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Prevention of amyloid b fibril deposition on the
synaptic membrane in the precuneus by
ganglioside nanocluster-targeting inhibitors†
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Alzheimer’s disease (AD), a progressive neurodegenerative condition, is one of the most common

causes of dementia. Senile plaques, a hallmark of AD, are formed by the accumulation of amyloid b

protein (Ab), which starts to aggregate before the onset of the disease. Gangliosides, sialic acid-

containing glycosphingolipids, play a key role in the formation of toxic Ab aggregates. In membrane

rafts, ganglioside-bound complexes (GAb) act as nuclei for Ab assembly, suggesting that GAb is a

promising target for AD therapy. The formation of GAb-induced Ab assemblies has been evaluated using

reconstituted planar lipid membranes composed of synaptosomal plasma membrane (SPM) lipids

extracted from human and mouse brains. Although the effects of gangliosides on Ab accumulation in the

precuneus have been established, effects on Ab fibrils have not been determined. In this study, Ab42 fibrils on

reconstituted membranes composed of SPM lipids prepared from the precuneus cortex of human autopsied

brains were evaluated by atomic force microscopy. In particular, Ab42 accumulation, as well as the fibril

number and size were higher for membranes with precuneus lipids than for membranes with calcarine

cortex lipids. In addition, artificial peptide inhibitors targeting Ab-sensitive ganglioside nanoclusters cleared Ab

assemblies on synaptic membranes in the brain, providing a novel therapeutic strategy for AD.

Introduction

The world’s population has been aging rapidly in recent years.
With this aging population comes an increase in age-related
diseases, such as dementia. One of the most common causes of
dementia, Alzheimer’s disease (AD), is a progressive neuro-
degenerative disease1 characterized by senile plaques, neuro-
fibrillary tangles, and brain atrophy.2 Senile plaques are formed
by the deposition of aggregated amyloid b-protein (Ab), a
peptide of 39–43 amino acids, which begins to aggregate before
the onset of AD.3,4 The physiological concentrations of Ab40 and
Ab42 in cerebrospinal fluids of patients with AD are 6–30 nM

(Ab40) and 8–60 pM (Ab42), respectively, whereas those in
healthy individuals are 0.25–8 nM (Ab40). Ab aggregates into
various forms, such as oligomers and fibrils, not only by self-
aggregation but also via lipid membranes and metal ions.5–10

Ab aggregates are highly toxic and are deeply involved in the
onset and progression of AD.11–15

Gangliosides, sialic acid-containing glycosphingolipids, are
involved in the formation of highly toxic Ab aggregates.16

On membrane rafts, membrane microdomains composed
of sphingomyelin (SM) and cholesterol, gangliosides assemble
and form nanoclusters with high density.17–20 We have shown
that a ganglioside-bound complex (GAb) is formed by the
interaction of Ab monomers with nanoclusters composed of
gangliosides, such as Galb1–3GalNAcb1–4(Neu5Aca2–3)Galb1–
4Glcb1–10Cer (GM1),21–24 and the complex acts like a seed for
Ab assembly due to conformational transitions of other Ab
monomers.10,25–27 We have used planar lipid bilayers to eluci-
date the features of Ab assemblies by atomic force microscopy
(AFM). By use of the planar membranes, constructed by the
control of membrane pressure using the facultative lipid com-
position, we can observe lipid rafts and ganglioside nanoclus-
ters at a nanometer scale from surface topographic images.
Typically, we prepare a planar lipid bilayer composed of a
ganglioside, SM, and cholesterol to mimic the ganglioside
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nanocluster that interacts with Ab, and we can identify Ab
fibrils by AFM observation.23,28

Many Ab-targeting agents have recently been developed;
however, it has not been possible to create effective disease-
modifying agents.29–33 It is possible that Ab aggregation in vitro
is different from that in vivo.34 Therefore, we have evaluated
Ab assemblies using reconstituted planar lipid membranes
composed of lipids extracted from human and mouse brains.35,36

In the brain of patients with AD, Ab accumulates in a brain region-
specific manner. One of the most vulnerable areas for Ab deposi-
tion is the precuneus (PC), and, conversely, one of the most
resistant areas is the calcarine.37–39 Since Ab aggregates are
deposited in the PC during the early phase of AD progression,40

this process can provide insight into the mechanism under-
lying the onset and progression of the AD. We have previously
observed Ab accumulation on reconstituted membranes with
synaptosomal plasma membrane (SPM) lipids extracted from
the PC bearing amyloid from the human autopsied brain, with
no accumulation using lipids extracted from the amyloid-free
cortex of calcarine (CC).36 An imbalance in the fatty-acid chain
length of ganglioside GD1b between PC and CC extracts can
explain this difference in accumulation. However, the genera-
tion of Ab fibrils after a long incubation period (412 h) has not
been evaluated.

In this study, we investigated Ab assemblies generated on
reconstituted membranes composed of SPM lipids extracted
from autopsied brains of elderly patients with AD. Ab fibrils on
the membrane were identified by AFM and the effect of linear
and cyclic peptide inhibitors that have affinity for Ab-sensitive
ganglioside nanoclusters was evaluated. Our results revealed
that toxic Ab fibrils were not only reduced but were also
released from the synaptosomal membrane in the presence of
the inhibitor.

Results and discussion
Surface topography of the reconstituted membrane composed
of SPM lipids isolated from the precuneus (PC) and calcarine
cortexes (CC)

To investigate region-specific Ab accumulation in the brain, we
first prepared two SPM lipid extracts from the PC and CC of
human autopsy brains. Following previously described meth-
ods, the reconstituted membrane composed of SPM lipids was
prepared and the surface topography of the membrane was
observed using AFM (Fig. 1(A) and (B)).36

In the case of the PC, there were two domains b and g,
segregated from the area a of the non-raft region as the liquid-
disordered (Ld) phase (Fig. 1(C)). These domains were assigned
to the lipid raft with the liquid-ordered (Lo) phase, and the
uppermost highest domain g was further segregated from
domain b with a diameter of 10–200 nm. Domain g with heights
of 2 and 4 nm from domain b and area a, respectively, was
identified as a ganglioside-enriched domain based on features
described in GM1-containing membrane studies.17 In the case
of CC, although similar domains were found, the domain g

count was lower than that of PC. The size of domain b in the
membrane was larger in CC than in PC. These differences in
topography between PC and CC lipids could be explained by the
lipid composition. Depending on the membrane environment,
such as the type of gangliosides in the membrane, various
kinds of Ab aggregates are formed.16,22,28 It is possible that Ab
aggregation on the CC membrane occurs via a different path-
way from that involved in GAb formation induced by ganglio-
side nanoclusters on PC membranes.

We have previously determined the ganglioside composition
of SPM lipids extracted from the PC or CC of the human
brain.36 We confirmed the presence of GM1, the most abun-
dant ganglioside in the brain with a role in GAb formation, by
MALDI-TOF/MS. Two major peaks at m/z 1545.4 and 1573.5
were assigned to the [M�H]� ion of GM1 with ceramide d18:1–
18:0 (1544.9, calculated) and d20:1–18:0 (1572.9, calculated),
respectively (Fig. 1(D)). These results indicate that the SPM
lipids extracted from both regions contain GM1. In addition, two
major peaks at m/z 917.1 and 933.1 were assigned to the
[M � 2H]2� ion of GD1 with ceramide d18:1–18:0 (917.5, calcu-
lated) and d20:0–18:0 (932.5, calculated), respectively (Fig. S1,
ESI†). A peak at m/z 1063.9 was assigned to the [M � 2H]2� ion
of GT1 with ceramide d18:1–18:0 (1063.0) (Fig. S1, ESI†). These
gangliosides were also detected in SPM lipids extracted from PC
and CC of human autopsy brains in a previous study.36

Ab42 binding and accumulation on the reconstituted
membrane composed of SPM lipids isolated from PC and CC

To clarify the binding and subsequent accumulation of Ab42,
the reconstituted membrane was incubated with seed-free Ab42

Fig. 1 Surface topography of reconstituted membranes prepared with
lipids extracted from SPM isolated from autopsied brains. (A) Preparation
of the reconstituted lipid bilayer. A monolayer of SPM lipids was deposited
on POPC-coated mica to prepare a lipid bilayer. This lipid bilayer was
incubated with PBS at 37 1C for 24 h and the surface topography was
observed using AFM. (B) Typical AFM images of the reconstituted lipid
bilayer with SPM lipids extracted from the precuneus (PC, left) and
calcarine cortex (CC, right). (C) Cross-section analysis of the bilayer at
the sites marked with red lines in AFM images (panel B). (D) Detection of
ganglioside GM1 in SPM lipids by MALDI-TOF/MS. Two molecular species
of GM1 with ceramides, d18:1-18:0 and d20:1-18:0, were found in SPM
lipids. GM1, Galb1–3GalNAcb1–4(Neu5Aca2–3)Galb1–4Glcb1–10Cer.
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monomer at 37 1C. In a previous study, Ab42 accumulation was
observed on a reconstituted membrane with amyloid-bearing
PC lipids for 12 h; however, no fibrils were generated.36 In this
study, after 15 min of incubation, short Ab42 fibrils (around
50–200 nm long) with a diameter of 10–30 nm were observed on
the membrane in an Ab42 concentration-dependent manner
(Fig. 2(A) and Fig. S2, ESI†). The total length and number of
fibrils observed on the membrane with PC lipids were 3.2 �
1.0 mm and 28 � 4, respectively, at 20 mM Ab42 (Fig. 2(B)
and (C)). The total length and number of fibrils observed on
the membrane with CC lipids (1.0 � 0.3 mm and 7 � 1,
respectively) were lower than those of PC, indicating that Ab42

assembly is significantly elevated on the membrane with
PC lipids. This result is consistent with our previous findings
that Ab42 assembly levels on the membrane with PC lipids
are larger than those on the membrane with CC lipids.36

Previously, we determined size and shapes of Ab fibrils induced
by seven kinds of ganglioside nanoclusters (GM1, GM2, GM3,
GD1a, GD1b, GT1b, and GQ1b).28 Since SPM lipids contain
at least three kinds of gangliosides (GM1, GD1, and GT1)
(Fig. 1(D) and Fig. S1, ESI†), Ab fibrils should have diverse
structural features.

We next determined the amounts of Ab42 bound to the
reconstituted lipid membrane by SPR analysis. Reconstituted
lipid monolayers composed of the SPM lipids extracted from PC
and CC were immobilized on a sensor chip, and SPR signals
were then detected in the presence of Ab42 (20 mM) as the
analyte. The binding of Ab42 to the membranes with PC and
CC lipids was observed during the association phase (540 s);

however, the release of Ab42 was not observed during the
dissociation phase (300 s) (Fig. 2(D)). The amount of Ab42

bound to the membrane was higher for PC (1110 � 220
resonance units (RU)) than for CC (490 � 95 RU) (Fig. 2(E)).
This result indicates that Ab42 accumulation is promoted on the
membrane with PC lipids. The SPR signals for Ab42 binding to
the membrane with PC lipids supports that the formation of
GAb, oligomers, and short fibrils, as shown in Fig. 2(A).

Generation of Ab42 fibrils on the reconstituted membrane
composed of PC lipids

During a short Ab interaction time (15 min), Ab42 accumulation
was observed; however, long Ab42 fibrils were not observed on
the membranes. When Ab42 interacted with the membrane at
37 1C for 24 h, long fibrils with diameters of 10–30 nm were
generated on the membrane with PC lipids (Fig. 3(A)). At 24 h,
there was a six-fold increase in fibril length (20.6 � 3.8 mm) at
4 mM Ab42 on the membrane with PC lipids and a 3.5-fold
increase in fibril number (98 � 16) over those at 15 min
(Fig. 3(B) and (C)). On the membrane with CC lipids, the fibril
length and number were higher at 24 h than at 15 min (6.9 �
1.8 mm and 45 � 13, respectively); however, the PC lipid-
induced fibrils (50–200 nm range in length) were still larger
than those for CC (o50 nm in length) (Fig. S2, ESI†). These
results indicated that the formation of Ab42 into fibrils was
promoted in the membrane with PC lipids.

Fig. 2 Binding and accumulation of Ab42 on reconstituted SPM lipid
membranes. (A) Typical AFM images of the reconstituted lipid bilayer with
SPM lipids extracted from the precuneus (PC) and cortex of calcarine (CC)
after incubation with Ab42 (0.4–20 mM) at 37 1C for 15 min. (B) and (C) Total
length (B) and number (C) of observed Ab42 fibrils on the membrane after
Ab42 interaction for 15 min. *p o 0.05, **p o 0.01 compared with CC.
(D) Typical SPR sensorgrams of Ab42 (20 mM) against the reconstituted
lipid monolayer. Sensorgrams for an association time of 540 s and disso-
ciation time of 300 s are shown. (E) Amount of Ab42 bound to the lipid
monolayer. The response value (RU) at 840 s was used as the amount of
bound Ab42. *p o 0.05. Data are presented as average values � standard
deviation (n = 3).

Fig. 3 Ab42 fibril generation on the SPM lipid membrane. (A) Typical AFM
images of the reconstituted lipid bilayer with SPM lipids extracted from PC
and CC after incubation with Ab42 (0.4–4 mM) at 37 1C for 24 h. (B) and (C)
Total length (B) and number (C) of observed Ab42 fibrils on the lipid bilayer
after Ab42 interaction for 24 h. *p o 0.05, **p o 0.01 compared with CC.
Data are presented as average values � standard deviation (n = 3).
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Toxicity of Ab assemblies induced on reconstituted membranes

The toxicity of Ab42 assemblies induced on reconstituted mem-
branes of PC and CC, was evaluated by a calcein-AM assay using
SH-SY5Y cells. Cell viability against the membrane with PC
lipids incubated with 10 mM Ab42 for 48 h decreased to 80.2 �
5.2% (Fig. 4). Toxicity was greater for Ab42 assemblies induced
by the membrane with PC lipids than with CC lipids, consistent
with previous results showing that assemblies formed via GAb
complexes on the lipid membrane are highly cytotoxic.26,41

Reduction of Ab assemblies deposited on the membrane with
PC lipids in the presence of inhibitors

We hypothesized that GAb-targeting molecules can inhibit the
formation of highly toxic Ab aggregates or the release of Ab
assemblies from the precuneus, providing therapeutic agents
for AD. We have previously demonstrated that GM1 cluster-
binding peptide (GCBP), VWRLLAPPFSNRLLP, can inhibit the
generation of Ab assemblies induced on 10 mol% GM1-
containing lipid membranes (GM1/SM/cholesterol, 10 : 45 : 45)
and the release of Ab fibrils from the membrane.42 GCBP has
affinity for a-series gangliosides, such as GM1, GD1a, and
GM3.17 Recently, we designed a cysteine-constrained cyclic
peptide, cy5A, based on the GCBP sequence; cy5A is an intra-
molecular cyclic peptide with a disulfide bond between a pair of
cysteine residues (Fig. 5(A)).43 To determine the binding of
GCBP and cy5A, a monolayer of SPM PC and CC lipids was
loaded on plastic discs. The amount of GCBP and cy5A (10 mM)
bound to the membrane with PC lipids was 26.3% and 11.6%
higher than that for CC lipids, respectively (Fig. 5(B)). This
result indicates that Ab-sensitive ganglioside nanoclusters
formed on the membrane with PC lipids.

Next, we investigated the behavior of Ab42 assemblies on the
membrane with PC lipids in the presence of GCBP and cy5A.
The membranes of PC and CC were incubated with Ab42 (4 mM)
in the presence of peptide (10 mM) at 37 1C for 24 h (Fig. 6(A)).
Ab42 fibril formation induced on the membrane was inhibited
by GCBP and cy5A. The total length of Ab42 fibrils (20.6 �
3.8 mm) was reduced to 9.7 � 2.4 mm and 9.6 � 1.9 mm in the
presence of GCBP and cy5A, whereas the control peptide
(cpVIII) did not have an inhibitory effect (Fig. 6(B)).

Release of Ab assemblies on the membrane by inhibitors

We further investigated the release of Ab42 on the membrane
with PC lipids using SPR. After the preparation of the Ab42-
accumulated membrane by the interaction of Ab42, the amount
of Ab42 accumulated on the membrane was 2400 RU (Fig. S3,
ESI†). When GCBP and cy5A at 10 mM were allowed to interact
with the Ab42-accumulated membrane, the response values of
550 and 720 RU increased immediately at around 50 s, respec-
tively (Fig. 7(A)). The response was comparable to that of cy5A

Fig. 4 Toxicity of Ab42 assemblies formed on the reconstituted mem-
branes with SPM lipids. Ab42 (2 and 10 mM) was incubated on the lipid
bilayer on disc at 37 1C for 24 h to generate the Ab42 assembly. SH-SY5Y
cells were then seeded on the Ab42-deposited lipid bilayer and incubated
for 48 h. After incubation, a calcein-AM assay was performed to obtain the
cell viability (%). Data are presented as average values � standard deviation
(n = 3). *p o 0.05, **p o 0.01.

Fig. 5 Binding of GCBP and cy5A to ganglioside nanoclusters on
the reconstituted lipid monolayer with SPM lipids. (A) Structure of linear
(GCBP) and cyclic peptides (cy5A). Leu5 and Ser10 of GCBP were sub-
stituted with Cys (blue), and the Cys-substituted peptide was cyclized to
give a cyclic peptide cy5A. Four residues, Trp2, Arg3, Phe9, and Arg12,
responsible for binding to GM1, are shown in red. (B) The amount of bound
peptide was determined using the avidin–biotin complex method. Bioti-
nylated peptides (10 mM) were incubated with the lipid monolayer at 37 1C
for 1 h and the amount of each peptide bound to the lipid monolayer was
estimated by HRP-conjugated avidin. *p o 0.05, **p o 0.01. Data are
presented as average values � standard deviation (n = 3).

Fig. 6 Inhibition of Ab fibril formation by ganglioside nanocluster-
targeting peptides. (A) Typical AFM images of the reconstituted lipid bilayer
with SPM lipids after incubation with Ab42 (4 mM) in the presence of 10 mM
GCBP, cy5A, and cpVIII peptides (control) at 37 1C for 24 h. (B) Total length
of Ab42 fibrils deposited on the lipid bilayer after 24 h of incubation with
4 mM Ab42 in the presence of the peptide (10 mM) determined from AFM
images. *p o 0.05. Data are presented as average values � standard
deviation (n = 3).

Paper RSC Chemical Biology



© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2024, 5, 459–466 |  463

against a 10% GM1-containing membrane (GM1/SM/choles-
terol, 10 : 45 : 45) as reported previously (320 RU),43 indicating
the binding of peptides to the membrane. The response value
then decreased, despite the association phase (200–500 s). This
can be explained by the release of Ab42 accumulated on the
membrane by the peptide interaction. The maximum response
in the GCBP association phase and the amount of released Ab42

on the membrane with PC lipids was higher than that on the
membrane with CC lipids (Fig. 7(B) and (C)). Similar results
were obtained by AFM in the case of the clearance of Ab fibrils
on the 10% GM1-containing membrane.42,43 The control
peptide cpVIII did not show any binding or release of Ab.

Proposed model for the clearance of Ab assembly on synaptic
membranes by ganglioside nanocluster-targeting inhibitors

Our results indicated that the reconstituted membrane
composed of SPM lipids mimics the synaptic membrane and
induces toxic Ab fibrils through the GAb complex (Fig. 8).

Although SPM lipids contain multiple gangliosides, Ab assem-
blies observed in this study were similar to those on GM1- and
other ganglioside-containing membranes reported in previous
papers.28 These Ab assemblies have the potential to take
b-sheet structures, but this has not been determined in the
present stage.23,27 Information on secondary structures of Ab
assemblies induced by ganglioside nanoclusters is limited, and
further structural investigations are needed. In addition, the
binding of GCBP and cy5A to the membrane with PC lipids
specifically inhibited Ab fibril formation and promoted the
release of Ab42 assemblies. Disruption of the GAb complex by
the binding of peptide inhibitors to ganglioside nanoclusters is
a promising mechanism to reduce Ab deposition, as reported
previously.42,43

Natural products of various polyphenols containing tannic
acid, curcumin, and epigallocatechin-3-gallate have inhibitory
effects, with IC50 values of 0.012–27 mM for Ab aggregation
in vitro.44 In previous studies, GCBP and cy5A have been shown
to inhibit GM1-induced Ab aggregation with IC50 values of
12 pM and 1.2 fM, respectively.42,43 Alanine scanning has
revealed that arginines (Arg3 and Arg12) and hydrophobic
amino acids (Trp3 and Phe9) of GCBP and cy5A interact with
sialic acid and the galactose ring of gangliosides.17 Although
several kinds of gangliosides in SPM lipids likely contribute to
Ab fibril formation, the design of inhibitors, based on our
peptides, against ganglioside-induced Ab assembly, is a pro-
mising strategy.

Conclusions

While Ab aggregation is closely related to the onset and
progression of AD, but a detailed and extensive analysis of
how Ab fibrils assemble, as well as the pathway of their
subsequent deposition in the brain is currently underway.
In addition to the presence of the e4 allele of the apolipoprotein
E gene,45 which is a genetic risk factor for late-onset AD,
the roles of microglia and astrocyte cells is important for the
clearance of Ab deposits.46,47 We investigated the properties of
Ab42 fibrils, including their generation, deposition, and release,
on reconstituted membranes composed of SPM lipids extracted
from PC and CC. Synaptic membranes in PC promoted Ab
aggregation and accumulation via the GAb-complex. GCBP
and cy5A is expected to not only inhibit Ab accumulation but
also prevent repetitive amyloid accumulation on the neuronal

Fig. 7 Clearance of Ab from reconstituted membranes with Ab-
accumulation by ganglioside nanocluster-targeting peptides. (A) SPR sen-
sorgrams indicating the release of fibrils on the reconstituted SPM lipid
monolayer after the addition of GCBP, cy5A, and cpVIII. Ab42-accumulated
lipid monolayer was prepared by the interaction of Ab42 (20 mM) three
times (Fig. S2, ESI†), and 10 mM GCBP, cy5A, or cpVIII was then added to
the Ab42-accumulated lipid bilayer for 540 s (association phase). After
peptide association phase, the dissociation phase of 300 s is indicated.
(B) Maximum SPR response during the peptide association phase. This
value was obtained from a peak of the sensorgram at around 50 s and
assigned to the amount of peptide bound to the Ab42-accumulated lipid
bilayer. (C) Amount of released Ab42 by the peptide. This value was
calculated by subtracting the response at the end of the association phase
(540 s) from the maximum response. *p o 0.05. Data are presented as
average values � standard deviation (n = 3).

Fig. 8 Proposed model of the release of Ab42 assemblies on the synaptic
membrane by ganglioside nanocluster-targeting inhibitors.
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membrane in the brain. Our results indicate that the ganglio-
side nanocluster-targeting inhibitor is a potentially effective
therapeutic strategy against AD.

Experimental section
Materials

1-Palmitoyl-2-oleoyl-sn-glycelo-3-phosphocholine (POPC; Sigma,
St. Louis, MO, USA) was dissolved in chloroform–methanol
(4 : 1, v/v) and stored at �30 1C until use. Synthetic human
amyloid-beta protein 1–42 (Ab42), with a purity of 495%, was
purchased from Peptide Institute Co. Ltd (Osaka, Japan).

Tissue source

Specimens of the human precuneus and calcarine cortex were
obtained from the Brain Bank for Aging Research at Tokyo
Metropolitan Institute of Geriatrics and Gerontology with the
approval of the Ethics Committees of the National Center for
Geriatrics and Gerontology and Tokyo Metropolitan Institute of
Geriatrics and Gerontology. The specimens were neuropatho-
logically characterized by modified methenamine, Gallyas-
Braak silver staining, and immunohistochemical staining using
anti-Ab and anti-phosphorylated tau antibodies as reported
previously.36

Preparation of synaptosomes

Synaptosomes from the autopsied brain were prepared as
reported previously with minor modifications.36 Briefly, the
gray matter was homogenized in a cold buffer solution (buffer
A) composed of 10 mM HEPES, 0.32 M sucrose, and 0.25 mM
EDTA (pH 7.4). The post-nuclear supernatant (PNS) was then
obtained by centrifuging at 700 � g and 4 1C for 8 min. The PNS
was subjected to another centrifugation step at 17 400 � g and
4 1C for 20 min. The crude mitochondrial pellet was collected
and resuspended in buffer B, consisting of 10 mM HEPES and
0.32 M sucrose (pH 7.4), with manual homogenization. This
suspension was then layered over 7.5% and 14% Ficoll solu-
tions in buffer B. Following this, a final centrifugation was
conducted at 94 000 � g and 4 1C for 30 min. The interface
between the 7.5% and 14% Ficoll layers was gathered,
suspended in buffer A, and centrifuged at 18 400 � g at 4 1C
for 15 min. The resulting pellet was identified as synaptosomes.

Preparation of synaptic plasma membrane (SPM) lipids

SPM was prepared as reported previously with minor
modifications.36 Briefly, synaptosomes were first suspended
in ice-cold 5 mM Tris buffer (pH 8.5) and osmotically shocked
by stirring on ice, with vortex mixing. The resulting crude SPM
pellet was collected and then re-suspended in buffer B after
centrifugation at 42 400 � g and 4 1C for 20 min. The resus-
pended mixture was layered over 25% and 32.5% sucrose in
10 mM HEPES buffer (pH 7.4), and centrifuged at 58 800 � g
and 4 1C for 30 min. The interface between the 25% and 32.5%
sucrose solutions was collected, re-suspended in 10 mM HEPES
buffer and centrifuged at 50 400 � g at 4 1C for 20 min.

The pellet was collected as the SPM. A chloroform/methanol
(1 : 2, v/v) solution was added and extracted lipids from the SPM
with chloroform/methanol/water (1 : 2 : 0.8, v/v) by vortex mix-
ing for 30 s. The mixture was then centrifuged at 1200 � g at
4 1C for 10 min. The process of extraction and centrifugation
was repeated twice. These supernatants were combined and
dried up. A solution of chloroform/methanol (4 : 1, v/v) (400 mL)
was further added to the SPM and vortexed for 10 s. The
mixture was then centrifuged at 21 100 � g and 4 1C for
3 min. The supernatants were collected as SPM lipids and
stored at �20 1C until use.

Detection of gangliosides by MALDI-TOF/MS

SPM lipid extracts (10 mL) were added to the bottom of a glass
tube and the solvents were dried under a stream of nitrogen to
obtain lipid films. Three microliters of chloroform/methanol
(1 : 1, v/v) were added to the lipid films and the lipids were
resuspended. Matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF/MS) analyses were
performed in negative-ion and reflectron mode. 2,5-Dihydroxy-
benzoic acid (Wako Pure Chemical Industries., Osaka, Japan)
was used as a matrix as reported previously.48

Peptides

Synthetic linear (GCBP and cpVIII) and cyclic (cy5A) peptide
amides (purity 495%) carrying a biotinyl group at the C-terminus
with biotinylated lysine are listed in Table S1 (ESI†).42,43 Peptide
stock solutions (0.1–1 mM) were prepared in PBS (pH 7.4) and
stored at �20 1C until use.

Preparation of seed-free Ab42 solutions

Seed-free Ab42 solutions were prepared as described previously.42

Briefly, synthetic Ab42 was dissolved in an ice-cold 0.02% ammonia
solution. The solution was then ultracentrifuged at 560 000 � g
and 4 1C for 3 h to remove undissolved peptide aggregates. One-
third of the supernatant was collected as the seed-free fraction
(seed-free Ab42 monomer) and stored in aliquots at �80 1C until
use. The concentration of the seed-free Ab42 solution (20–50 mM)
was confirmed using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific Inc., Fitchburg, WI, USA). Prior to the
experiments, the aliquots were diluted in PBS (pH 7.4).

Preparation of lipid monolayers and bilayers

The lipid monolayer and bilayer composed of SPM lipids were
prepared as described previously.42 A reconstituted lipid mono-
layer at the air–water interface was prepared on a Langmuir
trough (Microtrough G1; Kibron Inc., Finland). As the sub-
phase, MilliQ water at 25 1C was used. To monitor the surface
pressure, a Dyne Probe (a metal alloy, 0.5 mm in diameter)
from Kibron Inc. was used.

For the avidin-biotin complex (ABC) method, surface plas-
mon resonance (SPR), and cell viability experiments, a mono-
layer composed of SPM lipids was horizontally loaded onto a
plastic disc or a sensor chip, while maintaining a surface
pressure of 30 mN m�1. To prepare the lipid bilayer for AFM
experiments, the reconstituted lipid monolayer was transferred
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horizontally at a surface pressure of 30 mN m�1 onto mica
coated with POPC (Fig. 1(A)).

Observation of surface topography by AFM

The lipid bilayer on mica was prepared as described previ-
ously42 and incubated with seed-free Ab42 in PBS at 37 1C for
15 min or 24 h. After washing the bilayer with MilliQ water
twice, the bilayer was placed in MilliQ water at 25 1C
and observed using the SPM-9600 atomic force microscope
(Shimadzu Corp., Kyoto, Japan) as described previously.42

Briefly, AFM images (2� 2 mm, n Z 3) of the surface topography
of the lipid bilayer were obtained in dynamic mode in water.
A silicon nitride cantilever with a silicon tetrahedral tip
(Olympus Corporation, Tokyo, Japan) was used for the observa-
tion. Three representative images were obtained for further
analyses. The number and length of Ab42 fibrils were measured
using ImageJ (ver. 1.52a) (National Institution of Health,
Bethesda, MD, USA). In this analysis, Ab42 assemblies were
identified as fibrils when their long-to-short axis aspect ratio
exceeded 3.

SPR analysis

The SPR analysis was performed with the reconstituted lipid
monolayer as reported previously.49 Briefly, the lipid monolayer
with a surface pressure of 30 mN m�1 was immobilized on the
bare gold surface of the sensor chip (1 � 1 cm) (SIA Kit Au;
Cytiva, Tokyo, Japan). After assembly with a sensor chip sup-
port, the sensor chip was immediately docked into the Biacore
X100 instrument (Cytiva). All measurements were carried out at
25 1C. PBS was passed through a 0.22 mm pore size filter and
degassed as the running buffer. After docking, the running
buffer was injected over the chip at a flow rate of 10 mL min�1

for over 30 min to stabilize the membrane. Seed-free Ab42 as the
analyte was diluted in running buffer before injection. For the
association (540 s) and dissociation phases (300 s) of Ab42

(20 mM), a flow rate of 10 mL min�1 was used. Each experiment
was performed three times.

For the inhibition experiment, the Ab42-accumulated lipid
monolayer was prepared by the incubation of Ab42 (20 mM)
three times with the reconstituted membrane by the set of the
association (540 s) and dissociation phases (300 s) at a flow rate
of 10 mL min�1, (Fig. S3, ESI†). Biotinylated peptides, as
inhibitors, were injected over the Ab42-accumulated lipid
monolayer. A pentadeca peptide of the phage body (cpVIII,
AETVESCLAKPHTEN(bK)-NH2) was used as a control.50,51

Cell culture and viability assay (calcein-AM assay)

Human neuroblastoma SH-SY5Y cells were cultured with
Dulbecco’s modified Eagle’s medium (DMEM) low glucose
(Nacalai Tesque Inc., Kyoto, Japan) containing 10% fetal bovine
serum (FBS), 10 000 U per mL penicillin, and 10 mg per mL
streptomycin at 37 1C under 5% CO2. The calcein-AM assay was
performed as described previously.43

To assess the cytotoxicity of Ab42 assemblies generated on
the reconstituted lipid monolayer, the lipid monolayer was
prepared on a plastic disc (13 mm in diameter). To induce

the aggregation of Ab42 on the lipid bilayer, the Ab42 solution
(2 and 10 mM) was incubated with the lipid monolayer on the
disc in a 24-well plate at 37 1C for 24 h. Then, SH-SY5Y cells
(8.0 � 104 cells per well) were seeded onto the disc and
incubated at 37 1C for 48 h. Before the calcein-AM assay, the
discs on which the cells were incubated on top were washed
twice with PBS and cells were transferred to a 24-well clear-
bottom black plate. Then, 30,60-di(O-acetyl)-40,50-bis[N,N-bis(carb-
oxymethyl)aminomethyl]fluorescein (calcein-AM) (Dojindo
Laboratories Co., Ltd, Kumamoto, Japan) was dissolved in
dimethyl sulfoxide and stored at �30 1C until use. The calcein-
AM solution in PBS (250 mM) and the same volume of DMEM
Ham’s F-12 without phenol red (Nacalai Tesque Inc.) were added
each well, and the mixed solution was incubated at 37 1C for 1 h.
Fluorescence emission at 520 nm upon excitation at 485 nm was
measured using a plate reader.

Statistical analysis

Student’s t-tests (unpaired, two-tailed) in Microsoft Excel were
used for comparisons between treatment groups in all experi-
ments. Statistical significance was set at p o 0.05 and p o 0.01.
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