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AD (Alzheimer’s disease) is linked to Aβ (amyloid β-peptide)
misfolding. Studies demonstrate that the level of soluble Aβ oligo-
meric forms correlates better with the progression of the disease
than the level of fibrillar forms. Conformation-dependent anti-
bodies have been developed to detect either Aβ oligomers or
fibrils, suggesting that structural differences between these forms
of Aβ exist. Using conditions which yield well-defined Aβ-
(1–42) oligomers or fibrils, we studied the secondary structure of
these species by ATR (attenuated total reflection)–FTIR (Fourier-
transform infrared) spectroscopy. Whereas fibrillar Aβ was
organized in a parallel β-sheet conformation, oligomeric Aβ

displayed distinct spectral features, which were attributed to an
antiparallel β-sheet structure. We also noted striking similarities
between Aβ oligomers spectra and those of bacterial outer
membrane porins. We discuss our results in terms of a possible
organization of the antiparallel β-sheets in Aβ oligomers, which
may be related to reported effects of these highly toxic species in
the amyloid pathogenesis associated with AD.

Key words: Alzheimer’s disease, amyloid β-peptide, antiparallel
β-sheet, infrared spectroscopy, oligomeric Aβ, OmpF.

INTRODUCTION

AD (Alzheimer’s disease) is a widespread form of dementia and
is one of a variety of amyloidoses whose common feature is the
aggregation of misfolded proteins and/or peptides. AD is a brain-
specific degenerative disease, neuropathologically characterized
by the presence of fibrillar amyloid deposition in extraneuronal
spaces/cerebrovascular regions and by neurofibrillary tangles
inside the neurons [1].

Amyloid plaques are primarily composed of Aβ (amyloid
β-peptide) (38–43 residues long), which is released after proteo-
lytic cleavage of the APP (amyloid precursor protein) by β- and
γ -secretases [2]. The amyloid hypothesis suggests that Aβ
accumulation in the brain is the primary event in the pathogenesis.
Formation of tau protein tangles could be one of the consequences
of an imbalance between production and clearance of Aβ [1].
Aβ-(1–42) and Aβ-(1–40) are the principal components of amyl-
oid plaques [3]. Aβ-(1–42) is the highly amyloidogenic, though
less abundant form, which appears to be deposited initially [4].
This higher ability of Aβ-(1–42) to aggregate has been related to
two additional hydrophobic amino acids at its C-terminal end [5].

Several aggregation states have been identified for amyloi-
dogenic proteins. Aβ can exist as a monomer or larger soluble
entities called oligomers and eventually insoluble fibrils. The
general term ‘oligomers’ includes different kinds of assembly
such as dimers, trimers, protofibrils, ADDLs (Aβ-derived diffu-
sible ligands), and annular or pore-like oligomers [6]. Recently,
it has also been reported that oligomers could be classified
into prefibrillar or fibrillar oligomers as they have different
aggregation pathways [7].

Aβ deposition in brain to form fibrillar plaques has been
associated for a long time with neurodegeneration, insidious
memory loss and cognitive decline [2,8]. However, there has been
a paradigm shift in this concept and it is now widely accepted that
soluble oligomers of Aβ are more neurotoxic than Aβ fibrils
and play a direct role in the amyloid pathogenesis [9]. Cognitive
decline associated with AD precedes amyloid deposition in human
and transgenic mouse models and correlates with soluble Aβ
oligomer levels rather than either APP levels or fibrillar amyloid
deposits [10].

Aβ oligomers are most probably intermediates in amyloid
fibril formation. However, they are not necessarily required to
form fibrils [11]. Recently, a conformation-dependent antibody
has been shown to detect amyloid fibrils with high specificity,
regardless of their sequence [7]. Previously, using another
conformation-dependent antibody raised against Aβ prefibrillar
oligomers, it was demonstrated that many amyloidogenic proteins
or peptides, which also form oligomers, were recognized by the
same antibody. Therefore different types of amyloid oligomers
may adopt a common structural motif postulated to be crucial in
their common toxicity [12].

Obtaining any new structural information about Aβ oligomers
would be an important step in better understanding of the
causation of AD, and possibly other amyloidogenic diseases.
Previous studies carried out on Aβ oligomers reported the domin-
ance of β-sheet structures. However, they were unable to distin-
guish between parallel and antiparallel structures [5]. In
the present study, we use ATR (attenuated total reflection)–
FTIR (Fourier-transform infrared) spectroscopy to compare the
structures of Aβ-(1–42) oligomers and fibrils. We demonstrate
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that, although both forms adopt a predominantly β-sheet structure,
Aβ-(1–42) oligomers adopt an antiparallel β-sheet struc-
ture, which is distinctly absent from fibrils.

EXPERIMENTAL

Peptide preparation

Aβ-(1–42) was purchased from American Peptide. The peptide
was dissolved in cold HFIP (hexafluropropan-2-ol; Sigma–
Aldrich) at a 2 mg/ml concentration, incubated at room
temperature (25 ◦C) for 1 h and divided into aliquots of 25 μl.
HFIP was evaporated under nitrogen flow and residual HFIP
was removed under vacuum using a Speed Vac (Thermo Savant).
The resulting Aβ-(1–42) film was stored at −20 ◦C until further
manipulation.

Aβ-(1– 42) incubations

Prior to any incubation, the peptide was dissolved in DMSO
(Sigma–Aldrich) at a final concentration of 5 mM and then
immediately resuspended using one of the following conditions.
To obtain oligomers, the peptide was either dissolved in
F12 Phenol Red-free cell culture medium (Sigma–Aldrich) as
developed by Dahlgren et al. [13] and Stine et al. [14] or in
TBS (Tris-buffered saline: 20 mM Tris/HCl, pH 7.4, 100 mM
NaCl) as developed by Garzon-Rodriguez et al. [15], at a final
concentration of 100 μM and incubated at 4 ◦C for 24 h. To obtain
fibrils, the peptide was resuspended either in 10 mM HCl at a final
concentration of 100 μM and incubated at 37 ◦C for 24 h, or in
0.5 mM Hepes, pH 7.4, at a final concentration of 500 μM and
incubated at room temperature under gentle agitation for at least
30 days.

Western blot analysis

Peptide samples were diluted in SDS/PAGE sample buffer and
separated on a 12% Bis-Tris gel at 4 ◦C for 2 h at 100 V. The separ-
ated bands were transferred on a nitrocellulose membrane
which was then blocked for 1 h in 5% non-fat dry milk
in TBS/Tween 20 buffer (10 mM Tris/HCl, pH 8, 150 mM
NaCl, 0.0625% Tween 20). The membrane was incubated with
the mouse monoclonal Aβ antibody 6E10 (1:3000) (Sigma–
Aldrich). Detection was carried out using horseradish peroxidase-
conjugated anti-mouse antibody (1:2000) and the Supersignal
West Pico Chemiluminescent Substrate (Pierce Biotechnology).
Pictures were recorded and analysed using the ImageQuant
400 gel imager and ImageQuant TL software (GE Healthcare).

AFM (atomic force microscopy)

Aβ-(1–42) solutions were characterized by AFM using
a Nanoscope IIIa (Veeco Metrology LLC) equipped with a
120 μm × 120 μm piezoelectric scanner. Analyses were carried
out either in contact or in tapping mode at room temperature
in air using AFM cantilevers with a spring constant of either
0.01 or 0.03 N/m (Microlevers, Veeco Metrology LLC). Before
analysis, 100 μl of sample (diluted 10-fold in the case of fibrils and
5-fold in the case of oligomers) were incubated for 10 min at room
temperature on freshly cleaved mica and rinsed four times with
milliQ water. Excess water was then removed under nitrogen flow.

ThT (Thioflavin T) fluorescence

ThT (Sigma–Aldrich) fluorescence was used to characterize the
different peptide solutions according to LeVine [16] on a LS55
fluorimeter (PerkinElmer Instruments). Briefly, 4.5 μg of peptide

was added to 1 ml of a 5 μM ThT solution maintained at 25 ◦C
by a circulating water bath and the fluorescence was recorded at
482 nm (excitation wavelength of 450 nm).

Dot-blot analysis

A 1 μg sample of oligomeric Aβ was spotted on a nitrocellulose
membrane, which was subsequently blocked with 10 % non-
fat dry milk in TBS/Tween 20 (0.01%) for 1 h at 4 ◦C and
washed. The membrane was then incubated overnight at 4 ◦C
with rabbit anti-oligomer antibody A11 (1:3000) (a gift from
Dr C. Glabe, University of California at Irvine, Irvine, U.S.A.) in
5% non-fat dry milk in TBS/Tween 20 (0.01%). After washing
with TBS/Tween 20 (0.01%), the membrane was incubated
for 1 h at 4 ◦C with horseradish peroxidase-conjugated anti-
rabbit IgG (Cell Signaling Technology) (1:2000). An ECL®

(enhanced chemiluminescence) Western blot kit detection system
(GE Healthcare) was used to detect chemiluminescence, and
images were recorded and analysed using the ImageQuant
400 gel imager and ImageQuant TL software (GE Healthcare).

IR spectroscopy

IR spectra were recorded on an Equinox 55 infrared spectro-
photometer (Bruker Optics) equipped with a Golden Gate
reflectance accessory (Specac). The internal reflection element
was a diamond crystal (2 mm × 2 mm) with an aperture angle
of 45◦ that yielded a single internal reflection. 128 accu-
mulations were performed to improve the signal/noise ratio. The
spectrometer was continuously purged with dried air. Spectra
were recorded at a resolution of 2 cm− 1. All measurements were
made at 24 ◦C. Samples were prepared by spreading 2 μl of
peptide solution on the diamond crystal surface and by removing
the excess water under nitrogen flow. Alternatively, for salt-
containing samples, similarly to the AFM sample preparation,
5 μl of peptide solution were incubated at the diamond surface
for 15–20 min, the sample was then washed three times with
excess milliQ water. Finally, excess water was removed under
nitrogen flow.

H–D (Hydrogen–deuterium) exchange

H–D exchange experiments were performed on Aβ oligomers
and fibrils. The pH of the samples was adjusted in order to
perform the exchange on samples with identical pH. The decay of
the NH-associated amide II band (1520–1580 cm−1) was used to
monitor the exchange of the amide group. Results were analysed
as previously described [17].

Spectral cluster analysis

Before analysis, a linear baseline was subtracted from all spectra
at 1708, 1602 and 1482 cm−1. Spectra were then rescaled on the
amide I area (1708–1602 cm−1). Spectra were clustered according
to the Euclidian distances for each wavenumber in the amide I
and II range (1708–1482 cm−1).

Protein spectra used for the clustering analysis were ex-
tracted from the RASP50 database [18]: alcohol dehydrogenase
(ADH) from horse liver; α-lactalbumin (ALA) from human
milk; apolipoprotein E3 (APE) from human; α-haemolysin (ATX,
alphatoxin) from Staphylococcus aureus; avidin (AVI) from hen
egg white; erabutoxin b (BTE) from Laticauda semifasciata;
carbonic anhydrase (CAH) from bovine erythrocyte; concanavalin
A (CNA) from jack bean; colicin A (COL), C-terminal domain
from bacterial source; citrate synthetase (CSA) from porcine
heart; α-chymotrypsinogen A (CTG) from bovine pancreas;
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cytochrome c (CYC) from horse heart; dihydropteridine reductase
(DPR) from sheep liver; apo-ferritin (FTN) from horse spleen;
glutathione transferase (GST) from equine liver; haemoglobin
(HBN) from bovine blood; immunoglobulin γ (IGG) from hu-
man; insulin (INS) from bovine pancreas; lectin (LCL) from
lentil; lipoxygenase-1 (LOX) from soybean; lysozyme (LSZ)
from chicken egg white; myoglobin (MBN) from horse heart;
monellin (MON) from Dioscoreophyllum cumminsii; metal-
lothionein II (MTH) from rabbit liver; ovalbumin (OVA, egg
albumin) from hen; parvalbumin (PAB) from rabbit muscle;
penicillin amidohydrolase (PAH) from Escherichia coli; papain
(PAP) from papaya latex; pepsin (PEP) from porcine stomach;
peroxidase (PER) from Arthromyces ramosus; phosphoglyceric
kinase (PGK) from Saccharomyces cerevisiae; pepsinogen (PGN)
from pig stomach; phospholipase A2 (PLA) from bovine
pancreas; R61 DD-transpeptidase from Streptomyces r61; rennin
(REN, chymosin b) from calf stomach; ricin (RIC) from castor
bean; ribonuclease A from bovine pancreas; subtilisin Carlsberg
(SBC) from Bacillus licheniformus; subtilisin BPN′ (SBN,
nagarse), source not specified; Fe-superoxide dismutase (SDF)
from E. coli; Cu/Zn-superoxide dismutase (SOD) from bovine
erythrocyte; trypsinogen (TGN) from bovine pancreas; trypsin
inhibitor (TIB, Bowman-Burke inhibitor) from soybean; tryps-
in inhibitor (TIP, BPTI) from bovine pancreas; thaumatin (TMT)
from Thaumatococcus daniellii; triose phosphate isomerase
(TPI) from S. cerevisiae; troponin (TRO) from chicken muscle;
ubiquitin (UBQ) from bovine erythrocyte; glucose oxidase (UOX)
from Aspergillus niger; xylanase (XYN) from Trichoderma
viride. See [18] for more details on the RASP50 FTIR
database.

In addition to the RASP50 FTIR database spectra, a spec-
trum from the bacterial outer membrane protein OmpF porin
reconstituted in asolectin phospholipid product (a gift from
Dr F. Homblé, Université Libre de Bruxelles, Brussels, Belgium)
and spectra of both Aβ-(1–42) fibrils and oligomers (see Figure 2)
were used.

RESULTS

Aβ-(1– 42) oligomers and fibrils: formation and assessments

Our goal in the present study was to compare the structure of
Aβ-(1–42) oligomers and fibrils. We used established oligomer-
or fibril-forming protocols to obtain the desired Aβ-(1–42)
aggregates. Owing to the inherent high structural variability of the
peptide, we carefully assessed each species using four independ-
ent approaches to verify that we obtained the expected entities.

Since Aβ-(1–42) is known to produce SDS-resistant oligomers
and fibrils, we used Bis-Tris SDS/PAGE followed by 6E10 mono-
clonal antibody recognition to visualize the different species.
After incubation at 4 ◦C for 24 h in TBS or F12, large oligomeric
species appeared between ∼40 and ∼170 kDa (Figure 1A, lane
1). In acidic fibril-forming conditions, after 24 h of incubation,
extremely-high-molecular-mass Aβ remained in the stacking gel.
This high-molecular-mass Aβ corresponded to fibrils. A decrease
of tri- and tetra-meric species was observed (Figure 1A, lane 2).
With 7 days of incubation, in acidic fibril-forming conditions, the
large oligomeric bands completely disappeared (Figure 1A, lane
3). Fibrils formed in 0.5 mM Hepes, pH 7.4, after 30 days also
revealed an oligomer-free pattern (result not shown). It should
be noted that the monomeric Aβ (∼4.5 kDa) is present in all
conditions. A quantification of the different band intensities using
the ImageQuant TL software was carried out. It showed that in the
oligomeric conditions (Figure 1A, lane 1), the band corresponding
to the monomer represents only 16% of the total intensity,
whereas the larger oligomers (∼40–170 kDa) represent 80%

Figure 1 Assessments of Aβ-(1– 42) under oligomer- and fibril-forming
conditions

(A) Western blot analysis of Aβ-(1–42) oligomers and fibrils separated on a 12 % Bis-Tris
SDS/PAGE gel and probed with the monoclonal antibody 6E10. Lane 1 shows Aβ-(1–42)
oligomers formed in TBS after 24 h. Lanes 2 and 3 show Aβ-(1–42) fibrils formed in 10 mM
HCl after 24 h and 7 days respectively. A quantification on non-overexposed blots has been
carried out using the ImageQuant gel imager and software (see the text). Molecular masses
are indicated in kDa. (B) AFM images of oligomeric and fibrillar Aβ-(1–42). AFM images
were recorded in 2 μm × 2 μm contact mode with oligomers formed in TBS after 24 h (total z
range = 15 nm) (upper panel) and 2 μm × 2 μm tapping mode with fibrils formed in 10 mM
HCl after 24 h (total z range = 8 nm) (lower panel). (C) Relative ThT fluorescence emission
intensity after 0, 24, and 48 h for Aβ-(1–42) oligomers formed in TBS (black), in F12 medium
(light grey) and for Aβ-(1–42) fibrils formed in 10 mM HCl (dark grey). (D) Dot-blot analysis
of 1 μg of Aβ-(1–42) oligomers formed in TBS after 24 h (upper panel) and fibrils formed
in 10 mM HCl after 1 week (lower panel) with the conformation-dependent A11 antibody. The
results shown here are representative of three to five independent experiments.

(trimers and tetramers represent 2 % each). Such quantification is
more difficult to perform for fibril-forming conditions because
fibrils remain in the stacking gel and are probably under-
estimated. Nevertheless, this result demonstrates that monomers
are clearly not the major species in our samples. As a comparison,
with zero incubation (t = 0) in TBS, pH 7.4, Aβ-(1–42) forms
small oligomers (mainly trimers and tetramers) in addition
to monomers, which are the major species (∼70%). High-
molecular-mass oligomers are also present on a t = 0 gel, but
do not represent a significant proportion (∼3%) of the species
formed by Aβ-(1–42) (results not shown).

Even though Aβ is known to produce SDS-resistant oligomeric
and/or fibrillar species, it has been shown that SDS/PAGE in the
study of Aβ oligomers is not devoid of artefacts and might not
always reflect the exact content of the different species present
in the sample [6]. As suggested in [6], we undertook further
characterization of both oligomers and fibrils to ensure that our
samples were representative of each species.

A second method used to confirm fibril or oligomer formation
was AFM. AFM images of oligomers formed after 24 h showed
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Figure 2 ATR-FTIR spectra in the amide I region of Aβ-(1– 42) under fibril- and oligomer-forming conditions

(A) a, Aβ-(1–42) fibrils formed in 0.5 mM Hepes, pH 7.4, under agitation for 36 days. b, Aβ-(1–42) fibrils formed in 10 mM HCl during 7 days. (B) a and b, Aβ-(1–42) oligomers after incubation
in TBS for <1 h and 24 h respectively. c, Aβ-(1–42) oligomers formed in F12 cell culture medium after 24 h. d, bacterial porin OmpF reconstituted in lipid membrane. A vertical broken line is shown
at 1695 cm−1 to facilitate the identification of differences between spectra. Spectral intensities were normalized to the intensity of the 1630 cm−1 peaks. Spectra were shifted for better visualization.
All spectra were deconvoluted using a Lorentzian deconvolution factor with a full width at half height of 20 cm−1, a Gaussian apodization factor with a full width at half height of 13.33 cm−1 to obtain
a resolution enhancement factor K = 1.5 [24]. Spectra are representative of at least three independent experiments.

the presence of globular spherical-shaped entities (Figure 1B,
upper panel) with a typical height of 5–6 nm, which is in
good agreement with previously characterized oligomers [19].
Importantly, it also showed that no fibrils were present in our
oligomer-forming conditions. This verification was critical for
the subsequent FTIR spectroscopic analysis, since it excluded
potential spectral contributions from fibrils. In fibril-forming
conditions, AFM images showed long unbranched fibrils with
a typical 7–8 nm width (Figure 1B, lower panel). At higher
magnification, these images showed some periodicity along the
fibril axes (results not shown). All these features are in agreement
with previously published data on Aβ fibrils [20]. To ensure that
these fibrils were not formed during AFM sample preparation,
especially during the removal of excess water at the mica plate, fi-
brillar samples were observed in contact-mode in buffer. These
fibrillar samples were prepared in HCl and then resuspended
in TBS, pH 7.4, to also ensure that a change in buffer and in
pH did not affect the fibril morphology. The fibrils were not as
well-resolved as in tapping-mode in air. However, the overall
morphology and the size of the fibrils resembled those in tapping-
mode (not shown), demonstrating that the removal of the excess
water of the sample at the mica surface and a change in pH do not
affect the fibrils once they are formed.

A third assessment was carried out using ThT fluorescence.
ThT is known to fluoresce specifically in the presence of amyloid
fibrils [16]. After resuspension (t = 0) of the Aβ-(1–42) peptide
in all the conditions used in the present study, the samples were
ThT negative. Both fibril-forming conditions resulted in a high
ThT fluorescence emission intensity. This is already observed
after 24 h for fibrils formed in 10 mM HCl. On the other hand, all
of the oligomeric samples showed negligible ThT fluorescence
emission intensity even after 48 h (Figure 1C).

Finally, using A11, an oligomeric conformation-specific anti-
body [12], we demonstrated using dot-blot analysis that oli-
gomer-forming protocols yielded A11-positive results (Figure 1D,

upper panel for oligomers formed in TBS). Fibrils formed in
10 mM HCl responded poorly or weakly to A11 after 1 week of
incubation (Figure 1D, lower panel).

Taken together, these four experiments independently confirm
that the oligomeric preparations: (i) do not have any fibrillar
species; and (ii) do indeed contain moieties that are detected
by the A11 antibody. Conversely, this analysis also ensures that
our Aβ fibril samples are ThT-positive and devoid of oligomers.
This rigorous pre-analysis is essential in our subsequent FTIR
spectroscopic analysis to ensure that our oligomeric Aβ species
do not contain any fibrillar species (and vice versa) that may
potentially contribute to the spectral signals.

Secondary structure of oligomeric and fibrillar Aβ-(1– 42) species

We next examined the secondary structure of these well-defined
oligomeric and fibrillar Aβ-(1–42) species using ATR–FTIR
spectroscopy. In FTIR spectroscopy, it has been demonstrated
both theoretically and experimentally that parallel and antiparallel
β-sheet structures can be distinguished based on the analysis of
the amide I (1700–1600 cm−1) region [21]. In antiparallel β-sheet
structures, the amide I region displays two typical components.
The major component has an average wavenumber located at
∼1630 cm−1, whereas the minor component, approx. 5-fold
weaker than the major one, is characterized by an average
wavenumber at 1695 cm−1. The 1695/1630 intensity ratio has
been suggested to be proportional to the percentage of antiparallel
arrangement of the β-strands in a β-sheet [22]. For parallel
β-sheet structures, the amide I region displays only the major
component around 1630 cm−1 [23,24].

FTIR spectra of Aβ-(1–42) in the two fibril-forming conditions
employed in this study (Figure 2A, spectra a and b) showed
typical parallel β-sheet features, characterized by a maximum
of absorbance at 1630 cm−1 in the amide I region. The relatively
narrow width of the major peak at 1630 cm−1 is indicative of
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Figure 3 H–D exchange of Aβ-(1– 42) fibrils and oligomers as a function of
time

Fibrils were formed in 10 mM HCl and oligomers in TBS. Before experiments, the pH for both
samples was adjusted to 6.5. Data are representative of at least three independent experiments,
with S.D. �5 %.

stable and/or long β-strands and strong hydrogen bonds [24], as
expected for extremely stable structures such as amyloid fibrils.

FTIR spectra of Aβ-(1–42) oligomers were significantly
different from those of Aβ-(1–42) fibrils, indicating that these
entities adopt a different structure. The amide I region is
characterized by the presence of the two characteristic compo-
nents of antiparallel β-sheet structure, at 1630 and 1695 cm−1

(Figure 2B, spectra a–c).
A quantitative analysis of the amide I region by deconvolution,

followed by curve-fitting, showed that for both Aβ-(1–42)
oligomers and fibrils, whereas β-sheet structures were the most
abundant (48–57% and ∼75% respectively), random coil and/or
helical structures (observed absorbance around 1650–1660 cm−1)
represented ∼20–26 and ∼5–10% for the oligomers and fibrils
respectively. The helical content was slightly higher (33 and
∼40% if we take into account the random coil contribution)
in oligomers incubated for less than 1 h, indicating a change
in structure from α-helix to β-sheet with time. β-Turn content
(∼1670 cm−1) was ∼15–20% for all the structures studied.

Solvent accessibility: H–D exchange experiments

To further analyse the structural difference between Aβ-(1–42)
oligomers and fibrils, we performed H–D exchange experiments
using FTIR spectroscopy. Whereas Aβ-(1–42) oligomers showed
relatively fast exchange dynamics (approx. 60 % of amide
hydrogens exchanged after 1 h), Aβ-(1–42) fibrils had slower
exchange dynamics (only ∼40% of amide hydrogens exchanged
during the same period of time) (Figure 3). The initial exchange
rate was extremely high especially for oligomers, where most of
the exchange occurred during the first 5 min.

Comparison with other proteins

In order to compare the different structures produced in
the present study with known protein structures, we used a
protein FTIR spectra database [18] designed to cover, as well
as possible, the conformational space as defined by CATH
(http://www.cathdb.info/) [25], with almost no redundancies. This
database was previously shown to contain a number of unique
features and allowed an improved structure prediction from IR
spectra [26,27].

The overall shape of the Aβ-(1–42) spectra in the amide I
and II range was compared with the entire database by means of a
cluster analysis based on Euclidian distance measurement (see the
Experimental section and Figure 4). The results demonstrated that:
(i) Aβ fibrils spectra do not cluster with other protein spectra; and

that (ii) Aβ oligomers spectra are clustered with five antiparallel
β-sheet proteins (namely avidin, concanavalin A, lentil lectin,
OmpF, and xylanase). From this cluster analysis, it is clear
that OmpF spectrum is the closest and most related to the Aβ
oligomer spectra (Figure 2B, spectrum d, and Figure 4). OmpF
is folded as a typical antiparallel β-sheet barrel, made of 16
antiparallel strands, and is associated with an almost 100% anti-
parallel arrangement of its β-strands [28]. The spectrum reveals
the presence of 1630 and 1695 cm−1 peaks, attributed to anti-
parallel β-sheet structure. Using the respective 1695/1630 cm−1

intensity ratios [21] (Figure 5) for the different spectra displayed
in Figure 2, we calculated that under all the oligomer-forming
conditions used in the present study, the percentage of antiparallel
arrangement of the β-strands was ∼100%, whereas under fibril-
forming conditions this percentage was lower than 10%.

DISCUSSION

The objective of the present study was to investigate the secondary
structure adopted by oligomeric Aβ in comparison with fibrillar
Aβ, in an effort to understand the structural basis of the
neurotoxicity associated with the former. Although models for
Aβ-(1–40) and Aβ-(1–42) in fibrillar conformations, mainly
based on solid-state NMR data, are now accessible [29–32],
almost no structural information for Aβ oligomers is currently
available.

It is recognized that both species are characterized by the
presence of β-sheet structures. However, fundamental dif-
ferences in their local structures exist, conferring on them
unique reactivity with conformation-specific antibodies. Using
established conditions, we prepared Aβ-(1–42) oligomers and
fibrils. The formation of Aβ oligomers or fibrils was confirmed
with well-defined tests that mutually complement each other,
such as: (i) the presence of SDS-resistant entities of multiple
molecular masses by SDS/PAGE; (ii) visualization of oligomeric
and fibrillar species by AFM; (iii) confirmation of the absence
of fibrils in our oligomer preparations and of the presence of
fibrils under our fibril-forming conditions by ThT fluorescence;
and (iv) verification of the presence of A11-reactive species in our
oligomer preparations, but not in our fibril preparations. This suite
of assessments was critical for our subsequent FTIR spectroscopic
analysis as it was important to demonstrate the absence of fibrillar
Aβ in our oligomeric preparations and vice versa. As noted
above, in the SDS/PAGE, one intriguing point is the presence
of monomeric Aβ in each lane. This monomeric band, which is
clearly not the most abundant entity (see the Results section),
might be in part induced by the presence of SDS. If present in
our samples, the monomers would contribute a constant spectral
background in all our preparations.

After this initial confirmation, we employed ATR–FTIR
spectroscopy to compare the structure of Aβ-(1–42) oligomers
and fibrils. In fibrils, the presence of a major narrow peak located
at ∼1630 cm−1 was indicative of a highly stable parallel β-
sheet, in agreement with solid-state NMR models [29–32] and
site-directed spin labelling experiments [33], which showed that
both Aβ-(1–40) and (1–42) adopt a cross-β structure with a
parallel, in register (i.e. identical residues on adjacent chains
are aligned), β-sheet composed of two strands connected by
a turn or a loop region. Previously, 15–20 years ago, FTIR
spectroscopy was misleading and demonstrated that Aβ fibrils
adopted an antiparallel conformation. It is not the purpose of the
present study to discuss why such a discrepancy occurred in
the past. More recently, several groups have demonstrated that, for
well-characterized parallel fibrils, the corresponding FTIR spectra
were typical of parallel β-sheet {see examples in Figure 3d in
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Figure 4 Dendrogram of the cluster analysis of RASP50, OmpF, Aβ-(1– 42) fibril and oligomer spectra in the amide I and II range (1708–1482 cm−1)

Abscissa is the Euclidean distance (expressed in absorbance units) between spectra. On the ordinate the protein spectra identification are displayed. The proteins corresponding to the three letters
code for RASP50 proteins are listed in the text. Ompf.ir corresponds to the FTIR spectrum of bacterial OmpF; fibrils_low_salt.ir corresponds to Aβ-(1–42) fibrils formed under low salt conditions;
fibrils_HCl.ir corresponds to Aβ-(1–42) fibrils formed under acidic condition; oligos_TBS_0h.ir corresponds to Aβ-(1–42) oligomers formed in TBS (t < 1 h); oligosTBS_24h.ir corresponds to
Aβ-(1–42) oligomers formed in TBS (t = 24 h); and oligosF12_24h.ir corresponds to Aβ-(1–42) formed in F12 cell culture medium (t = 24 h).

Figure 5 Relative intensity ratios of the 1695 and 1630 cm−1 peaks for
Aβ-(1– 42) fibrils and oligomers

a, Aβ-(1–42) fibrils formed in 0.5 mM Hepes, pH 7.4, under agitation for 30 days. b, Aβ-(1–42)
fibrils formed in 10 mM HCl over 1 week. c, Aβ-(1–42) oligomers after incubation in TBS for
24 h. d, Aβ-(1–42) oligomers formed in F12 cell culture medium after 24 h. e, Bacterial porin
OmpF reconstituted in lipid membrane. All of the 1695/1630 cm−1 ratios have been normalized
on the OmpF ratio (taken as 100 %). Inset, corresponding FTIR spectra in the 1695 cm−1 region.

[34] for Aβ-(1–40) and Figure 2c in [35] for Aβ(1–28)}. On the
contrary, for well-characterized antiparallel fibrils, FTIR spectra
display two peaks (at ∼1630 and ∼1695 cm−1) characteristic of
antiparallel β-sheet (see examples in [36–38]).

A curve-fitting procedure of the IR spectra revealed that the
β-sheet content in fibrils was as high as ∼75%. Solvent
accessibility evaluated by a NMR approach, indicated that there
are two regions in Aβ-(1–42) fibrils protected from the solvent.
These two regions encompass 70% of the amino acids and are
responsible for the formation of two strands in fibrils [39]. Using
H–D exchange, we showed that ∼60% of the amide bonds of
the peptide were protected against the exchange in the fibril
conformation, which is also in very good agreement with data
provided by H–D exchange monitored by MS [40].

It is believed that, immediately upon its release from the
membrane, Aβ oligomerizes in dimers and other multimers or
soluble oligomers, and possibly forms fibrils. Also referred to
as protofibrils or ADDLs, soluble oligomers mediate neuronal
toxicity, inhibit long-term potentiation [41] and modulate
neuronal viability [6,9], reflecting their inherent toxicity. Oli-
gomers formed in F12 cell culture medium, using the same proto-
col as used in the present study, have been tested for their toxicity
on Neuro-2A neuroblastoma cells [13]. The authors showed
that Aβ-(1–42) oligomers inhibited neuronal viability 10-fold
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more than Aβ-(1–42) fibrils. Using the same conditions, the
same group has tested the toxicity of Aβ-(1–42) oligomers on
neurons using primary co-cultures of neurons and glial cells [42].
They demonstrated that oligomeric Aβ-(1–42), but not fibrillar
Aβ-(1–42), induced a dose-dependent increase in neurotoxicity.
Thus the related toxicity of the Aβ-(1–42) oligomers we formed
in the present study, has been carefully tested. Unfortunately
little structural information is currently available on oligomers.
Nevertheless, H–D exchange on Aβ-(1–40) protofibrils, which
collectively referred to non-fibrillar oligomeric forms of Aβ,
has shown that approx. 40% of the amide backbone is highly
resistant to exchange [40]. This is in excellent agreement with
the percentage we determined in the present study on Aβ-(1–42)
oligomers. This also establishes the validity of the approach we
employed to assess the oligomeric species. The β-sheet content
in oligomers was lower than in fibrils, but, however, was signifi-
cant and reached 48–57 %. This lower content in secondary struc-
ture and faster exchange dynamics probably reflects a higher flexi-
bility of Aβ in soluble oligomers than in fibrils. This higher
flexibility (or lower stability) may be a crucial property of such
assemblies, especially in their mechanism of toxicity. One of
the hypothetical toxicity mechanisms for oligomers is related to
their interaction with lipid bilayers in which they might cause
perturbation and/or permeabilization [43–45].

Compared with fibrils, IR spectra of oligomers revealed the
presence of an additional peak located at 1695 cm−1, indicative
of an antiparallel β-sheet conformation in these species. This
additional peak has been recently observed in Aβ-(1–40)
oligomers [34] and also in oligomers formed by a PrP (prion-
related protein) peptide [PrP-(82–146)] [46]. This structural
information suggests that even if fibrils and oligomers are rich
in β-sheets, they do not adopt the same conformation. This is of
significance in the neurotoxicity associated with oligomers. The
antiparallel β-sheet organization in oligomers might represent a
critical step in perturbation and/or permeabilization of biological
membranes [43–45].

The A11 oligomer-specific antibody does not recognize fibrils,
or low-molecular-mass oligomers, but is able to recognize the
higher-molecular-mass prefibrillar oligomers of a wide variety
of amyloidogenic peptides and proteins [12]. This suggests that
most, if not all, amyloidogenic oligomers adopt the same structure
and might share the same mechanism of toxicity. Recently, the
same antibody was used with success against the pore-forming
bacterial toxin, α-haemolysin, and on human perforin [47]. These
proteins are known to form oligomeric pores in their toxic
conformation, each monomer supplying several β-strands that
self-assemble and fold into a β-barrel. It has been shown that Aβ
and other amyloids can form annular or ring-shaped particles [44]
which are comparable with pore-forming proteins.

IR spectra of Aβ oligomers presented striking similarities with
bacterial outer membrane porins, which are folded as β-barrels.
On the basis of the 1695/1630 cm−1 intensity ratios, we
determined that Aβ oligomers were composed of β-strands, all of
which were in an antiparallel organization. Interestingly, all pore-
forming β-barrels adopt an antiparallel β-sheet organization. On
the basis of the secondary structure content (45–50 % of extended
β-sheet structures), we postulate a putative model wherein each
Aβ molecule will provide two β-strands upon self-assembling
during oligomer formation. In our view, the simplest way to
accommodate two β-strands into the Aβ peptide in oligomeric
conformation is to postulate that the two strands present in fibrils
and approximately encompassing residues ∼11–24 and ∼28–42
[32], will form shorter β-strands in oligomers of approx. 10–12
residues each. These strands self-assemble in an antiparallel
β-sheet conformation (Figures 2B, 4 and 6). Recently, the struc-

Figure 6 A hypothetical schematic representation of Aβ oligomers in a
putative pore-forming conformation

The monomer structure of Aβ was taken from the 1Z0Q PDB file [48], fibril structure was derived
from the 2BEG PDB file [29]. The size of the pore and the number of strands involved in pore
formation are hypothetical. Residues involved in the central strand region are coloured magenta;
those in the C-terminal portion of Aβ peptide are cyan. Non-structured regions are represented
in green. The N-terminal region of the peptide is only represented in the monomer structure.
The Figure was made using PyMOL (DeLano Scientific; http://www.pymol.org).

ture of monomeric Aβ-(1–40) in complex with a phage-display
selected Affibody® protein has been solved by NMR spectroscopy
[49]. This structure clearly showed that monomeric Aβ-(1–
40) when stabilized by neighbour structural elements can adopt
an antiparallel β-hairpin involving two β-strands encompassing
residues 17–23 and 30–36. This is in good agreement with our
proposed antiparallel β-sheet model. As suggested by Hoyer
et al. [49], it can be speculated that, in our proposed model, a
‘simple’ reorientation of the plane of the strands by 90◦ will
allow a reorganization from an antiparallel to a parallel β-sheet
conformation, a conformational change that may be associated
with the conversion from oligomeric to fibrillar Aβ and vice versa.
Furthermore, it can be suggested that the antiparallel β-sheet
conformation of oligomeric Aβ-(1–42) might, in some cases,
be the early stages in the formation of a β-barrel made of 10–
12 residue-long amphipathic strands. This β-barrel conformation
(see Figure 6 for a schematic representation) is ideally suited to
insert into a cellular membrane and span a lipid bilayer. Such
an organization can potentially lead to permeabilization of cells,
thereby contributing to the toxicity associated with these species.
We suggest that, in the antiparallel conformation, the β-strands
are organized in a manner that allows intramolecular hydrogen
bond formation, and not only intermolecular ones like in fibrils.

In conclusion, we demonstrated using ATR–FTIR spectroscopy
that: (i) Aβ-(1–42) oligomers and fibrils can be clearly distin-
guished from each other and do not adopt the same secondary and
tertiary structure; (ii) Aβ-(1–42) oligomers adopt an antiparallel
β-sheet conformation and the antiparallel β-sheet structure may
thus be a signature structural feature of oligomeric Aβ; and (iii) we
showed some striking spectral similarities between Aβ oligomers
and pore-forming porins and therefore believe that the ability of
Aβ oligomers to form a porin-like structure may be associated
with their toxicity in AD.
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