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Ganglioside GM1 mediates the amyloid beta (Aβ) aggregation that is the hallmark of Alzheimer's disease
(AD). To investigate how ganglioside-containing lipid bilayers interact with Aβ, we examined the interaction
between Aβ40 and supported planar lipid bilayers (SPBs) on mica and SiO2 substrates by using atomic force
microscopy, fluorescence microscopy, and molecular dynamics computer simulations. These SPBs contained
several compositions of sphingomyelin, cholesterol, and GM1 and were treated at physiological salt
concentrations. Surprisingly high-speed Aβ aggregation of fibril formations occurred at all GM1
concentrations examined on the mica surface, but on the SiO2 surface, only globular agglomerates formed
and they formed slowly. At a GM1 concentration of 20 mol%, unique triangular regions formed on the mica
surface and the rapidly formed Aβ aggregations were observed only outside these regions. We have found
that some unique surface-induced phase separations are induced by the GM1 clustering effects and the
strong interactions between the GM1 head group and the water layer adsorbed in the ditrigonal cavities on
the mica surface. The speed of Aβ40 aggregation and the shape of the agglomerates depend on the molecular
conformation of GM1, which varies depending on the substrate materials. We identified the conformation
that significantly accelerates Aβ40 aggregation, and we think that the detailed knowledge about the GM1
molecular conformation obtained in this work will be useful to those investigating Aβ–GM1 interactions.
l rights reserved.
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1. Introduction

The ganglioside GM1 (GM1) has a ceramide backbone and a large
complex head group containing a pentasaccharide. Gangliosides contrib-
ute to numerous cellular functions in the nervous system, such as signal
transduction, neuronal differentiation, and the formation of axons,
dendrites, and synapses [1,2]. In addition, GM1 forms a seed complex
with amyloid beta (Aβ) and accelerates the formation of toxic Aβ
oligomers and fibrils implicated as a cause of neuronal death in
Alzheimer's disease (AD) [3–11]. In the presence of GM1, Aβ undergoes
a conformational change from random coil to α-helix and/or β-sheet,
resulting in the aggregation of Aβ [7]. The trisialoganglioside GT1b also
facilitates fibrillization of Aβ, although not as effectively as GM1 [7]. The
Aβ binding of several photopolymerized oligosaccharides containing
sialic acidwas investigated inaneffort todevelopnewways topreventAβ
toxicity [12]. Sugarmoieties, especially sialic acidmoieties, were found to
contribute to the aggregation of Aβ, and the interaction between Aβ and
gangliosides/sialic acids seems to be complex. Aβ–ganglioside interaction
depends on pH and NaCl concentration. At pH 7, gangliosides induce α-
helical structure in Aβ and thereby diminish fibrillogenesis [13]. Even
though the complexity of the Aβ–ganglioside interaction implies that it
cannot be understoodwithout analyzing the structures of the interacting
molecules, the detailed molecular conformations of neither GM1 nor
sugar moieties have been investigated in relation to this interaction.

Sugar specificity has also been reported for the coil-to-β structural
transition of the prion peptide [14]. O-linked α-GalNAc at Ser-135
inhibits fibril formation of prion peptides at physiological salt
concentrations, whereas the peptide with the same sugar at Ser-132
elin/cholesterol/ganglioside GM1-planar bilayer on
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promoted fibril formation. Although little information regarding
molecular interactions between sugars and Aβ or prion protein
(PrPc) is available, recent studies using molecular dynamics (MD)
simulations [15–17], NMR[18,19], and atomic forcemicroscopy (AFM)
[20,21] are relevant because they describe the oligomer structure and
dynamics during Aβ and fibril elongation. Thus, the combination of
MD simulations and AFM or NMR observations is extremely useful for
understanding the conformations and interactions of complex
biomolecules.

In recent years, the existence and roles of membrane micro-
domains, such as rafts in the plasma membrane, have drawn much
attention [22]. These microdomains are enriched in glycosphingoli-
pids, sphingomyelin (SM), and cholesterol (CHOL) and have been
proposed to play important roles in signal transduction, cellular
transport, and lipid sorting [23,24]. Common eukaryotic membranes
contain about 50% (mole fraction) sphingolipids and phospholipids
and up to 40% CHOL [25]. It is reported that GM1 molecules are
concentrated in caveolae by several percentage or higher concentra-
tions [26].

Supported planar lipid bilayers (SPBs) [27–32] are in vitro model
systems for investigating how cell membranes influence protein–lipid
and cell–cell interactions. The advantage of the SPB system is that it is
compatible with advanced techniques for surface characterization,
including AFM [31], fluorescence microscopy (FM) [28–31], infrared
spectroscopy [30], and secondary ion mass spectrometry [32]. AFM is
an especially powerful technique for obtaining information about the
molecular or microdomain conformations of SPBs [31–34].

In this work, we have investigated the interaction between Aβ40
and GM1 in SPBs with several SM/CHOL/GM1 compositions, some of
which had GM1 concentrations close to physiological, by using in situ
AFM, FM, and MD simulations. These SPBs were formed by vesicle
fusion on SiO2 and mica surfaces. The aggregation speeds and
morphologies of the Aβ40 agglomerates differed significantly be-
tween SiO2 and mica surfaces. The surprisingly high-speed aggrega-
tion observed for all GM1 concentrations examined on the mica
surface is attributed to the molecular conformation of GM1 cluster
domains induced by the clustering effects of GM1 molecules and the
strong interactions between the GM1 head group and the water
molecules bound closely to the ditrigonal cavities in the mica surface.
The detailed molecular conformation of GM1 in each of the domains
in SPBs on SiO2 and mica surfaces has been determined, and these
results represent an important step in the precise molecular char-
acterization of Aβ–GM1 interactions.

2. Materials and methods

2.1. Materials

SM (porcine brain, Avanti), CHOL (Sigma), GM1 (bovine brain,
Sigma), NBD-C6-SM (NBD-SM) (Molecular Probes), thioflavin T
(Sigma), Alexa Fluor 555 cholera toxin subunit B (CTX-B) (Molecular
Probes), and Aβ40 protein (Peptide Institute) were used as delivered.

2.2. SPB preparation

The SPBs were prepared as follows: all lipids were dissolved in
chloroform/methanol (1:1, v/v) and subsequently mixed at prede-
termined ratios. The concentration of the NBD-SM was 1% (mol/mol).
The lipid mixtures were dried in a rotary evaporator and then stored
overnight under high vacuum. After the solvents were evaporated, the
lipid film was rehydrated to a final concentration of 0.12 mg/ml by
using a buffer solution (150 mM NaCl, 10 mM HEPES, 2 mM CaCl2, pH
7.4), freeze–thawed, and sonicated at 60 °C to obtain small uni-
lamellar vesicles (SUVs). Five hundred microliters of the SUV
suspension thus obtained was poured on freshly cleaved mica
substrates 20 mm in diameter. The liposomes were allowed to fuse
Please cite this article as: Y. Mao, et al., Surface-induced phase separatio
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at room temperature for 30 min and then heated to 70 °C for 15 min.
After the sample cooled to room temperature, it was rinsed with the
buffer solution.
2.3. SiO2 substrate preparation

SiO2 was formed by wet oxidation of a mirror-polished Si(100)
wafer. The Si(100) wafers were cleaned by successive treatment with
the following solutions: concentrated H2SO4+H2O2(30%) (4:1 by
volume), NH4OH+H2O2(30%)+H2O (1:1:3), HF(5%), and concen-
trated HCl+H2O2(30%)+H2O (1:1:4). The cleaned surface was
covered with a chemically oxidized SiO2 layer with surface roughness
Ra=0.14±0.02 nm.
2.4. Preparation of Aβ40 solution

The Aβ40 protein was dissolved in a 0.02% ammonia solution. The
solution was then centrifuged at 100,000 rpm for 3 h (Beckman
Instruments) to remove undissolved peptide aggregates that might
act as nucleation sites. The supernatant (final concentration=500 μM)
was collected and stored in aliquots at−20 °C until use.
2.5. AFM and fluorescence microscopy

AFM was performed in the buffer solution using a SPI3800
scanning probe microscopy system (Seiko Instruments Inc.) in the
tapping mode using a Si3N4 cantilever. The spring constant and the
resonance frequency of the cantilevers were 1.6 N/m and 26 kHz, and
all bilayers were imaged at room temperature. A fluorescence
microscope (Olympus) equipped with a digital CCD camera (Nikon
DS-2MBW) was used for collecting fluorescence images. Once the
formation of the SPB was confirmed by AFM and FM, in some
experiments, a small volume of concentrated Alexa 555 CTX-B stock
solution (1.0 mg/ml) was injected into the chamber and permitted to
distribute evenly by diffusion. The final concentration of CTX-B was
estimated to be 2.0 μg/ml.
2.6. MD simulation method

The chemical structures of lipid molecules were constructed with
the program GaussView. The program Visual Molecular Dynamics
(VMD) [35] and an in-house program called GLYMM were used to
assemble dozens of lipid molecules to form several model mem-
branes: model (a) consisting of 32 SMmolecules, 32 CHOL molecules,
and 16 GM1 molecules (SM/CHOL/GM1 (40:40:20)); model (b)
consisting of 32 SM molecules and 32 CHOL molecules (SM/CHOL
(50:50)); model (c) consisting of 32 GM1 molecules and 32 CHOL
molecules (GM1/CHOL (50:50)); and four models (d) for extremely
low GM1 densities: 2 GM1+30 SM+32 CHOL, 4 GM1+28 SM+32
CHOL, 6 GM1+26 SM+32 CHOL, and 8 GM1+24 SM+32 CHOL. The
CHARMM27 force field for lipids and the CHARMm force field for
small organic molecules were used, and all simulations were
performed using the NAMD (version 2.5) program. In each calcula-
tion, water boxes 4–5 nm thick were added to both upper and lower
sides of the starting bilayer model. In the MD simulations, unfavorable
contacts between molecules were first removed by energy minimi-
zation. Then the system was heated to 37 °C, and runs were executed
to equilibrate the system at a constant temperature of 37 °C and a
constant pressure of 1 atm. The bilayer thickness was defined as the
average distance between N atoms in the upper and lower leaflets of
SPBs. In SPBs containing GM1, the N atoms used to define thickness
were those in N-acetylneuraminic acid (Neu5Acα).
n of a sphingomyelin/cholesterol/ganglioside GM1-planar bilayer on
0.1016/j.bbamem.2010.03.003
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3. Results

3.1. Surface morphologies of SM/CHOL/GM1-SPBs on freshly cleaved
mica and SiO2 substrates

Flat SPBs with a 40:40:20 SM/CHOL/GM1 composition were easily
obtained on both SiO2 [36] and mica substrates. On mica surfaces,
vesicles fused to form a flat and uniform membrane immediately after
preparation at 70 °C (Fig. 1a). Following incubation at 37 °C for 24 h,
triangular regions often appeared (Fig. 1b). The triangular regions A and
A′ in Fig. 1b were, respectively, 2.6±0.2 and 1.5±0.2 nm higher than
the surrounding area B. After longer (36 h) incubation at 37 °C, the
phase separation inside the triangular region becamemore evident, and
the regions C and C′ in Fig. 1c were, respectively, 2.4±0.3 and 0.64±
0.15 nm higher than area B. The heights and areas of the triangular
regions thus differed from sample to sample (Fig. S1, Supplementary
material). The triangular regions could be classified into two kinds
according to height: SM-rich regions 2.4±0.8 nm high containing a
small number of GM1molecules and SM-rich regions 1.3±0.8 nm high
containing no GM1. We think the triangular regions are formed by
coalescence of SM-rich and GM1-rich microdomains formed by the
phase separations on the mica surface as discussed in Section 4.1, and
we think that the significant variation of the shapes of the triangular
regions is a result of the coalescencebeing inducedby the slowand long-
distance movement of the microdomains and thus easily influenced by
uncontrollable slight changes of room temperature and surface
conditions.

We also examined SPBs with other compositions: although 55:40:5
SM/CHOL/GM1, 50:40:10 SM/CHOL/GM1, and 50:50 CHOL/GM1 formed
flat SPBs by vesicle fusion (Fig. S2a for GM1=5mol%, Supplementary
material), unfused vesicles or secondary bilayers or defects were
sometimes observed (data not shown). Triangular regions such as
those observed in the 20 mol% GM1 SPBs were not formed in the SPBs
with these compositions. On SiO2 surfaces, on the other hand, 45:40:15,
Fig. 1. AFM images of SM/CHOL/GM1 (40:40:20)-SPBs on mica and SiO2. (a) SPB on freshly c
15 min. (b) The SPB in (a) following incubation at 37 °C for 24 h. (c) The SPB in (a) following
the SPB shown in panel (b). Panels (e), (f), and (g) are, respectively, line profiles of the SPB

Please cite this article as: Y. Mao, et al., Surface-induced phase separatio
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40:40:20, and 35:40:25 SM/CHOL/GM1 compositions all form flat and
homogeneous SPBs regardless of the length of the incubation time [36].
Flat secondary bilayers 6.20±0.2 nm thick often formed from composi-
tions of 40:40:20 (Fig. 1d) and 45:40:15 (Fig. 2d in ref. [36]). At
compositions of 55:40:5 and 50:40:10, SPBs were obtained but their
morphologiesweredefective [36]. SPBs fromacompositionof CHOL/GM1
(50:50) displayed defects≈1 nm deep, and it was not clear whether the
lipid films were or were not bilayers (Fig. S2b, Supplementary material).
3.2. Assay using fluorescence-dye-labeled SM and CTX-B

We carried out the assay using fluorescence-dye-labeled SM (NBD-
SM) and CTX-B (Alexa 555 CTX-B) mainly for the 20 mol% GM1 case, in
which clearly triangular regions were observed on the mica surface
(Fig. 2a–d). The triangular regions in fluorescence images of SPBs
formed from 40:40:20 SM/CHOL/GM1 containing 1% (mol/mol) NBD-
SM are brighter than the surrounding area (Fig. 2a), which is consistent
with the enrichment of SM in the triangular regions. The NBD-SM in the
center of the image was photobleached, and fluorescence recovery
(FRAP) was monitored in order to test the fluidity of the SPB (Fig. 2e).
Almost complete recovery was observed after 12 min, but careful
observation revealed that the shape of the dark region (that is, the area
outside the triangular region)was constant during the FRAPobservation
even though the diffusion of NBD-SM was evident. This indicates that
the whole lipid bilayer system is in the liquid phase, since the observed
recovery time is much faster than that expected for the gel phase, in
which the diffusion coefficient is several orders of magnitude smaller
than that in the liquid phase [37]. The triangular region including the
inside microstructures continuously changed with increasing incuba-
tion time as shown in Fig. 1a, b, and c. This also indicates that the
triangular regions are formed by liquid–liquid phase separation. Both
the triangular region and the surrounding region are in the liquid phase
because of the high concentration of CHOL [38].
leaved mica that was incubated in a vesicle suspension at RT for 30 min and at 70 °C for
incubation at 37 °C for 36 h. (d) An SPB on SiO2 obtained under the same conditions as
s shown in panels (b), (c), and (d).

n of a sphingomyelin/cholesterol/ganglioside GM1-planar bilayer on
0.1016/j.bbamem.2010.03.003
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Fig. 2. SM/CHOL/GM1 (40:40:20)-SPB images obtained by (a) FM, (b) FM, and (c) AFM. (a) SPB containing 1% (mol/mol) NBD-SM after the formation of triangular regions on mica.
(b, c) Triangular regions on mica following the addition of Alexa 555 CTX-B. (d) The line profiles for the white lines in panel (c). The areal density of protrusions 2.9±0.6 nm high
assigned to the aggregation of CTX-B and GM1 is ≈20.0/μm2 outside the triangular regions in panel (c) and ≈2.5/μm2 inside the triangular regions in panel (c). (e) Sequential FM
images (obtained using a 60× objective lens) of the SPB on the mica substrate after photobleaching (scale bar=60 μm). (f) Sequential FM images (obtained using a 40× objective
lens) of for the SPBs, without secondary bilayers, on the SiO2 substrate after photobleaching (scale bar=40 μm). The fluorescence from the bleached area recovered following lateral
diffusion of NBD-SM.
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The distribution of GM1 was visualized with CTX-B, which strongly
associates with GM1 [30,31,39]. When the SM/CHOL/GM1(40:40:20)
SPBs with triangular regions were incubated in a buffer solution
containing CTX-B (2.0 µg/ml) for 30 min at room temperature (RT), the
bright fluorescence of Alexa 555 CTX-B covered the surface punctuated
bymany dark regions (Fig. 2b) that corresponded to triangular regions.
Correspondingly, small protrusions were observed in the AFM images
(Fig. 2c and d). The areal densities of these protrusions inside and
outside the triangular regions in Fig. 2c, were, respectively 2.5/μm2 and
20.0/μm2. The interaction between CTX-B and GM1 mixed in the POPC
bilayerwas investigated for GM1 concentrations of 0.02–10% and CTX-B
concentrations of 0–6 nM by Shi et al. [31], who reported that the
apparent equilibrium dissociation constant Kd of the GM1-CTX-B
aggregation reaction increased monotonically from 0.23 to 0.86 nM as
the GM1 concentration increased from 0.1 to 10.0 mol%. This indicates
that although the number density of GM1-CTX-B agglomerates
increases with increasing GM1 concentration, the clustering effect
causes the aggregation efficiency to decrease with increasing GM1
concentration. If this relation could be applied qualitatively to the
system we investigated, the areal densities of agglomerates (protru-
sions) observed inside and outside the triangular regions, respectively,
2.5/μm2 and 20.0/μm2, would indicate that the GM1 concentration in a
triangular region was much less than 1/10 of that outside the region.

The average height of these protrusions, 2.9±0.6 nm was greater
than that of the triangular regions whose line profiles are shown in
Fig. 2d (2.2±0.2 nm). These small protrusions result from the
aggregation of CTX-B and GM1 [39]. We conclude from the
fluorescence and CTX-B assay data (Fig. 2b, c, and d) that GM1
molecules are distributed mainly outside of the triangular regions. In
Please cite this article as: Y. Mao, et al., Surface-induced phase separatio
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similar experiments with NBD-SM and CTX-B on SPBs on SiO2

substrates, SM and GM1 were distributed uniformly and the SPBs
were in the liquid phase (Fig. 2f).
3.3. Interaction between Aβ40 and SM/CHOL/GM1-SPBs

SPB morphologies were observed after a 20 μM Aβ40 solution
had been added to SM/CHOL/GM1(40:40:20) SPBs on mica and
SiO2 substrates immediately after their formation and the samples
had been incubated at 37 °C for 36 h. Significant aggregation of
Aβ40 and disruption of the bilayer were clearly observed (Fig. 3a
and b). On SPBs lacking GM1, in contrast, there was no trace of Aβ
aggregation under the same conditions (data not shown). After a
20 μM Aβ40 solution had been added to SM/CHOL/GM1(40:40:20)
SPBs and SM/CHOL(50:50) SPBs onmica surfaces immediately after
their preparation and the samples were incubated at 37 °C for 36 h,
Aβ aggregation was investigated by thioflavin T assay as shown in
Fig. 3c and d. Brighter particles indicating the presence of amyloid
fibrils were observed only in the SM/CHOL/GM1(40:40:20) SPBs
(Fig. 3c). No fluorescence signals were observed in the SM/CHOL
(50:50) SPBs without GM1 (Fig. 3d). Similar results were obtained
on the SiO2 surface (data not shown). These results show that GM1
was required for the observed Aβ aggregation. To investigate
this aggregation in greater detail, we prepared samples with more
dilute Aβ. When we added a 2 μM Aβ solution to SPBs on the mica
surface after the triangular regions appeared, Aβ aggregation was
most evident outside the triangular regions (Fig. 4a and b). The edges
of the triangular regions were also sites where Aβ aggregation began.
n of a sphingomyelin/cholesterol/ganglioside GM1-planar bilayer on
0.1016/j.bbamem.2010.03.003
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Fig. 3. AFM images of Aβ40 protein aggregation on SM/CHOL/GM1 (40:40:20)-SPBs
incubated at 37 °C for 36 h on (a) mica and (b) SiO2 surfaces. (c) FM image of the SPB
shown in panel (a) after addition of thioflavin T solution (5 μM). (d) FM images after
addition of thioflavin T solution (5 μM) to SM/CHOL (50:50) SPBs on a mica surface for
which Aβ40 (20 μM) is added under the same conditions as panels (a) and (b).
Agglomerates of Aβ are observed in panel (c) but not in panel (d).

Fig. 4. (a, b) The time course of Aβ aggregation on the SM/CHOL/GM1 (40:40:20)-SPBs
on mica measured by AFM. Aβ solution (2 μM) was added after the formation of
trianglular regions. (a) One-hour incubation at 37 °C. (b) Twelve-hour incubation at
37 °C. (c) Aβ aggregation on the GM1/CHOL (50:50)-SPB on a mica substrate after the
12-h incubation at 37 °C. Aβ solution was added immediately after the formation of the
SPB. (d) The AFM image obtained just after the formation of a GM1/CHOL (50:50)-SPB
on mica. (e, f) AFM images of Aβ40 aggregation on SM/CHOL/GM1 (40:40:20)-SPBs on
SiO2. Aβ solution (2 μM (e) and 1 μM (f)) was added to the SPBs immediately after its
formation. Protrusions observed in panels (e) and (f) are globular agglomerates of Aβ40
that are 3.5±1.2 nm high.
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Clear Aβ aggregation was not observed on the surface of the triangular
regions.

The fluorescence images in Fig. 2a and b demonstrate that outside of
the triangular regions GM1 is dominant and the SM concentration is
low. To examine the dependency of Aβ aggregation on GM1 outside of
triangular regions, where most of the GM1 is, we also added a 2 μM Aβ
solution to GM1/CHOL(50:50) SPBs on mica surfaces immediately after
the SPB formation. Aggregating fibrils were present on this surface
(Fig. 4c). Interestingly, with this composition, some phase separations
were also observed on the mica surface (Fig. 4d). Similar results were
also obtained when a 2 μM Aβ solution was added to SM/CHOL/GM1
(55:40:5) SPBs on mica surfaces (Fig. S2d, Supplementary materials).
These fibrils observed on the mica surfaces tended to grow in only one
direction.

In contrast to what was seen on the mica surfaces, only small
protrusions and no fibrils were seen on SiO2 substrates after 2 and 1 μM
solutions of Aβ40 were added and the samples were incubated at 37 °C
for 36 h (Fig. 4e and f). The small protrusionson theSiO2 substrateswere
mainly globular aggregates of Aβ40 with an average height of 3.5±
1.2 nm. These protrusions can be clearly distinguished from those
formed by phase separation (Fig. 4d), which have triangular or rounded
triangular shapes similar to those of the regions shown in Fig. S1. These
agglomerates (shown in Fig. 4e and f) are also easily distinguished from
the second bilayer seen in Fig. 1d by their heights (Supplementary
information Fig. S3) and were easily removed by the AFM tip. Fibril
formation was not observed for any of the compositions examined on
SiO2 surfaces.
3.4. Concentration dependence of the Aβ aggregation reaction

The dependence of the Aβ agglomerate formation on the Aβ
concentration is shown in Fig. 5a–c for mica surface and in Fig. 5d–f for
SiO2 surfaces. In these cases, the Aβ solution was added just after the
Please cite this article as: Y. Mao, et al., Surface-induced phase separatio
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formation of the lipid bilayers (not after the appearance of triangular
regions). The Aβ concentrations for a and d, b and e, and c and f were,
respectively, 20, 2, and 1 μM. The concentration dependences with Aβ
addition after the formation of triangular regions were examined only
for 20 and 2 μM solutions (Fig. 5g and h).

We did not evaluate these Aβ concentration dependences
quantitatively, but these results clearly show that on both mica and
SiO2 surfaces, the rates at which Aβ agglomerates forms depend on
the Aβ concentration nonlinearly. It is considered that the lipid bilayer
structure is destroyed by the high density of Aβ agglomerates in the
case of 20 μM. We think that this nonlinear dependence of the
reaction rate is explained by a reaction model in which soluble
oligomers (Aβn ) are formed and react with the cell membrane
surface to form fibrillar aggregates (on the mica surface) or globular
aggregates (on the SiO2 surface). Interestingly, this reaction model of
soluble oligomers (Aβn ) formation is consistent with the report that
n of a sphingomyelin/cholesterol/ganglioside GM1-planar bilayer on
0.1016/j.bbamem.2010.03.003
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Fig. 5. AFM images showing the concentration dependence of Aβ agglomerate formation. Panels (a), (b), and (c) are, respectively, for Aβ concentrations of 20, 2, and 1 μM on mica
surfaces. Panels (d), (e), and (f) are, respectively, for Aβ concentrations of 20, 2, and 1 μM on SiO2 surfaces. In these cases, the Aβ solutions were added just after the lipid bilayer
formations (not after the triangular region formations). Panels (g) and (h) are, respectively, for 20 and 2 μM Aβ solutions added just after the formation of triangular regions in SPBs
on mica surfaces.
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the Aβ oligomers extracted from Alzheimer's disease brains are the
synaptotoxic species [40].

4. Discussion

4.1. Relation between domain structure and Aβ aggregation.

The SM/CHOL/GM1(40:40:20) SPBs on the SiO2 surface were
6.20±0.2 nm thick (Fig. 1g). Since the conformation of a GM1
molecule is easily altered by the internal rotation around a chemical
bond formed by carbon sp3 orbitals, the SPB thickness is thought to
depend on the molecular conformation of GM1—that is, on the
arrangement of the large and long GM1 head group relative to the
ceramide part—and 6.20 nm is almost the greatest thickness of a SPB
containing GM1 (see Fig. 6). The area outside the triangular region is
GM1-rich, and the area inside the triangular region is further
separated into phases containing small number of GM1 and lacking
GM1. The large difference between the heights of the two GM1-
containing regions B and C in Fig. 1c (2.4 nm) indicates that, in the
GM1-containing region C in Fig. 1c of the triangular region, the SPB
also has the greatest thickness (≈6.2 nm). Otherwise, it is impossible
Please cite this article as: Y. Mao, et al., Surface-induced phase separatio
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to explain the thickness of the GM1-rich region outside the triangular
region. This means that the GM1 molecular conformation in areas
outside the triangular regions is largely different from that in the SPB
on the SiO2 surface or the region C on the mica surface.

While the results of several experiments have shown that GM1
promotes the aggregation of Aβ [3–11], how this aggregation might
depend on the GM1 conformation is completely unknown. From the
present finding that high-speed Aβ aggregation with fibril formation
occurs only on the very thin bilayer region (outside the triangular
region in Fig. 1c), we infer that GM1-assisted Aβ aggregation indeed
depends on the conformation of GM1.

4.2. Domain structures of SPBs on SiO2 and mica surfaces

The triangular regions in SPBs on mica surfaces are SM-rich and
the surrounding areas are GM1-rich. We tried to measure the
thickness of SPBs on mica and SiO2 surfaces by digging a hole with
the tip of the AFM cantilever. Although the fluidity of the SPBs made it
hard to determine the exact thickness, we concluded that all the
membranes shown in Fig. 1 were single bilayers (Fig. S4, Supplemen-
tary material), save for instances where second bilayers are obvious
n of a sphingomyelin/cholesterol/ganglioside GM1-planar bilayer on
0.1016/j.bbamem.2010.03.003
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Fig. 6. Equilibrium-state SPBs obtained byMD computer simulation for (a) SM/CHOL/GM1 (40:40:20) and (b) SM/CHOL (50:50) when using the liquid-ordered phase as the starting
model, and (c) the interdigitated liquid-disordered phase of CHOL/GM1 (50:50) calculated assuming hydrogen-bonding interactions with water molecules trapped in the ditrigonal
cavities on the mica surface (Fig. 7). Here, the SPB was placed above the trapped water layer so that the distance between the lowest H atoms of the SPB and the upper side H-atom
layer of the trapped water became 0.25 nm. The positions of O atoms were fixed. (d) Magnified image of panel (a), in which one GM1 molecule, two SM molecules, and two CHOL
molecules interacting through hydrogen bonding and hydrophobic interactions are shown. (e) Magnified image of panel (b) showing the interaction of one SM molecule and one
CHOL molecule. (f) Top view of panel (e). (g) Magnified image of panel (c) showing two GM1 molecules interacting with two CHOL molecules, thereby forming the interdigitated
liquid-disordered bilayer. In panels (d) to (g), the colors red, blue, brown, and green, respectively, show O, N, P, and C atoms.
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(Fig. 1d). To determine the molecular conformations of lipids in each
domain, we used the software NAMD and performed MD simulations
for (a) 40:40:20 SM/CHOL/GM1, (b) 50:50 SM/CHOL, and (c) 50:50
GM1/CHOL. In each simulation, we set a model structure and
calculated 10-ns trajectories. In cases (a) and (b), the equilibrium
structures were obtained using the simple liquid-ordered phase as the
starting model of the bilayer (Fig. 6a and b). As a clear phase sep-
aration did not occur on the amorphous SiO2 surface, we considered
the structure of the SPB on SiO2 surfaces to be given by the case (a)
calculation. The calculated SPB thickness of 6.4 nm (Fig. 6a) is in good
agreement with the observed thickness of 6.2±0.2 nm (Fig. 1g). The
detailed molecular structure of GM1 obtained by the calculation for
case (a) is shown in Fig. 6d. GM1 molecules have the longest
conformation with a “standing” head group supported by hydrogen
bonding and hydrophobic interactions with surrounding SM and GM1
molecules. The triangular regions on mica surfaces shown in Fig. 1b
further separate to the higher and the lower regions following longer
incubations (respectively, C and C′ in Fig. 1c), where average
difference between the heights of the regions C and C′ was 1.8±
0.2 nm (Fig. 1f). This value is close to the ≈1.4 nm calculated for the
difference between the thicknesses of 40:40:20 SM/CHOL/GM1
(Fig. 6a) and 50:50 SM/CHOL (Fig. 6b). Because the triangular regions
in Fig. 1b are SM-rich but contain some GM1molecules (Fig. 2c and d),
the change from Fig. 1b to c is likely to be a consequence of the intra-
triangular-region phase separation into regions containing and
lacking GM1. Therefore, the GM1 molecules in the triangular regions
Please cite this article as: Y. Mao, et al., Surface-induced phase separatio
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A in Fig. 1b and C in Fig. 1c also have the “longest” conformation
(Fig. 6d). The molecular conformation of SM in region C′ in Fig. 1c is
shown in Fig. 6e.

The molecular conformation of GM1 outside the triangular regions
(e.g., areas B in Fig. 1b and c) is interesting. The SPB thickness in B
is≈4 nm, a value calculated as the difference between the thickness of
region A or C in Fig. 1 (6.4 nm in Fig. 6a) determined by the longest
conformationof GM1and the difference between theheights of region C
and area B (2.4 nm, Fig. 1f). This value is surprisingly small for the
thickness of an SPB containing GM1. Although the exact composition of
this region is hard to estimate, the region is GM1-rich, and GM1/CHOL
(50:50) should therefore be a good approximation if the CHOL is
distributed uniformly. The 50:50 GM1/CHOL SPBs formed on mica
surfaces also promote Aβ aggregation and fibril formation (Fig. 4c). We
therefore conclude that on themica surface amolecular conformation of
GM1 that promotes Aβ aggregation was formed in the region outside
the triangular region. Because SPBs accelerating Aβ aggregation were
not produced onSiO2 surfaces for anyof the compositions examined,we
think that in the present experimental systems, this conformation
occurred only on the mica surface.

In the MD calculation for case (c), we first used a liquid-ordered
phase as the starting model structure, but this did not yield a stable
equilibrium structure within our 10-ns calculation time. When we
instead used an interdigitated [41,42] and disordered structure as the
starting model, an almost stable equilibrium structure emerged in less
than 2 ns. The SPB thickness calculated with that model, however,
n of a sphingomyelin/cholesterol/ganglioside GM1-planar bilayer on
0.1016/j.bbamem.2010.03.003
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was≈5.2 nm and continued to increase slightly through 10 ns (Fig. 7)
even though the observed thickness was only ≈4 nm. Since we
observed Aβ aggregation only on mica surfaces, we think that the
interaction between the SPB and the mica surface must be taken into
account in MD simulations of the molecular conformation of GM1 that
promotes Aβ aggregation.
4.3. Surface-induced phase separation and microdomain molecular
conformation

We also observed significant Aβ aggregation with all compositions
examined onmica surfaces but not with any compositions examined on
SiO2 surfaces. Themuscovitemica crystal is easily cleaved at the K+ ion
layer, presenting an atomically flat surface comprising Si, Al, and O
atoms that form an array of hexagons with a unit cell length of 0.52 nm
[43]. Water molecules are adsorbed by hydrogen bonding to the
ditrigonal cavities on themineral surface [44]. Assuming that hydrogen
bonding influences the SPB conformation on the mica surface through
the interactions between many hydroxyl groups of GM1 head groups
and the water molecules trapped in the ditrigonal cavity of the mica
surface, we modeled a 50:50 GM1/CHOL interdigitated and disordered
structure sitting on thewater layer with fixedO atoms positioned at the
ditrigonal cavity with 0.52-nm spacing. When we used this as the
starting model for anMD calculation (Fig. 7a), in less than 2 ns, the SPB
thickness reached a stable value,≈4.3 nm, close to the observed value,
≈4 nm (Fig. 7b, data II, and Fig. 6c). In these stable structures, the gap
between the SPB and the ditrigonal water layer (here we defined it as
the distance between the N atom of the GM1 head group in the lower
leaflet and the O atom layer of the water layer) was 1–3 nm, which
varied temporally and spatially.
Fig. 7. The MD calculations for the molecular conformation of SPBs outside of the
triangular region (area B in Fig. 1b and c). (a) Starting model of the calculation,
including the substrate effects. CHOL/GM1 (50:50)-SPB sitting on a layer of water
molecules trapped in the ditrigonal cavities with 0.52-nm spacing of the mica surface.
Coordinates obtained by 10-ns calculation without substrate effects (data I in b) were
used as the starting values of the SPB coordinates. (b) Time lapse of the calculated
thickness of the SPB. I: simulation without substrate effects. II: simulation with
substrate effects.

Please cite this article as: Y. Mao, et al., Surface-induced phase separatio
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To understand the observed phase separation on the mica surface
in more detail, we calculated the molecular conformations of SPBs
with four extremely low GM1 densities; that is, for 2 GM1+30 SM+
32 CHOL, for 4 GM1+28 SM+32 CHOL, for 6 GM1+26 SM+32
CHOL, and for 8 GM1+24 SM+32 CHOL (where the integers are the
numbers of molecules in the bilayer) as shown in Fig. 8 and Fig. S5.
The results of the simulation show that GM1 molecules aggregate,
forming a cluster, and the molecular conformations of GM1 are not
interdigitated and disordered, but are close to a “standing” head group
structure in these low-concentration regions as shown in Fig. 8a, b,
and c. These clusters move in the liquid of the SM/CHOL bilayer,
changing their conformations dynamically. The present simulation,
however, does not give information about the relation between the
cluster size and the GM1 concentration, due to the limited size of the
model system used (≈6 nm×6 nm, containing 64 molecules).
However, according to the measured relation reported in ref. [31]
observed for GM1-containing POPC bilayers formed on the planar
borosilicate glass substrates, the mean size of the GM1 clusters
increases with increasing concentration, from 7.3 nm at 0.1 mol% to
19.5 nm at 10 mol% GM1. It is reasonable to assume that the present
systems show a similar tendency because both are liquid phases and
the main force driving cluster formation is hydrogen bonding and the
hydrophobic interactions of GM1 molecules. Therefore, the results
of the present computer simulations (shown in Fig. 6c and Fig. 8a, b,
and c) show that on the mica surface, the molecular conformations of
microdomains containing GM1 have “standing” head groups of GM1
at low GM1 concentrations and that these conformations change into
interdigitated and disordered conformations at higher GM1 concen-
trations. In the present experimental range, from 5% to 50% GM1, the
mean cluster size is expected to be much larger than the size of the
model system shown in Fig. 6c (≈ 6 nm) [31]. In the present
experiments, small GM1 clusters like those reported in ref. [31] were
not observed by AFMmeasurements. This may be because the present
three compositions system is more complex compared with the ref.
[31] case and the small clusters that have different thickness
depending on the size move in the liquid phase.

The mechanism of the surface-induced phase separation on mica
surfaces is as follows. At all concentrations examined (5–50 mol%GM1),
the mean size of GM1 clusters is much larger than the model system
shown in Fig. 6c. Therefore, because the GM1 cluster size has some
statistical distribution [31], the present SPBs on themica surface contain
many GM1-rich microdomains having interdigitated and disordered
conformations and a small number of small-size GM1 clusters having
“standing”headgroup conformations. Because the largermicrodomains
are more stable because of the interaction between the GM1 head
groups and the water molecules adsorbed in the ditrigonal cavities of
the mica surface, the GM1-rich domains coalesce and become larger
with increasing GM1 density, resulting in clearer phase separation. The
large triangular region observed for the case of 20 mol% GM1 seemed to
form through both epitaxial growth effects due to surface-induced
phase separation (stabilization) and the triangle symmetrynature of the
microstructure of the SM-rich domain (Fig. 6f). The appearance of this
large triangular region depended sensitively on the experimental
conditions.

The diffusion constant in mica is about twice that in glass [45], but
the difference in the phase separation is thought to be due not only to
the different diffusion speeds, since no phase separations were not
observed on SiO2 surfaces even after long incubations (N12 h) at
37 °C. We think that the observed difference between the phase
separations observed on the SiO2 and mica surfaces is due both to the
large difference in diffusion speed and to interaction with a mica
surface water layer having ditrigonal symmetry.

Thus, this analysis provides a good explanation for the observed
fact that the “standing” head groups and the interdigitated disordered
conformations were observed inside (SM-rich) and outside (GM1-
rich) areas of the triangular regions in Fig. 1b or c, respectively.
n of a sphingomyelin/cholesterol/ganglioside GM1-planar bilayer on
0.1016/j.bbamem.2010.03.003
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Fig. 8. Equilibrium-state SPBs on amica surface, obtained byMD computer simulation for the extremely low concentrations of GM1with consideration for the interaction with water
molecules adsorbed in the ditrigonal cavities on the mica surface. (a) 2 GM1+30 SM+32 CHOL, (b) 4 GM1+28 SM+32 CHOL, (c) 6 GM1+26 SM+32 CHOL. Time lapses of the
calculated thickness of these SPBs are, respectively, shown in panel (d) by the lines a, b, and c. GM1 molecules move in the liquid phase of SM/CHOL SPBs forming clusters but the
thickness of the cluster becomes almost stable after about 5 ns of simulation time.
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Because the Aβ aggregation resulting from high-speed unidirectional
fibril formation occurred only in the GM1-rich domains (Fig. 4b), we
conclude that high-speed Aβ aggregation is induced by the interdig-
itated and disordered conformations.

We can understand the physical meaning of the lipid bilayer
structure shown in Fig. 6g by examining the detailed molecular
structure of GM1. The conformation of the GM1 molecule is easily
altered by the internal rotation around a chemical bond formed by the
carbon sp3 orbitals; that is, around the molecular axes of ceramideC1′-
C2′, ceramideC1′-GlcβO, GlcβO-GlcC1, GlcC4-GalβO, and GalβO-GalC1,
and around similar axes between Galβ, Neu5Acα, GalNAcβ, and Ext.
Galβmolecules. Here the GM1molecule is Ext.Galβ(1-3)GalNAcβ(1-4)
[Neu5Acα(2-3)]Galβ(1-4)Glcβ(1-1′)ceramide. If the bilayer does not
contain SM, GM1 molecules bend at the boundary between the head
group and the ceramide part because of the significant size mismatch
between GM1 and CHOL. CHOL molecules then fill the space between
GM1 molecules, forming hydrogen bonds with the saccharide residues
and the ceramide. The interdigitated and disordered structures in the
hydrophobic region are also induced by the large length mismatch
betweenGM1andCHOL andby the influence of the interactionbetween
the GM1 head group and the water layer adsorbed in the ditrigonal
cavities of the mica surface. We therefore think that the interdigitated
and disordered structure is a conformation of GM1/CHOL bilayers that
appears because of the clustering effects of GM1 molecules and the
strong interaction between GM1 head groups and awater layer trapped
by the ditrigonal cavities on the mica surface. The results of the MD
simulation are consistent with our observations in that they indicate
that the lipid bilayer is in the liquid phase.

In future work, we plan to carry out MD simulations investigating
the interaction between GM1 and Aβ molecules in detail in order to
find out why the GM1 conformation identified in the present study
Please cite this article as: Y. Mao, et al., Surface-induced phase separatio
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promotes Aβ aggregation. Among the results presented here,
however, are some suggestions as to why this conformation would
promote aggregation. We know from the calculated results that the
area of the reactive sugar moiety exposed to the SPB surface is much
larger in the case of the mica surface and that it changes with time.
Amyloid beta is thought to interact with sialic-acid-rich (multivalent)
regions of cell surfaces [12]. In the molecular conformation of GM1
shown in Fig. 6g, the reactive sialic acid moiety (neuraminic acid) of
the GM1 head group is significantly exposed to the SPB surface and
induces the extremely high speed of aggregations.
5. Conclusions

Using AFM, FM, and MD simulations, we investigated the
interaction between Aβ and GM1/SM/CHOL SPBs formed on mica
and SiO2 surfaces and found that the interaction differs depending on
the surface. On the mica surface, a surface-induced phase separation
forms GM1 clusters that have an interdigitated and disordered
molecular conformation at all GM1 concentrations examined, and
especially SM-rich triangular regions surrounded by GM1-rich
domains are clearly formed when the SPBs contain 20 mol% GM1.
The present analysis shows that the rapid Aβ aggregation, which
resulted in the formation of many fibril agglomerates, is induced by
this molecular conformation of GM1 on themica surface, where phase
separation is induced mainly by the clustering nature of GM1
molecules and the strong interactions between GM1 head groups
and water molecules adsorbed in the ditrigonal cavities on the mica
surface. On the SiO2 surface, on the other hand, a homogeneous planar
bilayer was formed and globular Aβ agglomerates were generated,
but the aggregation was much slower than that on the mica surface.
n of a sphingomyelin/cholesterol/ganglioside GM1-planar bilayer on
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The formation of triangular regions, which is only the result of
coalescence, is not essential to the rapid formation of Aβ fibrils, and
20% GM1 is not a physiological concentration (too high). We,
however, acknowledge that 40:40:20 mol% has become an interesting
guide to find an interesting conformation of SPB containing GM1. But
this is only the first step towardsmaking in vivo predictions. We think
that the detailed knowledge of the GM1 molecular conformation that
significantly accelerates Aβ aggregation will be useful to researchers
investigating Aβ–GM1 interactions.
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