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Abstract: The conversion of soluble, nontoxic amyloid β-protein (Aβ) to aggregated, toxic Aβ rich in β-sheet
structures is considered to be the key step in the development of Alzheimer’s disease. Therefore, extensive
studies have been carried out on the mechanisms involved in Aβ aggregation and the characterization
of Aβ aggregates formed in aqueous solutions mimicking biological fluids. On the other hand, several
investigators pointed out that membranes play an important role in Aβ aggregation. However, it remains
unclear whether Aβ aggregates formed in solution and membranes are identical and whether the former
can bind to membranes. In this study, using a dye-labeled Aβ-(1–40) as well as native Aβ-(1–40), the
properties of Aβ aggregates formed in buffer and raft-like membranes composed of monosialoganglioside
GM1/cholesterol/sphingomyelin were compared. Fourier transform infrared spectroscopic measurements
suggested that Aβ aggregates formed in buffer and in membranes have different β-sheet structures.
Fluorescence experiments revealed that Aβ aggregated in buffer did not show any affinity for membranes.
Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.

Keywords: Alzheimer’s disease; amyloid β-protein; aggregates; lipid raft; protein–membrane interaction

INTRODUCTION

The conversion of soluble, nontoxic amyloid β-
protein (Aβ) to aggregated, toxic Aβ rich in β-sheet
structures is considered to be the key step in
the development of Alzheimer’s disease (AD) [1–3].
Therefore, extensive studies have been carried out
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on the mechanisms involved in Aβ aggregation, the
characterization of Aβ aggregates, and the preven-
tion of aggregate formation in aqueous solutions
mimicking biological fluids. For example, Aβ has
been shown spontaneously to form amyloid fib-
rils upon incubation of Aβ solution at 37 °C, but
the concentration required for this (>10−4 –10−5 M)
[4–6] is much higher than the physiological con-
centration of Aβ in biological fluids (<10−8 M) [7].
Seeded or nucleation-dependent polymerization has
been hypothesized as an alternative mechanism
that promotes Aβ aggregation even at a very low
concentration [8]. The rate-limiting step of Aβ poly-
merization is the formation of an aggregation seed
with a conformation that is characteristic of the
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aggregate and is different from that of soluble Aβ.
The seed or nucleus may assemble into protofibrils
that finally grow into fibrils [9]. Recent solid-state
NMR studies revealed that the fibrils are composed
of in-resister parallel β-sheets [10–12]. Accumu-
lating evidence suggests that the most neurotoxic
species are not final fibrils but intermediates during
fibril formation [13–18]. Low molecular weight com-
pounds that inhibit Aβ aggregation also prevent Aβ

neurotoxicity [19–21].
On the other hand, several investigators pointed

out that membranes play an important role
in Aβ aggregation. Yanagisawa et al. discovered
monosialoganglioside GM1-bound Aβ (GM1-Aβ) in
the brains of patients with AD and suggested
that GM1-Aβ may act as a seed for Aβ polymer-
ization [22,23]. Indeed, in human neuroblastoma
cells, approximately half of detergent-insoluble Aβ

was present in lipid rafts [24] rich in gangliosides,
sphingomyelin (SM) and cholesterol [25]. Further-
more, gangliosides including GM1 [26–28] as well
as oxidized phospholipids [29] have been shown to
accelerate the rate of amyloid fibril formation of solu-
ble Aβ in vitro. However, it remains unclear whether
Aβ aggregates formed in solution and membranes
are identical and whether the former can bind to
membranes.

This study, using a dye-labeled Aβ-(1–40) as well
as native Aβ-(1–40), comparatively investigated the
properties of Aβ aggregates formed in buffer and raft-
like membranes composed of GM1/cholesterol/SM.
It was found that both aggregates differ in structure
and that Aβ aggregates formed in buffer do not show
membrane affinity.

MATERIALS AND METHODS

Peptides

Human Aβ-(1–40) labeled with a 7-diethylamino-
coumarin-3-carbonyl group at the N-terminus
(DAC-Aβ) was custom synthesized and characte-
rized by the Peptide Institute (Minou, Japan). The
dye-labeled peptide was always handled in light-
protected, capped tubes under a nitrogen atmo-
sphere to avoid photodegradation. Unlabeled human
Aβ-(1–40) (HCl salt form) was also purchased from
the Peptide Institute. The peptides were dissolved
in 0.02% ammonia on ice, and any large aggregates
that may act as polymerization seeds were removed
by ultracentrifugation in 500 µl polyallomer tubes at

100 000 g, 4 °C for 3 h [30]. The peptide concentra-
tion of the supernatant was determined in triplicate
by Micro BCA protein assay (Pierce, Rockford, IL).
The supernatant, which contained only monomeric
peptides [31], was collected and stored at −80 °C
until use. Just before the experiment, the stock solu-
tion was thawed and mixed with an equal volume
of double concentrated buffer (20 mM Tris/300 mM

NaCl/2 mM EDTA or 4 mM CaCl2, pH 7.4).

Preparation of Lipid Vesicles

Egg yolk-L-α-phosphatidylcholine (PC) and choles-
terol were purchased from Sigma (St Louis, MO).
GM1 was obtained from Avanti (Alabaster, AL).
Bovine brain SM was purchased from Matreya
(Pleasant Gap, PA).

Large unilamellar vesicles (LUVs) were prepared
and characterized as follows. Lipids were first mixed
in a chloroform–methanol 2 : 1 (v/v) mixture and
the solvent was removed by evaporation in a rotary
evaporator. The residual lipid film, after drying
under vacuum overnight, was hydrated with buffer
(10 mM Tris/150 mM NaCl/2 mM CaCl2, pH 7.4)
and vortex mixed to produce multilamellar vesicles
(MLVs). The suspension was subjected to five cycles
of freezing and thawing, and then extruded through
polycarbonate filters (100 nm pore size filter, 31
times) using a Liposofast extruder (Avestin, Ottawa,
Canada). The lipid concentration was determined in
triplicate by a phosphorus analysis [32].

Small unilamellar vesicles (SUVs) for Fourier
transform infrared-attenuated total reflection (FTIR-
ATR) experiments were prepared by sonication of
MLVs under a nitrogen atmosphere for 15 min
(5 min ×3 times) using a probe-type sonicator.
CaCl2 in the buffer was replaced with 1 mM EDTA
because the calcium ion interferes with the fibril
formation. Metal debris from the titanium tip of the
probe was removed by centrifugation.

Preparation and Characterization of Aggregated
DAC-Aβ

DAC-Aβ (100 µM) dissolved in buffer (10 mM Tris/
150 mM NaCl/1 mM EDTA, pH 7.4) was incubated for
0, 4, 8 and 48 h at 37 °C. The fibril formation of DAC-
Aβ was confirmed by atomic force microscopy (AFM).
The samples diluted to 0.1 µM were deposited on
freshly cleaved mica, washed within a few seconds
with water, dried in a laminar-flow hood for 60 min.
The specimens were imaged using a multimode
AFM and a NanoScope IIIa controller (Digital
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Instruments, Santa Barbara, CA) in tapping mode
using silicon nitride probes with a nominal spring
constant of 0.32 N/m. The drive frequency and
amplitude were 8–9 kHz and 1–20 nm, respectively.
The scan rate was 0.5 Hz.

Fluorescence

Fluorescence emission spectra of DAC-Aβ were
recorded under stirring at an excitation wavelength
of 430 nm on a Shimadzu RF-5000 spectrofluoro-
meter. The temperature of the cuvette holder was
controlled at 37° ± 0.5 °C. The reported spectra were
the averaged spectra for two independent samples
after subtraction of the corresponding blank spectra
(buffer or LUVs) and volume correction for titration
experiments.

FTIR-ATR Measurements

To investigate the secondary structures of aggre-
gated Aβs formed in the solution and membranes,
FTIR-ATR measurements were made. The HCl salt
form of native human Aβ-(1–40) was used because
the strong band around 1673 cm−1 due to the con-
ventionally used trifluoroacetate salt overlaps the
amide I band [33]. Two types of aggregated Aβs were
prepared as follows. Aβ aggregated in solution was
prepared by incubating Aβ-(1–40) (30 µM) at 37 °C
for 24 h. The aggregates were collected by ultracen-
trifugation in 500 µl polyallomer tubes at 100 000 g
and 4 °C for 3 h. The pellets were washed twice with
water to remove the buffer components.

Care should be taken when preparing aggregated
Aβ in raft-like membranes. The HCl salt form of Aβ

is known to easily self-aggregate even without the
addition of a polymerization seed [34]. Preliminary
experiments using the Thioflavin T (ThT) assay
showed that the incubation period should be shorter
than 4 h to avoid spontaneous fibril formation in
the aqueous phase even at a lower concentration of
15 µM. To facilitate fibril formation in the presence
of raft-like membranes during a short incubation
period, the GM1 content was increased and SUVs
were used with a larger specific surface area.
Thus, Aβ-(1–40) (15 µM) was incubated with 450 µM

raft-like SUVs composed of GM1/cholesterol/SM
(1/1/1) at 37 °C for 2 h. A GM1-to-Aβ ratio of 10
was optimal for fibril formation [28]. Fibril formation
was confirmed to start without a lag time after the
mixing of the protein with the membranes by the
ThT assay (Hayashi et al., unpublished work). After
the incubation, aggregated Aβ was precipitated by
ultracentrifugation as described above.

The two types of aggregated Aβs were subjected
to FTIR-ATR measurements. Dry films of aggre-
gated Aβs were prepared by spreading the pellets
on a germanium ATR plate (80 × 10 × 4 mm) fol-
lowed by gradual evaporation of water. The last
traces of water were removed by use of P2O5 under
vacuum overnight. To minimize the atmospheric
water vapor, the instrument was purged with dry
N2 gas. FTIR-ATR measurements were carried out
on a BioRad FTS-3000MX spectrometer equipped
with an Hg–Cd–Te detector and a PIKE horizon-
tal ATR attachment. The total reflection number
was 10 on the film side. The spectra were mea-
sured at a resolution of 2 cm−1 and an angle of
incidence of 45°, and derived from 256 co-added
interferograms with the Happ-Genzel apodization
function. Subtraction of the gently sloping water
vapor was carried out to improve the background
prior to frequency measurement. For ATR correc-
tion, refractive indexes of 4.003, 1.7, 1.57 and 1.44
were used for germanium, Aβ, Aβ with raft-like
membranes, and raft-like membranes, respectively
[35].

RESULTS

Secondary Structures of Aggregated Aβs Formed
in Solution and Raft-like Membranes

Figure 1 shows FTIR-ATR spectra in the region of
1500–1700 cm−1 of aggregated Aβs formed in buffer
(A and C) and raft-like membranes (B and D). The
dotted traces in B and D represent the reference
spectra of raft-like membranes only.

In the amide I region 1600–1700 cm−1, the
spectrum of Aβ aggregated in buffer (Figure 1A)
showed an intensive band at 1629 cm−1, a small
absorption around 1660 cm−1, and a faint shoulder
at ∼1695 cm−1. On the other hand, Aβ aggregated
in raft-like membranes showed a different spectrum
(Figure 1B). Comparison of the Aβ spectrum (solid
trace) with that of the raft membranes only
(dotted trace) revealed that strong 1633 and weak
1695 cm−1 bands were assigned to Aβ. The intensity
of the band at 1695 cm−1 relative to that of
the strongest band around 1630 cm−1 was larger
than that in Figure 1A, taking the contribution
from the membranes into account. In contrast
to Figure 1A, no conspicuous band was detected
around 1660 cm−1.

In the amide II region, spectral differences
were also observed between the two types of
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Figure 1 FTIR-ATR spectra of aggregated Aβs formed in buffer (A and C, dashed traces) and raft-like membranes composed
of GM1/cholesterol/SM (1/1/1) (B and D, solid traces). The dotted traces (B and D) represent the reference spectra of
raft-like membranes only.

aggregated Aβs (Figures 1C and D). Aβ aggregated
in solution (Figure 1C) showed a broad absorption
band centered at 1537 cm−1, whereas Aβ aggregated
in the membranes (Figure 1D, solid trace) showed a
strong band at 1524 cm−1. The raft-like membranes
(Figure 1D, dotted trace) exhibited an absorption
band around 1555 cm−1, which was far apart from
the peak of the Aβ aggregated in the membranes.

DAC-Aβ Aggregated in Aqueous Solution

DAC-Aβ (100 µM) dissolved in buffer was preincu-
bated for various periods at 37 °C. The fluorescence
spectra of the incubated samples were measured
after an immediate dilution to 0.5 µM (Figure 2A).
The fluorescence intensity was decreased with an
increase in incubation time. At the same time, a
shoulder appeared around 520 nm.

The aggregate formation was confirmed by AFM.
Figure 2B shows an AFM image of a 24 h incubated
peptide as an example. The aggregates were
morphologically very similar to those reported for
the native Aβ [36]. It was reported that DAC-Aβ

shows the same lipid specificity as the native
protein [31]. Thus, the dye-labeled protein behaves,
at least qualitatively, very similarly to the native
protein.

Fluorescence Spectra of DAC-Aβ Incubated with
Raft-like Membranes

Monomeric DAC-Aβ was incubated with raft-
like membranes composed of GM1/cholesterol/SM
(2/4/4) at 37 °C. A lipid-to-DAC-Aβ ratio of 1960
used here corresponds to a local protein concen-
tration of ca. 120 µM, assuming 50% membrane
binding (as judged from the fluorescence intensity
[28]), an average area per lipid of 0.5 nm2 and a
membrane thickness of 7 nm.† Prolonged incubation

† Monolayer studies indicated that GM1, cholesterol and SM occupy
areas per molecule of 0.75 [56], 0.35 and 0.51 [57] nm2 at surface
pressures corresponding to bilayers. The averaged area per lipid of
the raft-like membranes composed of GM1/cholesterol/SM (2/4/4)
was calculated to be 0.5 nm2. The thickness of GM1-containing
bilayers at 37 °C was estimated to be 7 nm based on a recent
structural study [58].
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Figure 2 DAC-Aβ aggregated in aqueous solution. DAC-Aβ (100 µM) in 10 mM Tris/150 mM NaCl/1 mM EDTA buffer (pH
7.4) was incubated at 37 °C for different periods. (A) Immediately after dilution to 0.5 µM, fluorescence spectra at the same
temperature were recorded at an excitation wavelength of 430 nm. Traces 1–4 correspond to 0, 4, 8 and 48 h incubation,
respectively. Standard deviations at the peaks are shown by error bars (n = 2). (B) The sample after 24 h incubation was
mounted for AFM analysis at 0.1 µM. Representative 1 × 1 µm x-y, 10 nm total z-range AFM image is shown.
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Figure 3 Fluorescence spectra of DAC-Aβ incubated with
raft-like membranes. DAC-Aβ (0.5 µM) was incubated with
980 µM LUVs composed of GM1/cholesterol/SM (2/4/4) at
37 °C for different periods. Traces 1–4 correspond to 0, 1,
2 and 3 d incubation, respectively. Standard deviations at
the peaks are shown by error bars (n = 2).

at this high local concentration time-dependently
reduced the fluorescence intensity without changing
the spectral shape (Figure 3).

Membrane Binding Properties of DAC-Aβ

Aggregated in Aqueous Solution

The aggregational state of Aβ may affect its
membrane affinity. The binding of aggregated
DAC-Aβ to raft-like membranes was investigated

in comparison with that of monomeric DAC-Aβ

(Figure 4). DAC-Aβ(100 µM) was preincubated at
37 °C for 0, 4, 8 and 48 h. Immediately after dilution
to 0.5 µM, the protein solutions were titrated with
raft-like LUVs composed of GM1/cholesterol/SM
(2/4/4), and fluorescence spectra were recorded.
Addition of raft-like LUVs to monomeric DAC-
Aβ enhanced the fluorescence intensity of DAC
accompanied with a blue shift in the emission
maximum (from 478 to 466 nm), indicating a
change in polarity upon membrane binding [31].
In contrast, DAC-Aβ preincubated for 4 and
8 h showed smaller fluorescence increases upon
LUV addition (Figures 4B and C). It should be
noted that the fluorescence spectra with the
membranes showed no shoulder around 520 nm,
which was characteristic of DAC-Aβ aggregated in
solution. Extensively aggregated DAC-Aβ after a
48 h preincubation exhibited extremely suppressed
fluorescence enhancements upon LUV addition
(Figure 4D).

The titration interval in Figure 4 was 3 min, which
was confirmed to be sufficient for the membrane
binding of monomeric DAC-Aβ [37]. However, since
Aβ aggregation is a reversible process [38,39], a
much longer incubation may increase membrane
binding by monomer molecules generated from
the disassociation of aggregates. Figure 5 shows
the effects of postincubation on the binding of
aggregated DAC-Aβ to raft-like membranes. The
samples at a lipid-to-protein ratio of 1960 in
Figure 4 were further incubated (postincubated)
at 37 °C for long periods. The sample without
preincubation (trace 1) exhibited a continuous
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Figure 4 Binding of aggregated DAC-Aβ to raft-like membranes at 37 °C. DAC-Aβ (100 µM) in 10 mM Tris/150 mM NaCl/1
mM EDTA buffer (pH 7.4) was preincubated at 37 °C for (A) 0, (B) 4, (C) 8 and (D) 48 h. Immediately after dilution to 0.5 µM,
the protein solutions were titrated with raft-like LUVs composed of GM1/cholesterol/SM (2/4/4) and fluorescence spectra
were recorded at an excitation wavelength of 430 nm. The numbers in the figure represent lipid-to-DAC-Aβ ratios. Standard
deviations at the peaks are shown by error bars (n = 2).

decrease in fluorescence during postincubation,
as shown in Figure 3. In contrast, the samples
with DAC-Aβ preincubated for 4 and 8 h (traces
2 and 3) behaved differently. The fluorescence
intensities first increased to levels almost identical
to that of trace 1, and then decreased similarly
to trace 1 after 1 day. The sample with DAC-Aβ

preincubated for 48 h (trace 4) exhibited a similar
biphasic behavior, but the level of fluorescence
was significantly lower than those of traces 2
and 3.

Monomeric DAC-Aβ is known to specifically
bind to membranes containing a ganglioside clus-
ter and to show no affinity for other classes
of lipids [28,31]. Aggregated DAC-Aβ might pos-
sess a different lipid specificity. The binding
of DAC-Aβ with various aggregational states to
LUVs of different lipid compositions was examined
based on DAC fluorescence (Figure 6). All sam-
ples showed a selective affinity for raft-like mem-
branes.

DISCUSSION

Structures of Aβs Aggregated in Solution and
Membranes

Recent solid-state NMR studies concluded that the
fibrils formed in solution are composed of in-
resister parallel β-sheets with the disordered N-
terminal region and a turn formed by residues
25–29 [10–12]. Our FTIR and fluorescence spectra
support this conclusion. The appearance of the
major band at 1629 cm−1 (Figure 1A) indicates that
the aggregated Aβ-(1–40) protein assumes a β-sheet
structure with a stronger interchain interaction. The
small band around 1660 cm−1 can be assigned to
the disordered N-terminal region and/or the central
turn. The parallel β-sheet formation allows close
dye–dye contacts, which affect the electronic state
of the DAC moiety, resulting in the appearance
of a shoulder around 520 nm in fluorescence
spectra (Figure 2A) [40]. A reduction in fluorescence
intensity also indicates the aggregate formation,
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Figure 5 Effects of postincubation on the binding of
aggregated DAC-Aβ to raft-like membranes. The samples
at a lipid-to-DAC-Aβ ratio of 1960 in Figure 4 were
further incubated at 37 °C. Traces 1–4 correspond to
preincubation periods of 0, 4, 8 and 48 h, respectively.
Fluorescence intensities at 470 nm (excitation at 430 nm)
are plotted as a function of the postincubation time.
Standard deviations are shown by error bars (n = 2).

which can reduce light absorption due to the
hypochromic [40] as well as flattening effects [41].
The introduction of the DAC moiety at the N-
terminus did not inhibit fibril formation (Figure 2B)
because of the disordered N-terminal region.

The structure of Aβ aggregates formed in raft-
like membranes appears to be not identical to that
in solution. Amide I region FTIR data (Figure 1B)
showed the higher wavenumber of the major band
(1633 cm−1) and the coappearance of the weak
band around 1690 cm−1. The former suggests the
aggregates adopt β-sheets with weaker interchain
interactions. The latter band was previously con-
sidered to be a hallmark of antiparallel β-sheets
[42,43]. However, Aβs, which form parallel β-sheets
in aqueous solution, were also reported to show
this weak band [4,10,44]. Our aggregates formed in
solution showed only a faint band in this wavelength
region (Figure 1A). Limited information is available
on the relationship between secondary structures
and amide II band positions [43,45]. β-Sheets show
a strong absorption band around 1530 cm−1, as
observed for both aggregates (Figures 1 C and D).
The coappearance of a weak band around 1550 cm−1

is suggested to be a hallmark of parallel β-sheets
[43]. The aggregates formed in solution exhib-
ited this, although random structures also show
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Figure 6 Binding of aggregated DAC-Aβ to various
lipids at 37 °C. DAC-Aβ (100 µM) in 10 mM Tris/150 mM

NaCl/1 mM EDTA buffer (pH 7.4) was preincubated at
37 °C for 0, 4, 8 and 48 h. Immediately after dilution
to 0.5 µM, the protein solutions were mixed with various
LUVs composed of raft-like GM1/cholesterol/SM (2/4/4),
SM, PC/cholesterol (2/1) and PC at lipid-to-DAC-Aβ ratios
(L/P) indicated in the figure. Fluorescence intensities at
470 nm (excitation at 430 nm) are summarized. Standard
deviations are shown by error bars (n = 2). Fluorescence
intensities without membranes are also included as
a reference.

bands in this region [45]. Anyway, the different
amide II spectra suggest that both types of aggre-
gates assume nonidentical conformations. The driv-
ing force of fibril formation in aqueous phase is
considered to be hydrophobic interactions between
closely contacted hydrophobic side chains [12]. In
the membrane phase, however, the hydrophobic
amino acids can also interact with lipids. Therefore,
there is no need for both β-sheets to adopt the iden-
tical structure. To definitely determine the structure
of membrane-aggregated Aβ, further studies such
as solid-state NMR are required.

The group of Mantsch measured the FTIR spectra
of amyloid deposits in situ in the AD brain [46]. The
amide I band was characterized by an intense peak
at 1631 cm−1 and a shoulder around 1650 cm−1

without a discernible band around 1690 cm−1. The
amide II band showed a peak at 1540 cm−1 and a
shoulder 1519 cm−1. Therefore, amyloid deposits in
the AD brain assume secondary structures closer
to those of Aβ aggregated in solution, although the
deposits may contain proteins other than Aβ.

Fluorescence data may also suggest the noniden-
tity of both types of aggregates. The preincubation of
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DAC-Aβ with raft-like membranes only reduced the
fluorescence intensity without any spectral shape
change (Figure 3). A straightforward interpretation
of these findings would be that the fluorescence
was self-quenched because of self-aggregation, as
observed for the fluorescein-labeled Aβ [37], and that
the DAC moieties were not so close to each other as
to allow electronic interactions. The self-quenching
technique has been often used to monitor protein
aggregation [47,48]. However, the possibility cannot
be excluded that this time-dependent fluorescence
decrease is partially due to a chemical degrada-
tion of the dye and/or adsorption of the protein to
containers.

Interactions of Aβ Aggregates with Membrane

A number of studies have been published on
Aβ –membrane interactions. There are some dis-
crepancies among the results by different research
groups. For example, no interaction with zwitterionic
PC liposomes [31,49,50] was observed for Aβ-(1–40)
and DAC-Aβ, whereas some studies reported that
Aβ-(1–40) and Aβ-(1–42) interacted with PC lipo-
somes [51,52]. One reason for this may be the
different solution states of Aβ. Indeed, aggregated
but not freshly solubilized Aβ was found to inter-
act with and decrease the fluidity of PC bilayers
[53]. Selective affinity of cholesterol, fatty acids and
PC for aggregated Aβ-(1–40) was also reported [54].
However, this study clearly shows that the aggre-
gation inhibits the binding of DAC-Aβ to raft-like
membranes (Figure 4) and does not allow the pro-
tein to bind to lipids other than ganglioside clusters
(Figure 6), although the reason for the discrepancy
between this and previous studies is not clear. The
peptide concentration may be a factor affecting pro-
tein–membrane interaction. Furthermore, commer-
cially available Aβ may contain nontrivial amounts
of impurities [55]. Importantly, the fact that the
fluorescence spectra of aggregated DAC-Aβ in the
presence of raft-like membranes showed no shoul-
der around 520 nm (Figure 4) suggests that only
monomeric protein can bind to the membrane. This
hypothesis is supported by the observations that
postincubation of aggregated DAC-Aβ –membrane
mixtures enhanced membrane binding (Figure 5).
The system appears to reach a new equilibrium
state at least after 1 day regardless of the initial
aggregational state, as long as the initial aggrega-
tion is not so extensive. The dock–lock mechanism
for fibril formation [38] can explain why the 48 h
preincubated DAC-Aβ showed significantly reduced

membrane binding even after a long postincubation:
prolonged incubation of Aβ in solution increases the
fraction of the ‘locked’ protein that cannot dissociate
into soluble monomer.
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