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Transformation of amyloid b(1–40) oligomers into fibrils
is characterized by a major change in secondary structure
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Abstract Alzheimer’s disease (AD) is a neurodegenera-

tive disorder occurring in the elderly. It is widely accepted

that the amyloid beta peptide (Ab) aggregation and espe-

cially the oligomeric states rather than fibrils are involved

in AD onset. We used infrared spectroscopy to provide

structural information on the entire aggregation pathway of

Ab(1–40), starting from monomeric Ab to the end of the

process, fibrils. Our structural study suggests that conver-

sion of oligomers into fibrils results from a transition from

antiparallel to parallel b-sheet. These structural changes

are described in terms of H-bonding rupture/formation,

b-strands reorientation and b-sheet elongation. As anti-

parallel b-sheet structure is also observed for other

amyloidogenic proteins forming oligomers, reorganization

of the b-sheet implicating a reorientation of b-strands could

be a generic mechanism determining the kinetics of protein

misfolding. Elucidation of the process driving aggregation,

including structural transitions, could be essential in a

search for therapies inhibiting aggregation or disrupting

aggregates.
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Abbreviations

Ab Amyloid-beta

AD Alzheimer’s disease

ADDLs Ab-derived diffusible ligands

AFM Atomic force microscopy

ATR Attenuated total reflection

DMSO Dimethylsulfoxide

FTIR Fourier-transform infrared spectroscopy

TBS Tris-buffered saline solution

ThT Thioflavin T

Introduction

The accumulation of aggregated protein is a typical hall-

mark of many human degenerative disorders, among which

Alzheimer’s, Parkinson’s and Creutzfeldt–Jakob’s diseases

are the most known. Misfolding of amyloidogenic proteins

gives rise to self-assembled aggregates [1]. Whereas

monomeric forms are not toxic, these aggregates have been

identified as toxic species responsible for the disease.

Because a wide range of amyloidogenic proteins which do

not share sequence homology at all, show similar bio-

physical characteristics after aggregation, it has been

assumed that diverse amyloidoses may share a common

mechanism of pathogenesis [2].

Alzheimer’s disease (AD) is characterized by a pro-

gressive decline of cognitive abilities as a consequence of

synaptic and neuronal loss. The principal neuropathologi-

cal feature of this brain disease consists in polymorphous
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extracellular deposits called ‘‘senile plaques’’. The amy-

loid-beta peptide (Ab), the primary component of these

plaques, was suggested to be the key factor in the devel-

opment of AD pathology [2, 3]. This peptide is produced

by the proteolytic cleavage of the amyloid precursor pro-

tein by the b- and c-secretases to predominantly form

40–42 amino acid peptides [4]. In its native soluble state,

the peptide adopts both helical and random-coil confor-

mations [5]. Assembly of Ab monomers leads to soluble

aggregates, namely oligomers, presenting b-structure [6].

Many types of Ab oligomers have been described and

linked to AD etiology: dimers [7], trimers, tetramers,

dodecamers (Ab*56) [8], Ab-derived diffusible ligands

(ADDLs), protofibrils and also annular oligomers [9].

Further aggregation gives rise to insoluble fibrils causing

extraneuronal deposits in the brain.

In the first ‘‘amyloid cascade hypothesis’’ [10], Ab
fibrils were supposed to be responsible for the initiation of

AD. However, many publications over the last decade

rather blamed oligomers. They were indeed shown to be

responsible for the formation of tau protein tangles [11],

neuronal oxidative stress [12], prolonged long-term

depression [13] and inhibition of long-term potentiation

[14]. Other groups linked oligomers to abnormal dendritic

spine morphology, spine loss, change in synaptic receptor

composition [15] and finally cell death. Oligomers have

thus replaced fibrils as the cause of the disorder in the ‘‘new

amyloid cascade hypothesis’’ [16].

Despite the general interest concerning oligomers tox-

icity compared to fibrils, few structural data are available

[17, 18] and so far, no consensus model has been proposed.

Nevertheless, infrared spectroscopy on Ab(1–40) [19] and

(1–42) [20, 21] oligomers shows an antiparallel b-sheet

organization.

However, the mechanisms leading to accumulation of

misfolded peptide and fibrils formation still remain a

matter of debate. Fibrils formation has been shown to occur

by a nucleation-dependent kinetics, whereas the rate-

determining key step is the formation of oligomers, after

which fibrillization rapidly takes place [22]. Subsequent

experiments have proved that aggregation of Ab and its

self-assembly into mature fibrils do not necessarily occur in

a linear way [23]. Many aggregation intermediates or

oligomers can either give rise to fibrils or remain as such,

without further aggregating [24].

Biophysical studies describe fibrils as cross-b-structure

filaments [25–27]. However, structural studies of oligomers

and the conformational transitions taking place during the

aggregation process are limited by the size range and

transitory nature of these aggregates [28]. Elucidation of

the mechanisms driving the aggregation, including struc-

tural transitions in the peptide, could be essential in a

search for therapies inhibiting aggregation or disrupting

aggregates [29]. Our group already demonstrated that

oligomers and fibrils of Ab(1–42) do not share the same

b-sheet organization. Indeed, infrared spectroscopy per-

formed in attenuated total reflection mode (ATR-FTIR)

displays an antiparallel organization of the b-sheets for

oligomers while fibrils are composed of parallel b-sheets

[20]. This study led to a putative model of Ab(1–42)

oligomers tridimensional organization. We suggested that

the antiparallel organization of the b-sheets in oligomers

could lead to the formation of a b-barrel, particularly suited

to insert into lipidic bilayers.

Our main objective here is to use spectroscopic tech-

niques for which the insoluble nature of aggregates does

not represent an issue [20], in order to provide a structural

description of the entire aggregation process of Ab(1–40),

from the very beginning with Ab in its monomeric state to

the last step of the process when Ab turns into insoluble

fibrils. As Ab(1–40) is known to have a different folding,

aggregation process and toxicity compared to the

Ab(1–42), it is not evident whether this peptide formed

oligomers with the same conformation or have the same

structural changes when it aggregates. Species formed

along the aggregation pathway were characterized by

atomic force microscopy (AFM), SDS-PAGE and acces-

sibility to monoclonal antibodies.

Materials and methods

Reagents and chemicals

Ab(1–40) was purchased from American Peptide Co.

(Sunnyvale, CA, USA). Dimethylsulfoxide (DMSO 99.9%

purity) and Thioflavin T (ThT) were obtained from Sigma-

Aldrich (St. Louis, MO, USA). The antibodies used (6E10,

4G8, 11A50-B10) were from Covance (Emeryville, CA,

USA). The conformational A11 antibody was kindly

provided by Dr C. Glabe (UC, Irvine). Horseradish per-

oxidase-conjugated anti-mouse and anti-rabbit antibodies

were, respectively, purchased from Millipore (Billerica,

MA, USA) and Cell Signaling Technology (Danvers, MA,

USA). Supersignal West Pico Chemiluminescent Substrate

and ECL plus western blot detection system were,

respectively obtained from Pierce (Biotechnology, Rock-

ford, IL, USA) and GE Healthcare (Piscataway, NJ, USA).

Ab(1–40) preparation

The peptide was dissolved in cold milliQ water at a

2 mg/ml concentration and then aliquoted. MilliQ water

was evaporated using a Speed Vac (Thermo Savant). The

resulting Ab(1–40) film was stored at -20�C until further

manipulation. Before any incubation, we use DMSO for
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initial resuspension of the peptide (5 mM final concentra-

tion) to avoid pre-existing structures in the sample.

Ab(1–40) aggregation

Aggregation of Ab(1–40) was carried out at 37�C by

incubating the peptide in 20 mM Tris–HCl, pH 7.4,

100 mM NaCl (Tris-buffered saline, TBS). The final Ab
concentration is 100 lM. Samples were taken during the

time course of peptide aggregation to perform the experi-

ments described below.

Western blot analysis of SDS-PAGE

Samples were diluted in SDS-PAGE sample buffer (Lae-

mmli sample buffer) and separated on a 12% bis–Tris gel

using MES as running buffer. The separated bands were

transferred onto a nitrocellulose membrane and detected

with the mouse monoclonal anti-Ab antibody 6E10 (dilu-

tion 1:3,000). Detection was carried out using horseradish

peroxidase-conjugated anti-mouse antibody (1:2,000) and

the Supersignal West Pico Chemiluminescent Substrate.

Pictures were recorded and analyzed using the ImageQuant

400 gel imager and ImageQuant TL software (GE

Healthcare). Molecular weights were estimated using a

prestained protein ladder from Fermentas (St. Leon-Rot,

Germany).

Atomic force microscopy

AFM characterization of Ab(1–40) samples has been

handled on a Nanoscope IIIa, as reported in Cerf et al. [20].

All images were taken at 21�C in tapping mode on Ab
samples diluted to 20 lM and plated on freshly cleaved

mica.

Thioflavin T (ThT) fluorescence

To perform ThT fluorescence assay on our samples, we

followed the well-established protocol of H. Levine III

[30]. Five micromolar of ThT were freshly dissolved in

50 mM glycine-NaOH pH 8.5 buffer. For each measure-

ment, we diluted 4.5 lg of Ab(1–40) in the ThT buffer.

Temperature was kept constant at 25�C; emission wave-

length: 482 nm; excitation wavelength: 450 nm.

IR spectroscopy

IR spectra were recorded on an Equinox 55 infrared spec-

trophotometer (Bruker Optics, Ettlingen, Germany) placed

in a thermoregulated room (21�C). For more details see

[20]. Each spectrum represents the mean of 128 repetitions,

taken at a resolution of 2 cm-1. One microgram of 100 lM

Ab(1–40) samples [prepared as described in (‘‘Ab(1–40)

species morphology along aggregation’’) and (‘‘Accessi-

bility of the different Ab(1–40) entities to specific

monoclonal antibodies’’)], was used for each measurement

and spread on the surface of the internal reflection element

made of a diamond crystal. Excess water was removed

under nitrogen flow. For salt elimination, the peptide solu-

tion was washed three times with excess milliQ water at the

surface of the internal reflection element. Finally, excess

water was removed under nitrogen flow. The curve fitting

analysis has been obtained according to [31]. Briefly,

Fourier self-deconvolution was applied to increase the

resolution of the spectra in the amide I region, which is the

most sensitive to the secondary structure of proteins. The

self-deconvolution was carried out using a Lorentzian line

shape for the deconvolution and a Gaussian line shape for

the apodization. To quantify the area of the different com-

ponents of amide I revealed by the self-deconvolution, a

least square iterative curve fitting was performed to fit a

mixture of Gaussian and Lorentzian line shapes to the

spectrum between 1,700 and 1,600 cm-1. Prior to curve

fitting, a straight baseline passing through the ordinates at

1,700 and 1,600 cm-1 was subtracted. To avoid introducing

artifacts due to the self-deconvolution procedure, the fitting

was performed on the non-deconvoluted spectrum. The

proportion of a particular structure is computed to be the

sum of the area of all the fitted bands having their maximum

in the frequency region where that structure occurs divided

by the area of all the Lorentzian bands having their maxi-

mum between 1,700 and 1,600 cm-1 [31, 32].

Dot blot analysis

Each dot consists in 1 lg of Ab(1–40) sample. The

blocking, washing and antibody incubation protocols of the

nitrocellulose membrane were already detailed in [20]. We

detected Ab(1–40) dots using either 6E10, 4G8, 11A50-

B10 (mouse monoclonal antibodies) or A11 (rabbit

monoclonal antibody), all diluted 3,000 times. The sec-

ondary antibodies were horseradish peroxidase-conjugated:

anti-mouse IgG for 6E10, 4G8 and 11A50-B10 and anti-

rabbit IgG for A11. Detection and quantification of the dots

intensities have been handled as for western blot.

Results

Ab(1–40) species distribution during aggregation

Samples of the peptide in TBS buffer at 37�C were col-

lected at different aggregation time points and

characterized by bis–Tris SDS-PAGE followed by 6E10

monoclonal antibody recognition (western blot). At the
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very beginning of the aggregation process, Ab(1–40) is

mainly present as monomers (84% as calculated with

ImageQuant TL software) (Fig. 1a, lane 1). Dimers

(8.1 kDa) are already detected but in lower proportions

(16%). Further aggregation then gives rise to different

types of oligomers: dimers (mainly), trimers, a slight

amount of tetramers and higher molecular weight oligo-

mers (*170 kDa) (Fig. 1a, lane 2). These 24 h-entities are

recognized by A11, an oligomeric conformation-specific

antibody (Fig. 1b). Continued aggregation leads to extre-

mely high molecular weight species formation, remaining

in the stacking gel and corresponding to fibrils (Fig. 1a,

lanes 3, 4, 5). At the same time, we observe a concomitant

and progressive decrease of the oligomeric content with

incubation, most probably transforming into fibrils. Four-

days samples become weakly reactive to A11 (Fig. 1b).

After 2 weeks of incubation, the main species showing up

on the gel are fibrils (Fig. 1a, lane 5). Therefore, the

aggregation process involves a size distribution of aggre-

gates which evolve to become, for most of them, the final

entities of the aggregation pathway.

Although, SDS-PAGE is a common technique used to

study amyloidogenic proteins, it is not devoid of potential

drawbacks. This is why we further analyzed our samples

with complementary techniques.

Ab(1–40) species morphology along aggregation

To further depict the different species formed during the

aggregation process, we used AFM as an imaging tech-

nique. At the starting point, Ab(1–40) forms small

spherical entities, which are in agreement with previously

described oligomers [20, 33] (Fig. 2a). Oligomers particles

show an average height and diameter of *1.5 nm and

60 nm, respectively. No fibrillar assemblies were detected

at this time point. After several hours of aggregation (4 and

24 h; Fig. 2b, c), Ab(1–40) forms large oligomers (also

known as ADDLs), with a height and a diameter around

9 nm and 75 nm, respectively. Several thread-like struc-

tures, which are most likely protofibrils, are simultaneously

seen. These two pictures display the most heterogeneity in

terms of size and shape of the species observed. Continuing

sample incubation leads to elongated forms of Ab(1–40),

corresponding to fibrils (Fig. 2d) weakly reactive to A11

(see Fig. 1b). At higher magnification, fibrils display a

periodicity along the axis (result not shown). The mor-

phology of the samples is not modified as a consequence of

the interaction with the mica plate. This was investigated

earlier [20].

Accessibility of the different Ab(1–40) entities

to specific monoclonal antibodies

To investigate which regions of Ab(1–40) are accessible

during the time course of aggregation, a dot blot analysis

was performed using three monoclonal antibodies raised

against the N-terminal (6E10), central (4G8) and C-ter-

minal (11A50-B10) parts of Ab (Fig. 3a). Dots intensities

were further quantified with ImageQuant TL software (GE

Healthcare). Ab(1–40) oligomers obtained in the early

stages of aggregation show a slightly decreased (*20%)

accessibility of the C-terminal end (aa 36–40) compared to

the freshly resuspended peptide. Interestingly, the central

(aa 17–24) and C-terminal regions become almost com-

pletely inaccessible in the fibrillar forms of the peptide

(decrease in accessibility of *80 and 90%, respectively)

(Fig. 3b).

Secondary structure changes occurring

during aggregation

Based on the amide I band analysis (1,700–1,600 cm-1),

Ab(1–40) mainly displays b-sheet structure during the

aggregation process with a main peak around*1,630 cm-1.

Fig. 1 Visualization of Ab(1–40) species during aggregation.

a Western blot analysis of Ab(1–40) samples, separated on a 12%

bis–Tris SDS-PAGE and probed with 6E10 monoclonal antibody.

Ab(1–40) was incubated in TBS, pH 7.4 for 0 h (lane 1), 24 h (lane
2), 48 h (lane 3), 72 h (lane 4) and 16 days (lane 5). b Reactivity of

Ab(1–40) aggregates to A11 antibody. Dot blot analysis: Ab(1–40)

after 0 h, 24 h and 4 days in TBS, pH 7.4

1432 R. Sarroukh et al.
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Interestingly, the amide I of the 0 h and 24 h spectra shows

an additional minor peak around 1,695 cm-1 (Fig. 4a, b).

The presence of both components is typical of an antiparallel

arrangement of the b-strands [34–36] and is attributed to

oligomers [20]. When the peptide is incubated longer until it

turns into fibrils, the 1,695 cm-1 peak vanishes, meaning

most likely that the peptide reorganizes its b-strands from an

antiparallel to a parallel b-sheet (Fig. 4c). The progressive

disappearance of the 1,695 cm-1 peak perfectly correlates

with oligomers loss as observed by SDS-PAGE, A11 Dot

blot and AFM (Figs. 1, 2).

The amide II band (1,600–1,500 cm-1), which is more

complex than the amide I but also sensitive to secondary

structure, shows a maximum of absorbance that evolves

from 1,520 cm-1 to higher wavenumbers upon peptide

aggregation. This initial position specifically corresponds

to antiparallel b-sheet [37] and its shift to higher wave-

numbers is in agreement with the progressive decrease of

the 1,695 cm-1 peak upon aggregation.

During aggregation, the peak around 1,630 cm-1

seems to evolve to a narrower peak, shifted to smaller

Fig. 2 AFM images of

Ab(1–40). AFM images were

recorded in 1 9 1 lm tapping

mode. Ab(1–40) was incubated

in TBS, pH 7.4 after a 0 h (total

z range = 15 nm), b 4 h (total

z range = 20 nm), c 24 h (total

z range = 15 nm) and d 1 week

(total z range = 30 nm)

Fig. 3 Accessibility of the aggregates to region-specific monoclonal

antibodies. a The three monoclonal targets in Ab(1–40) sequence.

b Dot blot intensities for 6E10 (white), 4G8 (single hatched) and

11A50-B10 (double hatched). The intensities were analyzed using

ImageQuant TL software

Structural changes during amyloid-b aggregation 1433
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wavenumbers, from 1,632 to 1,627 cm-1. This shift is

interesting because it indicates an increase of the number of

b-strands involved the b-sheet and/or the formation of

stronger H-bonding (i.e. shorter H-bonds) [38, 39] as

expected in extremely stable structure such as fibrils.

A quantitative analysis of the amide I region by

deconvolution followed by curve fitting confirms the

gradual evolution in the secondary structure content. The

b-sheet structure is the most abundant secondary structure

(1,630 and 1,695 cm-1 peaks), which increases from 42 to

57% while the peptide aggregates. Additionally, a loss in

random coil and helical contribution is observed from 40 to

20% (1,657 cm-1 peak). The latter could be attributable to

the lowering amount of monomers along aggregation as

observed on SDS-PAGE (from 86 to 39%) (Fig. 1a, lanes 1

and 5). The b-turns content represents 15–20% for all

aggregated forms. The secondary structure determination

within Ab(1–40) fibrils is in excellent agreement with

previous studies [25].

Thioflavin T and FTIR: complementary tools

for aggregates identification

The relative intensity ratio of the 1,695 and the 1,630 cm-1

peaks has been suggested to be proportional to the per-

centage of antiparallel arrangement of the strands in a

b-sheet [34–36]. Whereas the 1,695/1,630 cm-1 intensity

ratio describes the amount of oligomers during the time

course of aggregation, Thioflavin T fluorescence was used

to probe the formation of fibrils (Fig. 5). As expected, the

freshly resuspended peptide has a low ThT binding

capacity. In contrast, 48 h samples, in which high molec-

ular weight aggregates become the main entities (Figs. 1,

2), reach a plateau whereas the 1,695 cm-1 peak becomes

almost undetectable. The evolution of the 1,695/1,630

cm-1 intensity ratios along Ab aggregation correlates

nicely with the increase of ThT fluorescence.

Because of the drying process, ATR-FTIR may perturb

the system by enhancing the aggregation. However, this

comparison between ATR-FTIR and Thioflavin T fluores-

cence spectroscopy data provides evidence that there is an

obvious correlation between the same samples observed

either on a surface or in solution.

Discussion

The initial and final states of Ab fibrillogenesis have been

well established and characterized by biophysical methods

[26, 27, 40, 41], but conversely, the dynamic process

leading to aggregation and to the formation of oligomeric

intermediates is much less understood and still under

investigation [24, 42]. Tycko’s group provided evidence

for a parallel b-sheet organization in the fibrils using solid

state NMR implicating residues 12–40 with a turn located

around residues 21–30 [25, 26, 41]. This strand-turn-strand

motif is packed by the strands side chains and the turn is

called b-arc. Other structural organizations have been

suggested for fibrils based on cryo electron microscopy

images [27]. Nevertheless, in all these models, the b-sheets

are described as parallel and therefore should give rise

to similar infrared spectral features. On the other hand,

Fig. 4 ATR-FTIR spectra of Ab(1–40) in the amide I and II regions.

Ab(1–40) in TBS, pH 7.4, a after 0 h, b after 24 h, and c after 96 h.

Spectral intensities were normalized to the intensity of the

1,630 cm-1 peaks and were shifted for better visualization. Spectra

were deconvoluted using a Lorentzian deconvolution factor with a

full width at half height of 20 cm-1 and 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. Spectra are representative of at least

three independent experiments

Fig. 5 ThT fluorescence emission intensity and 1,695/1,630 cm-1

ratios of Ab during the aggregation process. Comparison of the

average ThT fluorescence emission intensity (circles) with the

1,695/1,630 cm-1 intensity ratios (triangles) of Ab(1–40) samples

along the aggregation process. The 1,695/1,630 cm-1 ratios were

calculated on the basis of deconvoluted spectra. Means and error bars

have been calculated on basis of three independent repetitions
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monomeric states are harder to study than fibrils because of

their transitory nature. Moreover, their secondary structure

seems to depend on the environmental conditions. In its

native state, Ab is supposed to adopt an a-helix structure

embedded in the membrane, just after APP cleavage by

secretases [43]. Lately, a high resolution structure of Ab
monomers in solution stabilized by a phage-display selec-

ted Affibody� protein showed a b-hairpin structure

implicating two short b-strands (aa 17–23 and aa 30–36) in

an antiparallel organization [40]. The mechanism leading

to fibrils formation thus somehow implicates a structural

transition, which has been much less investigated because

of the transitory and heterogeneous nature of aggregation

intermediates currently considered as key factors in AD

development. The structural transition from native protein

to cross-b-sheet is nevertheless accepted to be essential for

fiber formation. It is believed that these conformational

changes are due to competition between hydrophobicity

and hydrogen bonding [44, 45]. As the knowledge con-

cerning the neurotoxicity of Ab aggregates has evolved and

now points out the higher toxicity and the crucial role of

oligomers in the cognitive symptoms associated with AD

[46], we found it important to gain a deeper understanding

of the aggregation process. Even though Ab oligomers are

privileged theoretical targets in therapies efforts [47],

current structural data are still imprecise and/or missing. In

a previous work, we specifically formed either the oligo-

meric or fibrillar species of Ab(1–42) peptide in order to

characterize their secondary structures using infrared

spectroscopy. This study led to a putative model of

Ab(1–42) oligomers tridimensional organization [20]. Our

main objective here is to provide a structural description of

the entire aggregation process of Ab(1–40), starting from

the very beginning with Ab in its monomeric state, to the

last step of the process, when Ab turns into insoluble

fibrils.

There is an excellent correlation between ATR-FTIR

and Thioflavin T fluorescence spectroscopy data concern-

ing Ab aggregation level (Fig. 5). While the 1,695/

1,630 cm-1 FTIR peaks intensity ratio is representative of

the oligomeric content, ThT probes the growth and/or the

presence of amyloid fibrils. From a structural point of view,

ThT curve corresponds to the disappearance of the

1,695 cm-1 peak in the amide I band in agreement with the

reorganization of the b-strands from antiparallel to parallel

b-sheets (Fig. 5).

As neither the structural diversity nor the size range or

insoluble nature of Ab aggregates represent an obstacle for

ATR-FTIR spectroscopy, this technique can be used to

follow Ab aggregation as well as the ThT probe assay.

Ab aggregation is known to be complex and involves

more than a simple conversion from monomers to

fibers. Aggregation intermediates could be on-pathway or

off-pathway to give rise to fibrils [9, 24]. Moreover, it has

been suggested that oligomerization and fibrillization could

be independent processes which may be selectively inhib-

ited [23, 48, 49]. On the other hand, fibrils formation could

be directly initiated by monomers and/or oligomers. Our in

vitro data tend to show a disappearance of oligomers dur-

ing the aggregation process suggesting that oligomers are

intermediates in this process (Figs. 1 and 5). The role of

oligomers as compulsory intermediates in this conversion

is still to be solved and it is not our purpose to determine

whether they are or not. Nevertheless, the aggregation

process implicates a distribution of aggregates with dif-

ferent sizes and results in a dynamic equilibrium between

those species. At the beginning of the aggregation, FTIR

spectrum is representative of antiparallel b-sheet (42%)

and a-helix and random coil structures (40%) (Fig. 4a).

These data suggest that monomers already adopt a partially

b-sheet folded structure showing high accessibility to

region specific monoclonal antibodies (Fig. 3b) compared

to oligomers and fibrils. The dimers formation and their

quite constant amount (25–30%) (Fig. 1a, lanes 2, 3, 4)

during the process are in agreement with data suggesting

that Ab(1–40) dimers are particularly stable at low con-

centration [50]. Their simultaneous presence with higher

molecular weight oligomers suggests that dimers may be

required in Ab(1–40) nucleation (Fig. 1a, lanes 2, 3, 4).

Our experiments show that monomers and dimers seem to

have an important role in the aggregation process as they

are present in the sample along the entire aggregation

process. Dynamic equilibrium between the different spe-

cies and especially between fibrils and monomers/dimers

during the elongation phase may explain their contribution

on SDS-PAGE (Fig. 1a) and FTIR spectra (Fig. 4) [48].

Our observations suggest that self-assembling of

Ab(1–40) from oligomers to fibrils involves the central

(aa 17–24) and C-terminal parts (aa 30–40) of the peptide

(Fig. 3). In the oligomeric state, shorter b-strands are

supposed to be formed within these residues as attested by

the initial position of the *1,630 cm-1 peak and the lower

b-sheet content (42%) calculated by curve fitting. Con-

comitant loss of helical and random coil structures and

band shift (1,632–1,627 cm-1) observed during aggrega-

tion suggest the formation of b-sheets involving an

increasing number of strands as observed by the increasing

sizes of species on the AFM images. Ab(1–40) forms linear

entities with a length of *50 nm (Fig. 2c) which evolve

into mature *1-lm-long fibrils (Fig. 2d) that display a

parallel b-sheet structure. Formation of this structure sup-

poses that intra-sheet H-bonding stabilizing the oligomers

in antiparallel b-sheets becomes weaker than the increasing

inter-sheet interactions therefore leading to a parallel

b-sheet. According to [40], the conformational change

from antiparallel to parallel b-sheet could be explained by

Structural changes during amyloid-b aggregation 1435
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a reorientation of the strands by 90�. In this case, oligomers

represent a possible intermediate conformation on the

fibrils pathway. Their formation as a transitory reservoir for

fibrils and particularly the reorientation of the b-strands in

the b-hairpin could determine the nucleation step which

corresponds to the low ThT intensity sample (Fig. 5). This

is in agreement with studies reporting that b-hairpin for-

mation is responsible for the aggregation and toxicity [51].

If the presence of the two characteristic peaks (1,630

and 1,695 cm-1) in the infrared spectrum, which is the

hallmark of an antiparallel b-sheet organization, was

jeopardized in some specific cases [52], nevertheless the

results observed here are in very good agreement with such

an assignment. Moreover, the antiparallel b-sheet organi-

zation of Ab(1–40) oligomers has been previously

suggested in Habicht et al. [19] and is in agreement with

previous structural studies carried out on Ab(1–42) oligo-

mers [20, 21] as well as on other proteins forming

oligomers like b2-microglobulin [53] and PrP (prion related

protein) peptide [PrP-(82–146)] [54]. Additionally,

Ab(1–40) oligomers are recognized by the A11 antibody.

Kayed and co-workers [2] showed that this conformational

antibody also reacts with oligomers of other amyloidogenic

proteins linked to well-known diseases such as a-synuclein,

islet amyloid polypeptide (IAPP), polyglutamine, lysosyme

and human insulin. These results suggest a common

structure for those oligomers implicating a common

mechanism of pathogenesis. Recently, Götz and co-work-

ers [55] found that Ab(1–42) and human islet amyloid

polypeptide (hIAPP) share a common toxicity mechanism

via mitochondrial dysfunction.

In conclusion, we demonstrate that ATR-FTIR can be

used to follow Ab aggregation as well as the ThT probe

assay. The different spectral features of oligomers and fibrils

are used to determine the oligomeric content over aging

time. This is, in our opinion, essential as the cytotoxicity was

found to depend on the conformational organization of

oligomers [56]. One could speculate that toxicity of oligo-

mers may be related to their structural order, their

morphologies and their ability to impair cellular processes

by interacting with membranes as suggested by [6, 57].

As antiparallel b-sheet structure is also observed for

other proteins forming oligomers [53, 54], the reorganiza-

tion of b-sheet implicating a reorientation of b-strands

could be a generic mechanism determining the kinetics and

controlling the protein misfolding to form inert fibrils.
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