and analysed using a Philips EM
400 T microscope. CEM samples were prepared as
described elsewhere.29 Vitrified specimens were imaged
in a Philips CM12 transmission electron microscope at
120 kV using a magnification of 60,000x, low-dose
conditions and a temperature of –180 °C. Micrographs
were recorded at an underfocus of 2.0(±0.2) μm.
Image processing

Negatives were digitised using a Zeiss SCAI flatbed
scanner at a raster size of 7 μmand further averaged to give
a final pixel size on the specimen of 0.7 nm. The defocus of
each micrograph was confirmed using CTFFIND.30 Non-
overlapping and straight fibrils were selected and cropped
into rectangular boxes. Filamentswere cut into segments of
150×150 pixels and masked by a cosine-edged rectangle.
Further image processingwas carried outwith the SPIDER
software package31 using the Iterative Helical Real Space
Reconstruction method.32 Out-of-plane tilt was corrected
by maximally ±12°. For the reconstruction we imposed
helical symmetry with a subunit repeat of 4.76 Å, and
according to a cross-over distance of 135 nm, a rotation of
0.63° per peptide. The reconstruction was low-pass filtered
to a resolution of 26 Å, corresponding approximately to the
first zero of the contrast transfer function of the electron
microscope at an underfocus of about 2.0 μm. A 2-fold
symmetric fibril was obtainedwith the additional insertion
of each mirror image (along the fibril axis) into the
reconstruction. Similar to a previous analysis of insulin
amyloid fibrils20 the raw data contained features that
might indicate fibril asymmetry either owing to noise and
deviation from a strict helical architecture or possibly to
subtle features in the fibril, including small local bends.
Although the statistical significance of these deviations
was marginal, their possible effect was explored in a
reconstruction of an asymmetric density map (not shown).
This reconstruction retained major features of the one
shown in Figures 3(d) and 5(a), such as overall size and
shape of fibril (Figure 3(d)) and cross-section (Figure 6(a)),
and the partitioning of the cross-section into three core
regions and similar dimensions as in Figure 3(a). The
central core region showed a more uneven density. While
the possible relevance of such an asymmetric fibril
reconstruction remains to be established, the present
interpretation of the fibril architecture is not affected. The
quality of the reconstruction was assessed using the
average Fourier ring correlation between density slices of
one pixel thickness along the helix axis from two
independently reconstructed volumes. The two recon-
structions were obtained by dividing the whole data set in
two halves and carrying out two truly independent
refinement cycles until convergence.33 Further reconstruc-
tion details are given in Table 1.

Molecular modelling

The peptide structures were modelled according to the
literature6,8,11–13 using the program Insight (BIOSYM/
Molecular Simulations) and Xfit.34 Images were generated
with the help of the Chimera Visualisation System.35
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