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Amyloids are involved in the pathogenesis of more than 20
diseases, including severe neurodegenerative disorders such

as Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s
disease, and Creutzfeldt-Jakob disease. The kinetics of protein
fibrillation in solution have been investigated extensively.1�6

Today, the most convincing model for the kinetics of amyloid
fibril formation is the nucleation-dependent polymerization
model, in which the fibrillation process is separated into two
steps. A seed for aggregation is formed by self-association and
structural changes of monomeric proteins, followed by the
binding of monomers to the seed or a preformed fibril end.
The bound protein acts as a new binding site for polymerization.
A lag phase is observed in the time course of aggregation, because
the seed’s formation is the rate-limiting step. Compared to
aggregation kinetics in solution, little attention has been paid
to the kinetics of protein aggregation mediated by membranes
despite its biological significance. Accumulating evidence sug-
gests that lipid�protein interactions play a crucial role in the
aggregation of various amyloidogenic proteins.7,8 The formation
of fibrils on membranes is more complicated because both
membrane-bound and unbound molecular species can partici-
pate in the aggregation.

The aggregation of the 39�42-residue amyloid β-protein
(Aβ) into oligomers and fibrils is a critical step in the etiology
of AD. AD is a progressive neurodegenerative disorder, hallmarks
of which are the deposition of amyloid fibrils and the formation
of neurofibrillary tangles.9,10 The mechanism of the abnormal
aggregation of Aβ is not well understood. The physiological

concentration of Aβ in biological fluids (<10�8 M)11 is much
lower than the concentration (∼1 μM) above which Aβ-(1�40)
spontaneously forms fibrils.12 Therefore, there should be me-
chanisms that facilitate the abnormal aggregation of Aβ under
pathological conditions. We have proposed that ganglioside
clusters in lipid raft microdomains play a crucial role in the
formation of amyloid fibrils by Aβ.13,14 Aβ interacts with mono-
sialoganglioside GM1 (GM1) in model membranes mimicking
lipid rafts under physiological conditions.15 GM1 is an acidic
glycosphingolipid abundant in plasma membranes of neurons
and has been thought to be involved in the pathology of
AD.14,16,17 Aβ recognizes and binds to a GM1 cluster, changing
its conformation from a random coil to an R-helix-rich structure
at lower protein densities on the membrane and to a β-sheet-rich
structure at higher protein densities. The fibril-forming process is
accelerated in the presence of the β-sheet form of Aβ.18 How-
ever, the details of the R-helix�β-sheet transition and the
subsequent fibrillization are yet to be clarified.

In this paper, the structural changes of Aβ-(1�40) on GM1-
containing raftlike membranes composed of GM1, cholesterol,
and sphingomyelin were investigated in detail by circular dichroism
(CD) after correction of spectral contributions from free pro-
teins in solution. A singular-value decomposition (SVD) analysis
revealed that the R-helix�β-sheet transition occurred highly

Received: May 19, 2011
Revised: June 14, 2011

ABSTRACT: It is widely accepted that the conversion of the soluble, nontoxic
amyloid β-protein (Aβ) monomer to aggregated toxic Aβ rich in β-sheet structures is
central to the development of Alzheimer’s disease. However, the mechanism of the
abnormal aggregation of Aβ in vivo is not well understood. We have proposed that
ganglioside clusters in lipid rafts mediate the formation of amyloid fibrils by Aβ, the
toxicity and physicochemical properties of which are different from those of amyloids
formed in solution. In this paper, the mechanism by which Aβ-(1�40) fibrillizes in
raftlike lipid bilayers composed of monosialoganglioside GM1, cholesterol, and
sphingomyelin was investigated in detail on the basis of singular-value decomposition
of circular dichroism data and analysis of fibrillization kinetics. At lower protein
densities in the membrane (Aβ:GM1 ratio of less than ∼0.013), only the helical
species exists. At intermediate protein densities (Aβ:GM1 ratio between∼0.013 and
∼0.044), the helical species and aggregated β-sheets (∼15-mer) coexist. However, the
β-structure is stable and does not form larger aggregates. At Aβ:GM1 ratios above∼0.044, the β-structure is converted to a second,
seed-prone β-structure. The seed recruits monomers from the aqueous phase to form amyloid fibrils. These results will shed light on
a molecular mechanism for the pathogenesis of the disease.
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cooperatively above a threshold intramembrane protein concen-
tration. The β-sheet structure was composed of ∼15 Aβ
molecules and did not form fibrils. A seed-prone β-structure was
produced only at higher concentrations. Furthermore, a kinetic
study indicated that the seed recruited not membrane-bound
monomers but free proteins in solution to form amyloid fibrils.

’MATERIALS AND METHODS

Aβ Aβ-(1�40) was produced as a ubiquitin extension19 and
purified as described in detail elsewhere.20 The purity (>95%)
and identity of the protein were confirmed by analytical reversed-
phase high-performace liquid chromatography (HPLC) and
electrospray ionization mass spectroscopy. The protein was
dissolved in 0.02% ammonia on ice, and any large aggregates
that may act as a seed for aggregation were removed by
ultracentrifugation in 500 μL polyallomer tubes at 540000g
and 4 �C for 3 h. The protein concentration of the supernatant
was determined in triplicate with a Micro BCA protein assay
(Pierce, Rockford, IL). The supernatant was collected and stored
at �80 �C prior to use. Just before the experiment, the stock
solution (∼300 μM) was mixed with an equal volume of doubly
concentrated buffer [11.5 g/L NaF, 2.3 g/L Na2HPO4, and
0.4 g/L KH2PO4 (pH 7.4)], and the final protein concentration
was adjusted to the desired value by addition of a buffer [5.75 g/L
NaF, 1.15 g/L Na2HPO4, and 0.2 g/L KH2PO4 (pH 7.4)] and/
or a vesicle suspension. NaF and phosphate were used to reduce
UV absorption by buffer components and thus to improve the
signal-to-noise ratio.21 Aβ-(1�40) assumes a monomeric state
under these conditions.22

Small Unilamellar Vesicles (SUVs). GM1 from bovine brain
was purchased from Wako (Osaka, Japan). Cholesterol and N-
acyl-D-sphingosine-1-phosphocholine from bovine brain (SM)
were obtained from Sigma (St. Louis, MO). SUVs were prepared
as described previously.15,18 GM1, cholesterol, and SM were
dissolved in a 1:1 (v/v) chloroform/methanol mixture, chloro-
form, and ethanol, respectively. The concentrations of GM1,
cholesterol, and SM were determined at least in triplicate by the
resorcinol�hydrochloric acid method,23 the cholesterol oxidase
method (free cholesterol E-test kit from Wako), and the phos-
phorus assay,24 respectively. GM1, cholesterol, and SM were
mixed in a molar ratio of 4:3:3, and the solvent was removed by
evaporation in a rotary evaporator. The residual lipid film,
after drying under vacuum overnight, was hydrated with a buffer
[5.75 g/LNaF, 1.15 g/LNa2HPO4, and 0.2 g/LKH2PO4 (pH7.4)].
The hydrated film was vortex mixed to produce multilamellar
vesicles, which were subsequently sonicated under a nitrogen
atmosphere for 9 min (3 � 3 min) using a UD-201 probe-type
sonicator (Tomy, Tokyo, Japan). Metal debris from the titanium
tip of the probe was removed by centrifugation. The concentra-
tion of vesicles was determined on the basis of the concentration
of GM1 (4mM).25 The vesicles have been characterized in terms
of size and lamellarity.26

Binding of Aβ. Aβ (50 μM) was mixed with GM1/cholesterol/
SM SUVs in the buffer described above and equilibrated for
5 min at 37 �C. The free Aβ monomers and membrane-bound
Aβ were separated by ultracentrifugation at 200000g and 37 �C
for 3 h. The peptide concentration in the supernatant was
determined by analytical HPLC, which was performed using a
COSMOSIL protein-R Packed Column (4.6 mm � 180 mm)
(Nacalai Tesque, Kyoto, Japan) eluted with a linear gradient of
CH3CN (20 to 60% over 40min) in 0.1% aqueous trifluoroacetic

acid at a flow rate of 1 mL/min. The protein was detected by
measuring the UV absorbance at 220 nm.
CD Spectra. The concentration of Aβ in NaF buffer was

15 μM. CD spectra were recorded on a Jasco J-820 apparatus at
37 �C, using a 1 mm path length quartz cell to minimize the
absorbance due to buffer components. The instrumental outputs
were calibrated with nonhygroscopic ammonium d-camphor-10-
sulfonete.27 Eight scans were averaged for each sample. The
blank spectra (SUV suspension or buffer) were subtracted.
Thioflavin T (ThT) Assay.The sample (final Aβ concentration

of 0.5 μM) was added to a 5 μMThT solution in 50 mM glycine
buffer (pH 8.5). Fluorescence at 490 nm was measured at an
excitation wavelength of 446 nm at 25 �C.4,28 A calcein solution
(1 μM) in 10 mM Tris/150 mM NaCl/1 mM EDTA (pH 7.4)
buffer was used as a standard to calibrate small day-to-day
variations in fluorescence intensity.
SVD Analysis. The CD data measured for a range of x values

were arranged into aM�Nmatrix, A (M andN are the numbers
of wavelength data points and x values, respectively), so that the
element in the jth row and the ith column corresponded to the
[θ] value at the jth wavelength and the ith x value. The data
matrix was expressed as a linear combination of orthogonal basis
functions and their weighting factors:

A ¼ U 3W 3V
T ð1Þ

where U, W, and V are M � N, N � N, and N � N matrices,
respectively. The ith column of U, ui, represents the orthogonal
basis CD curve.W 3V

T represents x value-dependent weights for
the individual basis (VT, the transposed matrix of V). W is the
diagonal matrix of singular values, which are usually arranged by
magnitude in descending order. The number of mathematically
independent components (L) is the rank order of A in an ideal
case without noise, whereas in a real case with noise, it should be
estimated on the basis of (1) singular values, (2) the autocorrela-
tion C(ui) of the ith base, (3) the shape of the basis function,
and (4) reduced χ2 values of SVD reconstruction.29 The auto-
correlation reflecting the signal-to-noise ratio was calculated
according to

CðuiÞ ¼ ∑
M—1

j¼ 1
Uj, iUj+1, i ð2Þ

where Uj,i is the jth element of the ith column of matrix U.
Because each column vector is normalized to unity, the
maximum value of the autocorrelation is 1. For basis func-
tions with many elements (>100 rows) that are subjectively
smooth, autocorrelation values may exceed 0.99, whereas for
those with significant variations between rows (typical of
“noise”), the autocorrelation values will be much smaller than 1;
a value of less than 0.8 indicates a signal-to-noise ratio
approaching 1.30

’RESULTS

Binding of Aβ. The binding of Aβ-(1�40) to GM1/
cholesterol/SM (4:3:3) SUVs was directly assessed by a
combination of ultracentrifugation and analytical HPLC.
Fibrillization by Aβ was not observed during the procedure
(vide infra). The amount of membrane-bound Aβ per GM1 in
the outer leaflet of liposomes, x (moles per mole), was plotted
as a function of the concentration of free Aβ, cf in Figure 1.
The binding equilibrium could be expressed by Langmuir’s
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equation.

x ¼ xmaxKcf
1 + Kcf

ð3Þ

The maximal x value and the binding constant are denoted by
xmax and K (M�1), respectively. The estimated xmax and K
values were 0.0573 ( 0.0014 and (6.53 ( 0.88) � 105 M�1,
respectively.
Secondary Structures. The conformation of Aβ in the

presence and absence of SUVs was estimated from CD spectra
at 37 �C. Representative spectra are shown in Figure 2A. The
spectrum of Aβ in buffer was characteristic of a random coil
conformation (trace 1). In the presence of smaller amounts of
SUVs, the spectra exhibited a minimum at around 218 nm,
reminiscent of β-sheet structures (trace 2). In contrast, at higher
GM1:Aβ ratios, Aβ formed R-helix-rich structures as judged
from double minima at around 210 and 222 nm (trace 3).
Structural changes upon membrane binding were completed
within the dead time of the CD measurement (<3 min). These
results were consistent with our previous findings usingNaCl as a
salt,15,18 showing that the use of NaF does not influence
Aβ�GM1 interaction.
The CD spectra of the membrane-bound Aβwere obtained by

subtracting the contributions from free Aβ (Figure 2B). The
fraction of unbound Aβ (f) was calculated using the binding
parameters obtained above. The mean residue ellipticity of

bound Aβ ([θ]bound) was calculated as follows:

½θ�bound ¼ ½θ�obs � f ½θ�free
1� f

ð4Þ

The mean residue ellipticities of Aβ determined in the presence
and absence of liposomes are denoted by [θ]obs and [θ]free,
respectively.
The CD spectra of the membrane-bound Aβwere analyzed by

a SVD method30 using IgorPro (WaveMetrics, Inc., Lake Oswego,
OR) to extract the essential spectral components. The spectra
below 210 nm were not used for the analysis because the signal-
to-noise ratios of spectra at high GM1:Aβ ratios were low. The
sphingolipids with amide groups absorbed light in the far-UV
region. Light scattering also led to deterioration of the quality of
the spectra (the highest lipid concentration was 5.6 mM).
The results of the SVD analysis are summarized in Figure 3

and Table 1. The singular values and the autocorrelations
(Table 1) clearly show that the first three components predo-
minantly contribute to the original spectra (L = 3). This
conclusion is supported by spectral reconstitution (vide infra).
The first basis spectrum, u1, had a minimum around 222 nm, and
the [θ] values were negative over the entire range of wavelengths,
reminiscent of an R-helix. The second basis spectrum, u2,
exhibited aminimum around 220 nm, and the [θ] values changed
from negative to positive above 215 nm, indicative of a β-sheet.
In contrast, the third, far less intense spectrum, u3, had two peaks
of opposite sign and similar magnitude, characteristic of an
exciton interaction between aromatic side chains.31 The fourth
to eighth spectra looked like noise (Figure S1 of the Supporting
Information). Thus, there appear to be two main chain con-
formers (R-helix-rich and β-sheet-rich) aside from different side
chain interactions.
The SVD analysis is, however, a pure mathematical procedure,

and therefore, the basis spectra of columns of U do not

Figure 1. Binding isotherm of Aβ-(1�40) at 37 �C. The binding of the
protein to GM1/cholesterol/SM (4:3:3) SUVs was directly assessed by
ultracentrifugation andHPLC. The amount of membrane-bound Aβ per
GM1 in the outer leaflet, x, is plotted as a function of the concentration
of free Aβ, cf. The curve is a best fit by eq 3 with xmax and K values of
0.0573 and 6.53 � 105 M�1, respectively.

Figure 2. CD spectra of 15 μM Aβ-(1�40) at 37 �C. (A) Representa-
tive raw spectra in the absence (trace 1) or presence of SUVs (trace 2,
GM1:Aβ ratio of 30; trace 3, GM1:Aβ ratio of 120). (B) CD spectra of
membrane-bound Aβ. The GM1:Aβ ratios (and corresponding x
values) are 10 (0.0504), 20 (0.0479), 30 (0.0440), 40 (0.0391), 60
(0.0297), 80 (0.0233), 120 (0.0160), and 150 (0.0132), from top to
bottom, respectively.

Figure 3. SVD analysis of CD spectra. CD spectra of membrane-bound
Aβ (Figure 2B) were analyzed by a SVD method. (A) Traces 1�3
denote the three basis spectra (u1�u3). See the text for details. (B)
Weights for u1 (O), u2 (b), and u3 (4) plotted as a function of x.

Table 1. Results of SVD Analysis

ordinal number singular value autocorrelation

1 472456 0.998

2 87684 0.970

3 19362 0.965

4 10136 0.688

5 6426 0.778

6 5147 0.710

7 3826 0.714

8 3147 0.725
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necessarily correspond to the actual spectra of the conformers.
That is,W 3V

T does not give their fractions. Indeed, the weights
for u2 were negative at lower x values (Figure 3B), indicating that
the basis spectrum is imaginary. To estimate the fractions of the

R-helix-rich and β-sheet-rich species, the orthogonal matrices U,
W, and V were transformed into U0, W0, and V0, respectively,
using the transformation matrix R, so that the column vectors of
U0 give physically meaningful spectra.

U0 ¼ U 3R ð5Þ

W0 ¼ R�1
3W 3R ð6Þ

V0 ¼ V 3R ð7Þ

V0�1 ¼ R�1
3V

�1 ¼ R�1
3V

T ð8Þ
By using these transformed matrices, the original data matrix is
expressed as

U0
3W

0
3V

0�1 ¼U 3R 3R
�1

3W 3R 3R
�1

3V
�1¼ U 3W 3V

T ¼ A

ð9Þ
The transformation matrix, R, was determined as follows. The

first and second column vectors of U0 were taken from the CD
spectra at GM1:Aβ ratios of 150 and 10. These spectra were
taken to represent the R-helix-rich and β-sheet-rich species,
respectively, because they did not change significantly with a
further increase in the ratio to 180 or a decrease to 5 (Figure S2 of
the Supporting Information). Next, the fraction of each second-
ary structure, fR and fβ, was calculated for each spectrum at
various GM1:Aβ ratios from the values of the first and second
rows of matrixW 3V

T, respectively. fR, fβ, and the fraction of the
third component (f3 = 1 � fR � fβ) gave the first, second, and
third rows of the transformed matrix W0

3V
0�1, respectively.

Finally, the transformation matrix was obtained by R�1 =
W0

3V
0�1

3V 3W
�1. Figure 4 plots the fractional contribution

(fR, fβ, and f3) from each basis spectrum as a function of x. The
fR and fβ values monotonously decreased and increased with an
increase in x, respectively. In contrast, the f3 value took both
positive and negative values.
The observed spectra could be described well by linear

combinations of u10�u30 (Figure 5). The average of the normal-
ized root-mean-square deviation (nrmsd) values was 0.0160.
Linear combinations of only u10 and u20 failed to reconstitute the
spectra. The average nrmsd was 0.0287 (Figure S3 of the
Supporting Information). The intramembrane concentrations
of the R-helical (xR) and β-sheet (xβ) species were calculated
with eqs 10 and 11, respectively, and are shown as a function of x

Figure 4. Transformation of basis spectra. The basis spectra u1�u3
were transformed into u10�u30, respectively, as described in the text.
Weights fR, fβ, and f3 for u10 (O), u20 (b), and u30 (4) are plotted as a
function of x.

Figure 5. Reconstitution of CD spectra by linear combinations of
u10�u30. The observed and reconstituted spectra are denoted by black
and red traces, respectively, in the bottom panel. The residuals are shown
in the top panels. The x values are 0.0504, 0.0479, 0.0440, 0.0391,
0.0297, 0.0233, 0.0160, and 0.0132, from top to bottom, respectively.
The nrmsd values for the fits were 0.0137, 0.0234, 0.0122, 0.0124,
0.0203, 0.0179, 0.0168, and 0.0114, respectively.

Figure 6. Concentrations of the R-helical and β-sheet species. The
intramembrane concentrations of the R-helical (xR) and β-sheet (xβ)
species were calculated with eqs 10 and 11, respectively, and are depicted
with empty and filled circles, respectively. The lines indicate calculated
values according to eq 12 with an n of 15 and a K of 5.8 � 1024.
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in Figure 6.

xR ¼ fR
fR + fβ

x ð10Þ

xβ ¼ fβ
fR + fβ

x ð11Þ

Interestingly, at x values between 0.013 and 0.044 (region II),
the xR value was almost constant, whereas the xβ value increased
linearly above a threshold concentration of∼0.013. This unique
behavior indicates that theR-helix-to-β-sheet transition occurs in
a highly cooperative fashion like the formation of micelles of
detergents or a phase separation and that a large number of
molecules are involved in a β-sheet aggregate. If n R-helix
molecules form an n-meric β-sheet with association constant
K, the equilibrium can be described by eq 12 (mole fraction≈ x).

K ¼ xβ=n

xRn
ð12Þ

The best fit was obtained with an n of 15 and a K of 5.8� 1024

(χ2 = 0.00017; R = 0.88) as shown by solid lines in Figure 6,
although other combinations of n and K values (n of 10 and K of
1.2 � 1016; n of 20 and K of 4.3 � 1034) could also explain the
results satisfactorily.
At x values above 0.044 (region III), the amount of β-sheet

species increased rapidly with the x value at the expense of the R-
helical conformer, suggesting the presence of an irreversible
aggregation (vide infra).
Kinetics and Mechanism of Aβ Aggregation. The aggrega-

tion of Aβ in the presence of larger amounts of SUVs (region II,
at x = 0.0297) was monitored using CD measurements
(Figure 7A). The spectra did not show any change at least during
an 8 day incubation at 37 �C, suggesting that the Aβmolecules on
membranes were stable and did not enter the aggregation path-
way, even though significant amounts of the β-sheet species were
present. On the other hand, when x = 0.0504 (region III), the CD
spectrum shows a flattening of signal intensity after incubation,
indicating aggregation of Aβ (data not shown). The aggregation
was monitored by an increase in the fluorescence intensity of the
amyloid-specific dye ThT. While no increase in ThT fluores-
cence was detected without SUVs during an 18 h incubation,
ThT fluorescence was increased after a 6 h lag phase and reached

amaximum at 14 h in the presence of SUVs (Figure 7B).We have
already confirmed the formation of amyloid fibrils by transmis-
sion electron microscopy.25

The elongation of amyloid fibrils is considered to proceed as
follows.1�6 A free monomer molecule in solution binds to a seed
or a fibril end that acts as a template, changing its conformation.
The bound molecule serves as a new fibril end to which another
monomer binds. Repetition of this reaction results in the out-
growth of amyloid fibrils. In the formation of fibrils onmembranes,
both free monomers in solution (mechanism 1) and membrane-
bound monomers (mechanism 2), in principle, can bind to seeds.
We distinguished these two mechanisms as follows.
The concentration of the fibril-growing sites, which is the sum

of the concentrations of seeds and fibril ends, is denoted by [GS].
The rate (r1 or r2) of fibril elongation in each mechanism can be
expressed as follows.

r1 ¼ k1½free Aβ monomer�½GS� ð13Þ

r2 ¼ k2½bound Aβ monomer�½GS� ð14Þ
When the concentration of liposomes is sufficiently smaller than
the concentration of Aβ in solution, almost all Aβmolecules exist
as free monomers ([free Aβ]∼ [total Aβ]) and the binding site
on the membrane is saturated (x ∼ xmax). Therefore, the
concentration of bound Aβ monomer is independent of the
total concentration of Aβ when the liposome concentration is
fixed. Although the rate of seed formation is dependent on x,
[GS] is independent of [total Aβ] because x ∼ xmax. As a
consequence, r1 is proportional to only [total Aβ] and r2 is
constant. If the elongation kinetics obey mechanism 1, the
kinetics of ThT fluorescence increase, which were normalized
by [total Aβ] (see Materials and Methods), should be indepen-
dent of [total Aβ]. On the other hand, the rate of ThT
fluorescence development is expected to be inversely slowed
with an increase in [total Aβ] in mechanism 2. To achieve these
conditions, we chose a concentration of SUVs of 30 μM (as
GM1), i.e., 0.86 μM binding site, and Aβ concentrations of 30,
45, and 60 μM (see Figure 1). The results of ThT assays are
shown in Figure 8. The fibrillization kinetics of the three samples
were superimposable, indicating that the elongation of Aβ fibrils
on GM1-containing membranes obeys mechanism 1, in which
free Aβ in solution is recruited to growing fibrils.

’DISCUSSION

Helical forms have been suggested to be intermediates in
the aggregation of Aβ18,22,32�34 and other amyloidogenic

Figure 7. Stability of secondary structures of Aβ at 37 �C. (A) CD
spectra of Aβ (15 μM) in the presence of SUVs (region II, x = 0.0297)
recorded after incubation for 0 (black), 1 (red), and 8 days (blue). There
were no detectable spectral changes. (B) In contrast, when x = 0.0504
(region III), an increase in ThT fluorescence is observed after a lag time
of∼6 h (b). No ThT signal was observed in the absence of SUVs even
after an 18 h incubation (O).

Figure 8. Aggregation kinetics of Aβ-(1�40) as monitored by the ThT
assay. Aβ-(1�40) was incubated with GM1/cholesterol/SM (4:3:3)
SUVs (30 μMGM1) at 37 �C. Aβ concentrations of (O) 30, (b) 45, and
(4) 60 μM.
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proteins35�41 in solution,32,33 detergent micelles,22,34 and lipid
bilayers.18,35,36,39,40 Such structures are useful for the develop-
ment of small molecules that inhibit the aggregation of Aβ.42�44

However, the molecular details of the R-helix-to-β-sheet transi-
tions are poorly understood. We clarified the structural transi-
tions of Aβ-(1�40) mediated by GM1 clusters using CD
spectroscopy and a SVD analysis.

To analyze the structural changes in the membrane phase,
spectral contributions from free protein molecules were cor-
rected by directly determining free concentrations. The binding
isotherm (Figure 1) could be fitted by Langmuir’s equation.
However, this fit was phenomenological. This equation assumes
that bound protein molecules do not interact with each other.
This assumption clearly contradicts the cooperative formation of
β-sheet aggregates. The association of peptides with lipid bilayers
has been described by a partition equilibrium model combined
with the Gouy�Chapman theory that takes electrostatic inter-
action between peptides and lipids into consideration.45,46 In this
case, a binding model is more appropriate, because GM1 clusters
constitute binding sites for Aβ.15,47 Electrostatic repulsion
between negatively charged Aβ and GM1 gives negative coop-
erativity, which is apparently compensated by positive coopera-
tivity in the R-helix-to-β-sheet transition.

CD spectra of membrane-bound Aβ were analyzed by the
SVDmethod, which has been successfully used in protein folding
studies.29,48,49 The analysis indicated that Aβ assumes only two
main chain conformers, i.e., an R-helix-rich structure and a
β-sheet-rich structure in raftlike membranes containing GM1
clusters; however, the protein takes three states (Figure 6). In
the diluted regime (region I, x < ∼0.013), Aβ assumes only the
R-helix-rich structure. A similar phenomenon was found for islet
amyloid polypeptides in phospholipid bilayers.36 The helicity
was estimated to be ∼50% from a [θ]222 value of �17500
deg cm2 dmol�1.50 Utsumi et al. reported that His14�Val24

and Ile31�Val36 segments (helicity of 53%) form R-helices in
lyso-GM1 micelles at neutral pH, as determined by NMR
spectroscopy.51

From a threshold concentration (x) from ≈0.013 to ≈0.044
(region II), an R-helix-to-β-sheet transition occurs in a highly
cooperative fashion similar to the formation of a micelle, in which
the concentration of themonomer is almost constant. The helical
form coexists with β-sheet-rich aggregates composed of 10�20
protein molecules. The R-helix-to-β-sheet transition of Aβ
dependent on the protein-to-lipid ratio was originally observed
in phospholipid bilayers.52 Recently, a temperature-dependent
R-helix-to-β-sheet transition was also reported in dipalmitoyl-
phosphatidylcholine bilayers.53 According to the thermody-
namics of micelle formation,54 the difference in the standard
Gibbs free energy between the aggregate and the monomer is
approximated by eq 15.

G0
n-mer

n
� G0

monomer � RT lnðcritical micellar concentrationÞ
ð15Þ

where R is the gas constant and T is the absolute temperature. A
critical concentration of 0.013 gives a standard free energy of
�4.3RT for the formation of an aggregate (�11 kJ/mol at
37 �C). Comparable values have been estimated for the forma-
tion of a β-sheet aggregate by penetratin, although our estimate
includes energy necessary for the protein to deform the mem-
brane. Assuming that 20 residues are involved in the formation of

the β-sheet, the difference in free energy between theR-helix-rich
form and the β-sheet-rich form is only �0.5 kJ/residue. The
residual free energy of the membrane-induced formation of a
β-structure has been reported to be close to that of the
membrane-induced formation of an R-helix.46

The β-sheet aggregate does not form amyloids (Figure 7A). A
seed-prone β-structure is generated after a second structural
transition around x≈ 0.044 (region III, Figure 7B). The second
β-sheet aggregate cannot be distinguished from the first in terms
of secondary structure, suggesting that changes in mutual
orientations ofβ-strands, including a shift in registry, are involved
in this process. The changes in f3 with respect to the x value also
support the existence of two transitions. The f3 value first
decreases, then increases, and finally decreases again. Phe
residues may be involved in the exciton interaction. Roy et al.
synthesized a β-hairpin peptide with a Phe�Phe interaction and
observed a positive CD band at 221 nm and a negative band at
234 nm.31 These wavelengths are close to ours (∼215 and
∼234 nm, respectively).

At x values larger than ∼0.05, the seed-prone β-sheet is the
predominant species in the membrane. A pioneering work by
Terzi et al. clearly showed that Aβ-(1�40) is in a random
coil�β-sheet equilibrium under these conditions in the presence
of negatively charged phospholipid bilayers.55

On the basis of these results, we propose a revised scheme for
the formation of amyloid fibrils by Aβmediated by GM1 clusters
(Figure 9). Aβ specifically binds to a GM1 cluster, changing its
conformation from a random coil to an R-helix-rich structure
with∼50% helicity. At lower protein densities (Aβ:GM1 ratio of
less than∼0.013), only the helical species exists. At intermediate
protein densities (Aβ:GM1 ratio between∼0.013 and ∼0.044),
the helical species and aggregated β-sheets (∼15-mer) coexist.
However, the β-structure is stable and does not form larger
aggregates. At Aβ/GM1 values above ∼0.044, the β-structure is
converted to a second, seed-prone β-structure. The seed recruits
monomers from the aqueous phase to form amyloid fibrils, the

Figure 9. Schematic representation of the proposed interaction of Aβ
with membranes containing GM1 clusters. Aβ specifically binds to a
GM1 cluster, changing its conformation from a random coil to an
R-helix-rich structure. At Aβ:GM1 ratios between ∼0.013 and ∼0.044,
the helical species and aggregated β-sheets (∼15-mer) co-exist. How-
ever, the β-structure is stable and does not form larger aggregates. At Aβ:
GM1 ratios above ∼0.044, the β-structure is converted to a second,
seed-prone β-structure. The seed recruits monomers from the aqueous
phase to form amyloid fibrils, the structure and toxicity of which are
different from those of amyloids formed in solution.
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structure and toxicity of which are different from those of
amyloids formed in solution. These results will shed light on
molecular mechanisms for the pathogenesis of the disease.
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