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Abstract 

 

     It is widely accepted that the abnormal self-association of amyloid β-protein (Aβ) 

is central to the pathogenesis of Alzheimer’s disease, the most common form of 

dementia.  Accumulating evidence, both in vivo and in vitro, suggests that the binding 

of Aβ to gangliosides, especially monosialoganglioside GM1, plays an important role in 

the aggregation of Aβ.  This review summarizes the molecular details of the binding of 

Aβ to ganglioside-containing membranes and subsequent structural changes, as revealed 

by liposomal and cellular studies.  Furthermore, mechanisms of cytotoxicity by 

aggregated Aβ are also discussed.   
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1. Introduction 

 

    Alzheimer’s disease (AD) is the most common form of dementia and more than 50 

million people worldwide suffer with the disease.  AD is classified into the early onset, 

familial (hereditary) type and the late onset, sporadic type, the major form.  It is widely 

accepted that amyloid β-protein (Aβ), typically composed of 39–43 amino acids 

residues but most commonly 40 or 42, is central to the pathogenesis of AD (Fig. 1A) 

[1-3].  First, a pathological hallmark of AD is the cerebral cortical deposition of senile 

plaques, with a major component being fibrillar Aβ.  Second, mutations in familial AD 

were found either within the Aβ sequence or close to the cleavage sites of single 

membrane-spanning amyloid precursor protein (APP), from which Aβ is generated by 

β- and γ-secretases (Fig. 1A).  Third, aggregated forms of Aβ rich in β-sheet structures 

(oligomers and fibrils) impair neuronal cells [4].  Thus, it is of marked importance to 

elucidate mechanisms whereby soluble Aβ self-assembles into aggregates. 

    Accumulating evidence has suggested that the binding of Aβ to membranes plays 
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an important role in the aggregation of Aβ [5-13] as well as other amyloidogenic 

proteins [14, 15].  Aβ has been suggested to mainly originate from the neuronal cell 

surface APP, which is subsequently processed in recycling endosomes [3], and is most 

likely released into the synaptic terminal [16].  Human brains are rich in gangliosides 

(sugar lipids), the major species of which are GM1, GD1a, GD1b, and GT1b (Fig. 1B) 

[17].  Yanagisawa et al. identified a specific form of Aβ bound to GM1 in brains 

exhibiting the early pathological changes associated with AD, and also suggested that 

the GM1-bound form of Aβ (GAβ) may serve as a seed for the formation of 

Aβ aggregates [18].  Gangliosides are considered to be localized in detergent-resistant 

membrane microdomains or lipid rafts with SM, cholesterol, and other lipids with 

saturated acyl chains [19], although the presence of lipid rafts in living cells is still 

controversial [20].  Thus, the GAβ-dependent fibrillization is also affected by these 

raft lipids.  The production [21-23] and degradation [24] of Aβ occurs, at least partly, 

in lipid rafts.  Substantial amounts of detergent-insoluble Aβ were detected in lipid 

rafts in mature rat brains [25], human neuroblastoma cells [26], and the brain of the 

Tg2576 transgenic mouse [27].   
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    The ganglioside theory can explain both risk factors of AD and region-specific 

deposition of amyloids in brains.  The two major risk factors are aging and the apoE4 

allele, with the latter being related to cholesterol metabolism.  The GM1 level in 

synaptosomes increased in old mouse brains [28], and that in detergent-resistant 

membrane microdomains of synaptosomes increased in age- and apoE4-dependent 

fashions, and fibrillization by Aβ-(1–40) was enhanced in the presence of synaptosomes 

from the aged apoE4-knock-in mouse brain [29].  Both GM1 and sphingomyelin were 

accumulated in synaptosomes of mouse brains in an age-dependent fashion.  

Synaptosomes from aged mouse brains facilitated fibril formation by Aβ-(1–40), which 

was attenuated by cholesterol-removing methyl-β-cyclodextrin treatment [30]. 

    Amyloids are deposited region-selectively in brains.  The precuneus and calcarine 

cortex are two of the most vulnerable and resistant regions to amyloid deposition, 

respectively.  Lipids extracted from synaptic plasma membranes isolated from the 

amyloid-bearing precuneus accelerated aggregation of Aβ-(1–42), whereas this did not 

happen in the case of the amyloid-free precuneus or calcarine cortex.  The enhanced 

amyloidogenesis was due to an increase in the C20:0 to C18:0 fatty acid ratio of GD1b 
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[31].  The assembly of the Dutch- (E22Q) and Italian- (E22K) variants of Aβ-(1–40) 

was accelerated by GM3, which is expressed in the cerebral vessel wall, the site of their 

deposition in vivo.  On the other hand, the fibrillization by the Flemish-variant (A21G) 

was facilitated by GD3, which is upregulated in the co-culture of endothelial cells and 

astrocytes forming the cerebrovascular basement membrane, the site of Flemish-variant 

deposition [32].  The Arctic-mutant (E22G) as well as wild-type, but not the 

Dutch-variant, rapidly formed fibrils in the presence of GM1, suggesting that GM1 

plays a critical role in amyloid deposition in the brain parenchyma [33].  In addition to 

these observations, various in vivo and cellular studies supported the GAβ hypothesis in 

more straightforward fashions, as summarized below.  Also, refer to other reviews for 

the pathological roles of ganglioside metabolism in AD [34, 35].  The involvement of 

gangliosides in amyloidogenesis has been suggested also for other proteins, such as 

α-synuclein [36] and human islet amyloid polypeptide [37].   

 

2. Involvement of GAβ in the pathogenesis of AD 
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2.1. In vivo studies 

 

    Several in vivo studies support the GAβ hypothesis.  The antibody 4396C specific 

for GAβ stained brains with AD and Aβ- overexpressing Down’s syndrome [38].  In 

addition, the administration of an Fab fragment of 4396C chemically linked to a 

cell-penetrating peptide significantly reduced plaque formation in AD model mice [39].  

GAβ accumulation exclusively occurred in early, late, and recycling endosomes before 

the deposition of senile plaques in an age-dependent fashion in cerebral cortices of 

cynomolgus monkeys [40].  High levels of GM1-bound Aβ-(1–42) were recovered 

from brain membrane fractions of human APP transgenic mice.  GAβ was also 

detected in human CSF [41].  Furthermore, a recent imaging mass spectroscopy study 

revealed that GM1 was present in the core region of plaques in transgenic mice 

(tgAPPArcSwe) [42], overexpressing the Arctic mutant (E22G) of Aβ, the fibrillization of 

which is much effectively accelerated by GM1 than the wild-type [32].  A good 

correlation was found between the amounts of Aβ-(1–40)Arc and GM1 [42].  A 

significant increase in GM1 and cholesterol was reported in Aβ-positive nerve terminals 
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from the AD cortex [43].  GM1 and GM2 levels in detergent-resistant membrane 

microdomains from frontal and temporal cortices of AD brains were increased 

compared with age-matched controls [44].  It should be noted that decreases in the 

amounts of gangliosides per tissue weight for AD brains were the result of a marked 

loss of nerve endings [17, 45].   

 

2.2. Cellular studies 

 

    Cellular studies also revealed the importance of GM1 in the amyloidogenesis by 

Aβ. Time-dependent accumulation of fluorescein-labeled Aβ-(1–40) on rat 

pheochromocytoma PC12 cells and resultant cell death were visualized by confocal 

microscopy.  The protein was colocalized with GM1, more precisely fucosyl GM1 in 

this cell line [46], as visualized with fluorescently labeled-choleratoxin subunit B 

(CTX-B).  Cholesterol depletion inhibited the deposition of the protein [47].  

Amyloid formation by unlabeled Aβ-(1–42) on nerve growth factor-differentiated PC12 

was detected by the amyloid-specific dye Congo red.  Amyloids were selectively 
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formed in GM1-rich, cholesterol-rich regions on cell membranes in a time-dependent 

fashion, and induced cytotoxicity.  Inhibition of cholesterol synthesis rescued cells 

from amyloid formation and cytotoxicity.  Interestingly, contents of not only 

cholesterol but also GM1 were reduced by this treatment, suggesting a link between the 

biosynthesis of the two lipids [48].   

    GM1-mediated amyloid formation and neurotoxicity were also observed in 

neurons.  Aβ-(1–40) formed amyloids on primary neurons as well as NGF-treated 

PC12 cells, inducing shrinkage and retraction of neuritis.  The initial deposition 

occurred at synaptophysin-positive presynaptic sites and the junction between cell 

bodies and neuritis, respectively.  The amyloidogenesis was inhibited by GM1-binding 

CTXB, anti-GAβ antibody 4396C, or ganglioside synthesis inhibitor treatment [49].  

Treatment with GM1-diminishing 

D-threo1-phenyl-2-decanoylamino-3-morpholino-1-propanol reduced the accumulation 

of fluorescently labeled Aβ-(1–42) onto hippocampal neurons.  Synaptotoxicity by Aβ 

was ameliorated by CTXB [50].  Treatment with the sphingomyelinase inhibitor 

GW4869 significantly enhanced SM expression on the PC12 cell surface and facilitated 
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fibrillization by Aβ-(1–40), although the effects of the compound on the expression 

level of GM1 were not examined [51].   

    Endocytic pathway abnormalities precede the deposition of Aβ in sporadic AD 

[52].  Treatment of PC12 cells with chloroquine, which perturbs membrane trafficking 

from endosomes to lysosomes, induced the accumulation of GM1 in early endosomes 

and on the cell surface, inducing amyloid formation [53].  Blocking the late endocytic 

pathway by Rab7 supression, which increased levels of SM as well as GM1 [51], in 

NGF-treated PC12 cells induced the enlargement of early endosomes and amyloid 

formation by Aβ-(1–40), which was blocked by 4396C [54].  Extracellular amyloid 

formation can be induced by GM1 associated with exosomes [55]. 

     Species differences in susceptibility to AD also support the hypothesis that 

GM1-containing membranes are major platforms for amyloidogenesis [56].  Aged 

rodents rarely develop cerebral Aβ amyloid deposition.  Rodent Aβ-(1–40) has only 

the three mutations R5G, Y10F, and H13R.  It forms similar water fibrils to the human 

counterpart.  In contrast, on neuronal membranes and GM1-containing raft-like 

membranes, human Aβ forms toxic amyloid fibrils, whereas rodent Aβ produces less 
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toxic protofibrils that are not stained by the amyloid-specific dye Congo red.   

 

3. Molecular details of Aβ–ganglioside interactions 

 

    This section focuses on Aβ–ganglioside interactions.  For more general Aβ–lipid 

interactions, refer to previous reviews [5, 14].   

 

3.1. Early studies 

 

    The interaction of Aβ with various ganglioside micelles was initially investigated.  

McLaurin and Chakrabartty reported that Aβ-(1–40) and Aβ-(1–42) bind to GM1 

micelles, forming mixed α-helix/β-sheet structures and the sialic acid (SA) or 

N-acetylneuraminic acid group is essential for this interaction.[57].  Surewicz’s group 

revealed that Aβ-(1–40) but not Aβ-(1–28) binds to GM1 micelles as well as the 

pentasaccharide moiety of GM1 [58].  They also reported that the dissociation 

constants (Kd) of F10W-Aβ-(1–40) were in the order GD1a = GT1b < GM1 < GM2 
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(Table 1).  The value for GM1 was several-fold lower than that for the pentasaccharide 

moiety of GM1 [59].   

    Subsequent studies investigated the interaction of Aβ with 

ganglioside–phosphatidylcholine (PC) mixtures.  McLaurin et al. [60] and our group 

[61] used circular dichroism (CD) spectroscopy and observed that Aβ-(1–40) did not 

associate with GM1 in egg yolk PC vesicles until the GM1 content exceeded 30%, 

whereas F10W-Aβ-(1–40) was reported to bind to palmitoyloleoyl PC vesicles 

containing 3 mol% GM1 added to preformed vesicles [59].  Gangliosides incorporated 

into PC bilayers facilitate fibrillization of Aβ-(1–40) [59] and Aβ-(1–42) [60], although 

gangliosides were reported to have no effect on the fibrillization of Aβ-(1–40) [62].  

Valdes-Gonzales et al. determined the Kd values of Aβ-(1–42) for ganglioside-embeded 

dimyristoyl PC monolayers by surface plasmon resonance (Table 1) [63].   

 

3.2. Ganglioside cluster as a binding site of Aβ 

 

    We systematically investigated Aβ–ganglioside interactions using carefully 
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prepared monomeric Aβ, because the initial states of Aβ in solution, i.e., completely 

monomeric or already partially aggregated, may significantly affect the 

protein–membrane interactions and different initial states may be a reason why the 

findings obtained by various research groups often show large discrepancies.  For 

binding experiments we used DAC-Aβ, in which the N-terminus of Aβ was labeled 

with the diethylaminocoumarin dye.  A change in polarity upon membrane-binding 

induces a significant blue shift and an enhancement in intensity.  None of the major 

membrane lipids including zwitterionic PC, sphingomyelin (SM), anionic 

phosphatidylserine (PS), and phosphatidylglycerol exhibited detectable binding to 

Aβ-(1–40) or Aβ-(1–42) at a physiological pH.  In contrast, Aβ  bound to negatively 

charged gangliosides, including GM1 [64-67].  The Kd values of DAC-Aβ-(1–40) for 

various GM1-containing raft-like membranes at 37°C were 0.12–0.15 µM, which are 

almost identical to the value for unlabeled Aβ-(1–40), suggesting that the DAC moiety 

does not affect the binding behavior (Table 1).  GM1 micelles exhibited a similar 

binding behavior to GM1-containing bilayers [65], whereas DAC-Aβ-(1–40) binds to 

GM1 nanodiscs two orders of magnitude more strongly (Table 1) [68].   
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     Interestingly, DAC-Aβ-(1–40) binds to membranes composed of 

GM1/SM/cholesterol (2:4:4) but not GM1/PC (2:8) in spite of the same GM1 contents 

(Fig. 2A) [64].  Similarly, fibril formation by unlabeled Aβ-(1–40) occurs in the 

presence of the GM1/SM/cholesterol mixture, not the GM1/PC liposomes (Fig. 2B) 

[69].  The former composition resembles that of the lipid raft.  Molecular dynamic 

(MD) simulations [70] as well as excimer fluorescence experiments [64] suggest that 

the sugar moiety of GM1 forms a string-like cluster in the Aβ-binding raft bilayers, 

whereas it is uniformly distributed in the Aβ-nonbinding GM1/PC membranes (Fig. 2C)   

The formation of the GM1 cluster is cholesterol-dependent [64].  Differential scanning 

calorimetry experiments revealed that in ternary GM1/SM/cholesterol mixtures, GM1- 

and cholesterol-enriched phases are formed [71].  MD simulations suggested that 

cholesterol forms many hydrogen bonds with SM and more frequently with GM1, and 

plays important roles in promoting the assembly of other lipids [70].  This cholesterol 

dependence is in accordance with the above-mentioned observations that cholesterol 

depletion attenuates the self-assembly of Aβ [30, 47, 48].   

     Apparently contrary to the fibrillization-catalyzing activity of GM1 clusters 
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mentioned above, Amaro et al. reported that GM1 inhibits Aβ oligomerization induced 

by SM [72].  This study using giant unilamellar vesicles was carried out at a low ionic 

strength and 26°C.  First, electrostatic repulsion between negatively charged Aβ and 

anionic GM1 are much stronger than that at a physiological ionic strength, inhibiting 

Aβ–GM1 interaction.  Second, sphingolipids are in the gel state at this temperature.  

Aβ is known to interact with PC in the gel state, but not in the liquid-crystalline state 

[73]. 

 

3.3. Mechanism of Aβ binding to ganglioside clusters 

 

     It is not fully understood why Aβ specifically binds to anionic ganglioside 

clusters, even though the protein is also negatively charged at a neutral pH [67].  The 

hydrophobic interaction between the C-terminal hydrophobic residues and hydrocarbon 

core of the bilayer is minimal, as exemplified by the observations that : 1) Aβ only 

weakly interacts with zwitterionic lipids [74], and 2) the 500-fold difference in the 

binding constant to GM1 cluster-containing membranes between DAC-Aβ-(1–40) and 
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DAC-Aβ-(1–28) can be explained by a free energy gain upon a coil-to-helix transition 

[67].  An MD simulation study suggested that a cluster of SA holds the Lys28 side 

chain of Aβ-(1–42), making its C-terminal region exposed to water in 

GM1/cholesterol/SM (1:2:2) [75].  Raman spectroscopy suggested that Aβ is first 

bound to the SA group of GM1 [76].  Several studies pointed out that His13 and Lys28 

are important for the binding.  Chemical shift changes were observed in the 

His13–Leu17 region of Aβ-(1–40) upon binding to GM1 micelles in the presence of a 

physiological concentration of salt [77].  MD simulations revealed that the His13–Gln15 

segment of the protein recognized the artificial GM1-glycan cluster by non-specific 

stacking interaction between side chains of His and rings of sugar residues.  The 

binding of Lys28 to SA triggered the helix formation at the C-terminus [78].  The His13, 

Ser8, and C-terminal hydrophobic residues (Leu34, Val40, and Ala42) of Aβ-(1–42) 

formed H-bonds with the SA and GalNAc residues of GM1 in GM1/cholesterol/POPC 

(1/8/23) bilayers [79].   

     The hydrophobic interaction between the sugar CH groups and N-terminal part of 

Aβ may be important for binding.  The binding affinity increases with the number of 
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sugar residues in sugar lipids, suggesting the involvement of Aβ–sugar interactions [67].  

The results of MD simulations suggested the importance of a CH–π interaction between 

the aromatic side chains of Aβ and sugar carbohydrate moieties [75].  However, the 

substitution of Phe residues with non-aromatic cyclohexylananine (Cha) groups only 

marginally reduced binding, suggesting that aromaticity is not crucial for binding [80].   

 

3.4. Structural changes of Aβ after binding to GM1 clusters 

 

     The structures of Aβ-(1–40) in the presence of lyso-GM1 and GM1 micelles were 

studied using NMR by the group of Kato.  The His14–Val21 and Ile31–Val36 segments 

form helical structures in lyso-GM1 micelles (helicity 53%) [81] and the sugar–lipid 

interface is primarily perturbed [82].  A recent study, however, indicated that the 

former helix is destabilized in GM1 micelles and a monomeric hairpin structure is also 

formed by a helix-to-β-sheet transition [83].  At a Aβ-to-GM1 ratio of 0.067, the two 

C-terminal residues exhibit two distinct conformational states that are reactive with the 

amyloid-specific dye thioflavin T [84].   
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     Both Aβ-(1–40) and Aβ-(1–42) eventually form amyloid fibrils on GM1 

cluster-containing membranes via α-helix-rich structures and meta-stable β-sheet-rich 

oligomers (Fig. 3).  The former conformations are adopted at low Aβ-to-GM1 ratios 

below ~0.01 [64, 66].  The helicity of membrane-bound Aβ-(1–40) was ~50% [85] in 

accordance with the NMR results [81].  An increase in the Aβ-to-GM1 ratio leads to 

the formation of the latter structure.  A detailed analysis of ratio-dependent changes of 

CD spectra led to an estimation that the oligomer is composed of ~15 Aβ molecules.  

The pre-amyloid aggregate was stable for at least 8 days at 37°C [85].  The 

coexistence of α-helix and β-sheet structures was also observed by Raman spectroscopy 

[76].   

      A further increase in the Aβ-to-GM1 ratio above ~0.04 leads to the formation of 

amyloid fibrils (membrane fibrils) [85], and the structures we found for Aβ-(1–40) were 

completely different from those formed in aqueous solution (water fibrils) [86].  The 

structures of water fibrils have been extensively investigated mainly by solid state NMR 

(ssNMR), and they are essentially composed of in-register parallel β-sheets with the 

disordered N-terminal segment for both Aβ-(1–40) [87] and Aβ-(1–42) [88], although 
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detailed ternary structures depend on the method of preparation, such as with or without 

agitation.  Fourier-transform infrared (FTIR) spectra supported this conclusion.  

Water fibrils exhibited an intense band typical of β-sheets at 1631.1 cm–1 without a 

higher wavenumber weak band, a hallmark of antiparallel β-sheets (Fig. 4A) [89].  In 

contrast, FTIR spectra of membrane fibrils featured antiparallel β-sheets with a minor 

band at around 1695 cm–1 in addition to a major β-sheet band at 1626.0 cm–1 (Fig. 4B).  

Transmission electron microscopy (TEM) revealed that membrane fibrils (~12 nm, Fig. 

4D) were thicker than water fibrils (~8 nm, Fig. 4C).  The height of water fibrils as 

measured by atomic force microscopy (AFM) was ~7 nm (Fig. 4C), in accordance with 

previous studies [87, 90].  In contrast, membrane fibrils had flat, tape-like structures 

composed of a single β-sheet layer, as judged by their extremely short height (~0.6 nm, 

Fig. 4D).  We analyzed the structures of membrane fibrils by 13C-edited FTIR spectra.  

The carbonyl group of Phe4, Val12, Phe19, Phe20, Val24, or Val36 of Aβ-(1–40) was 

labeled with 13C and fibrils were prepared using unlabeled or labeled Aβ.  FTIR 

difference spectra (13C – 12C) clearly suggested that membrane fibrils possess β-sheet 

structures almost along the entire sequence, at least from Phe4 to Val36.  This 
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conclusion may explain the thickness of the fibrils (~12 nm) because the translation per 

residue value for β-sheets is ~0.33 nm [91].   

     Having confirmed that membrane fibrils were a single-layer β-sheet containing an 

antiparallel orientation, the next question was the inter-strand structure.  We 

hypothesized that 2-residue-shifted antiparallel β-sheets were the most probable 

structures because they could be better stabilized by multiple salt bridges and 

hydrophobic/π–π interactions, the former being augmented in a less polar membrane 

environment.  (Fig.5A).  To confirm this model, chemical cross-linking experiments 

were carried out using G9C and A30C-Aβ-(1–40).  The two Cys residues are expected 

to be in close proximity when the 2-residue-shifted antiparallel β-sheets are formed.  

Water fibrils produced mainly G9C- and A30C-Aβ homodimers as cross-linked 

products, in accordance with the in-resister parallel β-sheet structure model [87].  In 

contrast, in the case of membrane fibrils, not only the homodimers, but also significant 

amounts of the heterodimer, were detected, suggesting the coexistence of in-resister 

parallel and 2-residue-shifted antiparallel β-sheets.  This conclusion was confirmed by 

non-perturbing ssNMR experiments using [15N]F19, [1-13C]A21-Aβ-(1-40), [15N]L17, 
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[1-13C]A21-Aβ-(1-40), and [15N]V18, [1-13C]A21-Aβ-(1-40) [86].   

     GM1 sugar groups containing both hydrophobic CH and hydrogen-bonding OH 

groups can accommodate this unique tape-like structure without sequestering 

hydrophobic residues.  The in-resister parallel arrangement cannot be extended in the 

environment because electrostatic repulsion between adjacent charged residues with the 

same sign is enhanced in the low-polarity environment.  Thus, a strand should be 

flipped, making a 2-residue-shifted antiparallel configuration, eventually forming an 

‘amyloid tape’ structure composed of mixed in-register parallel and 2-residue-shifted 

antiparallel β-sheets (Fig. 5B).  Indeed, similar amyloid fibrils are formed in a less 

polar 1, 4-dioxane/water mixture [92].   

    Matsubara et al. also investigated the interaction of 10 µM Aβ-(1–40) with 

supported planar bilayers composed of GM1/SM/cholesterol or galactosyl 

ceramide/SM/cholesterol by AFM and FTIR spectroscopy.  Fibrils were more 

effectively generated in the former system.  FTIR spectra of fibrils exhibited peaks at 

~1635 and ~1695 cm–1, which were assigned to parallel β-sheet and β-turn structures, 

respectively [93].  However, they could also be assigned to antiparallel β-sheet 
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structures [86].   

 

4. Mechanisms of cytotoxicity 

 

4.1. Monitoring self-assembly of Aβ on neuronal cells 

 

     The aggregational processes of Aβ on living cells and cytotoxic events were 

simultaneously monitored to elucidate the ‘culprit’ of cytotoxicity.  Fluorescence 

correlation spectroscopy (FCS) can determine the size (diffusion coefficient) of a 

diffusing particle, which is an aggregate of fluorescently labeled Aβ in this case.  The 

aggregation of Aβ-(1−42) doped with the HL647-labeled protein was monitored under 

fibril-forming conditions, i.e., 5 µM.  The aggregate size increased to ~10 mers on 

average during 6–10.5-h incubation (Fig. 6A), after which the particles became 

immobile and were stained with Congo red, indicating the formation of amyloids.  

Similar results were observed for Aβ-(1−40), although a ten-times higher concentration 

was needed (Fig. 6A).  Caspase-3, an effector caspase for apoptosis, was activated 
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only when amyloids were detected for both Aβ-(1−42) (Fig. 6B) [94] and Aβ-(1−40) 

(Fig. 6C) [95], suggesting that not oligomers but amyloids are responsible for 

cytotoxicity.  In accordance with this, membrane fibrils formed in the presence of 

GM1 liposomes are also cytotoxic whereas water fibrils are not (Fig. 4E) [69, 92].   

 

4.2. Signaling cascades involved in apoptosis 

 

     Although toxic soluble Aβ-(1–40) assemblies (200–300 kDa) are generated by 

incubation with limited concentrations of GM1 in raft-like liposomes [28], apoptosis 

mechanisms induced by membrane fibrils will be discussed here.  Model membrane 

studies suggested that Aβ-(1–40) induced fibril-dependent fragmentation of membranes 

through a detergent-like mechanism in the presence of total ganglioside extract from the 

porcine brain [96].  However, cellular studies indicated that the mechanisms of 

cytotoxicity involve complex signaling cascades [95].  Inhibitor experiments suggested 

that the Toll-like receptor (TLR) 4/TLR 6–NFκB signaling pathway and Nod-like 

receptor family, pyrin domain-containing (NLPP) 3 inflammasomes were activated.  
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Upon amyloid formation, NFκB was translocated into the nucleus.  An increase in the 

intracellular Ca2+ concentration as well as the generation of reactive oxygen species 

were also observed, suggesting mitochondrial damage.  These did not occur when Aβ 

was in the oligomeric state.  Knockout cell studies indicated that apoptosis was 

induced via a caspase 8 --> caspase 9 --> caspase 3 route.  It should be noted that 

water fibrils did not evoke apoptosis at the same protein concentration. 

 

5. Conclusion 

 

     Figure 7 summarizes Aβ-GM1 interactions.  When GM1 molecules do not form 

clusters, Aβ remains in solution and does not bind to membranes (‘healthy, state’).  

Once GM1 clusters are generated by endosomal dysfunction or changes in lipid 

metabolism (e.g., increase in cholesterol), Aβ interacts with them (‘pathological state’), 

forming an α-helix rich structure (~50% helicity).  With an increasing protein density, 

the helical form is converted to preamyloid β-sheet-rich oligomers comprising ~15 Aβ 

molecules.  In contrast to oligomers formed in solution, these GM1-mediated 
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oligomers are nontoxic.  A further increase in the Aβ density leads to the formation of 

unique, tape-like amyloid fibrils composed of a single layer of mixed in-register parallel 

and 2-residue-shifted antiparallel β-sheets.  The membrane fibrils trigger apoptosis via 

complicated signaling cascades. 

     Since its discovery 25 years ago, extensive studies have clarified the involvement 

of GAβ in AD and revealed its underlying mechanisms.  Yanagisawa’s group recently 

developed a simple blood assay to estimate the amyloid burden in the brain [97].  Thus, 

it is possible to screen pre AD patients without cognitive decline and prevent their 

disease development.  Multiple intervention strategies are possible, such as a decrease 

in the Aβ level with inhibitors for β- or γ-secretase, inhibition of GM1-mediated Aβ 

aggregation with small compounds [98], and prevention of apoptosis.  Furthermore, 

the administration of GM1 may protect neurons from Aβ-induced adverse effects by 

sequestering Aβ [99-101].  It has yet to be explored how to modify the disease based 

on the GAβ cascade. 

 

Acknowledgement 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 27 

This work was financially supported in part by The Uehara Memorial Foundation.   

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 28 

 

References 

 

[1] J. Hardy, D.J. Selkoe, The amyloid hypothesis of Alzheimer's disease: progress and 

problems on the road to therapeutics, Science, 297 (2002) 353–356. 

[2] D.M. Walsh, D.J. Selkoe, Deciphering the molecular basis of memory failure in 

Alzheimer's disease, Neuron, 44 (2004) 181–193. 

[3] C.L. Masters, D.J. Selkoe, Biochemistry of amyloid β-protein and amyloid deposits 

in Alzheimer disease, Cold Spring Harbor perspectives in medicine, 2 (2012) a006262. 

[4] D.J. Selkoe, Resolving controversies on the path to Alzheimer's therapeutics, Nat. 

Med., 17 (2011) 1060–1065. 

[5] K. Matsuzaki, Physicochemical interactions of amyloid β-peptide with lipid bilayers, 

Biochim. Biophys. Acta, 1768 (2007) 1935–1942. 

[6] K. Matsuzaki, K. Kato, K. Yanagisawa, Aβ polymerization through interaction with 

membrane gangliosides, Biochim. Biophys. Acta, 1801 (2010) 868–877. 

[7] K. Matsuzaki, Formation of toxic amyloid fibrils by amyloid β-protein on 

ganglioside clusters, Int. J. Alzheimer's Res., 2011 (2011) ID 956104. 

[8] K. Matsuzaki, How do membranes initiate Alzheimer's disease? Formation of toxic 

amyloid fibrils by the amyloid β-protein on ganglioside clusters, Acc. Chem. Res., 47 

(2014) 2397–2404. 

[9] P.C. Ke, M.A. Sani, F. Ding, A. Kakinen, I. Javed, F. Separovic, T.P. Davis, R. 

Mezzenga, Implications of peptide assemblies in amyloid diseases, Chem. Soc. Rev., 46 

(2017) 6492–6531. 

[10] S.A. Kotler, P. Walsh, J.R. Brender, A. Ramamoorthy, Differences between 

amyloid-β aggregation in solution and on the membrane: insights into elucidation of the 

mechanistic details of Alzheimer's disease, Chem. Soc. Rev., 43 (2014) 6692–6700. 

[11] K.J. Korshavn, A. Bhunia, M.H. Lim, A. Ramamoorthy, Amyloid-β adopts a 

conserved, partially folded structure upon binding to zwitterionic lipid bilayers prior to 

amyloid formation, Chem. Commun. (Camb.), 52 (2016) 882–885. 

[12] K.J. Korshavn, C. Satriano, Y. Lin, R. Zhang, M. Dulchavsky, A. Bhunia, M.I. 

Ivanova, Y.H. Lee, C. La Rosa, M.H. Lim, A. Ramamoorthy, Reduced Lipid Bilayer 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 29 

Thickness Regulates the Aggregation and Cytotoxicity of Amyloid-β, J. Biol. Chem., 

292 (2017) 4638–4650. 

[13] B.R. Sahoo, T. Genjo, S.J. Cox, A.K. Stoddard, G.M. Anantharamaiah, C. Fierke, 

A. Ramamoorthy, Nanodisc-Forming Scaffold Protein Promoted Retardation of 

Amyloid-β Aggregation, J. Mol. Biol., 430 (2018) 4230–4244. 

[14] S.M. Butterfield, H.A. Lashuel, Amyloidogenic protein-membrane interactions: 

mechanistic insight from model systems, Angew. Chem., Int. Ed., 49 (2010) 

5628–5654. 

[15] J.R. Brender, S. Salamekh, A. Ramamoorthy, Membrane disruption and early 

events in the aggregation of the diabetes related peptide IAPP from a molecular 

perspective, Acc. Chem. Res., 45 (2012) 454-462. 

[16] H. Braak, K. Del Tredici, Alzheimer's disease: intraneuronal alterations precede 

insoluble amyloid-β formation, Neurobiol. Aging, 25 (2004) 713–718. 

[17] I. Kracun, S. Kalanj, J. Talan-Hranilovic, C. Cosovic, Cortical distribution of 

gangliosides in Alzheimer's disease, Neurochem. Int., 20 (1992) 433–438. 

[18] K. Yanagisawa, A. Odaka, N. Suzuki, Y. Ihara, GM1 ganglioside-bound amyloid 

β-protein (Aβ): a possible form of preamyloid in Alzheimer's diseaseo, Nat. Med., 1 

(1995) 1062–1066. 

[19] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature, 385 (1997) 

569–572. 

[20] L.J. Pike, Rafts defined: a report on the Keystone Symposium on Lipid Rafts and 

Cell Function, J. Lipid Res., 47 (2006) 1597–1598. 

[21] J.M. Cordy, I. Hussain, C. Dingwall, N.M. Hooper, A.J. Turner, Exclusively 

targeting β-secretase to lipid rafts by GPI-anchor addition up-regulates β-site processing 

of the amyloid precursor protein, Proc. Natl. Acad. Sci. U. S. A., 100 (2003) 

11735–11740. 

[22] L. Marlow, M. Cain, M.A. Pappolla, K. Sambamurti, β-secretase processing of the 

Alzheimer's amyloid protein precursor (APP), J. Mol. Neurosci., 20 (2003) 233–239. 

[23] R. Ehehalt, P. Keller, C. Haass, C. Thiele, K. Simons, Amyloidogenic processing 

of the Alzheimer β-amyloid precursor protein depends on lipid rafts, J. Cell Biol., 160 

(2003) 113–123. 

[24] D. Riemann, G.H. Hansen, L. Niels-Christiansen, E. Thorsen, L. Immerdal, A.N. 

Santos, A. Kehlen, J. Langner, E.M. Danielsen, Caveolae/lipid rafts in fibroblast-like 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 30 

synoviocytes: ectopeptidase-rich membrane microdomains, Biochem. J., 354 (2001) 

47–55. 

[25] S.-J. Lee, U. Liyanage, P.E. Bickel, W. Xia, J. Lansbury, P. T., K.S. Kosik, A 

detergent-insoluble membrane compartment contains Aβ in vivo, Nat. Med., 4 (1998) 

730–734. 

[26] M. Morishima-Kawashima, Y. Ihara, The presence of amyloid β-protein in the 

detergent-insoluble membrane compartment of neuroblastoma cells, Biochemistry, 37 

(1998) 15247–15235. 

[27] T. Kawarabayashi, M. Shoji, L.H. Younkin, L. Wen-Lang, D.W. Dickson, T. 

Murakami, E. Matsubara, K. Abe, K.H. Ashe, S.G. Younkin, Dimeric amyloid β protein 

rapidly accumulates in lipid rafts followed by apolipoprotein E and phospholylated Tau 

accumulation on the Tg2576 mouse model of Alzheimer's disease, J. Neurosci., 24 

(2004) 3801–3809. 

[28] N. Yamamoto, E. Matsubara, S. Maeda, H. Minagawa, A. Takashima, W. 

Maruyama, M. Michikawa, K. Yanagisawa, A ganglioside-induced toxic soluble Aβ 

assembly. Its enhanced formation from Aβ bearing the Arctic mutation., J. Biol. Chem., 

282 (2007) 2646–2655. 

[29] N. Yamamoto, U. Igbabvoa, Y. Shimada, Y. Ohno-Iwashita, M. Kobayashi, W.G. 

Wood , S.C. Fujita, K. Yanagisawa, Accelerated Aβ aggregation in the presence of 

GM1-ganglioside-accumulated synaptosomes of aged apoE4-knock-in mouse brain, 

FEBS Lett., 569 (2004) 135–139. 

[30] N. Yamamoto, T. Matsubara, T. Sato, K. Yanagisawa, Age-dependent high-density 

clustering of GM1 ganglioside at presynaptic neuritic terminals promotes amyloid 

β-protein fibrillogenesis, Biochim. Biophys. Acta, 1778 (2008) 2717–2726. 

[31] N. Oikawa, T. Matsubara, R. Fukuda, H. Yasumori, H. Hatsuta, S. Murayama, T. 

Sato, A. Suzuki, K. Yanagisawa, Imbalance in fatty-acid-chain length of gangliosides 

triggers Alzheimer amyloid deposition in the precuneus, PloS one, 10 (2015) e0121356. 

[32] N. Yamamoto, Y. Hirabayashi, M. Amari, H. Yamaguchi, G. Romanov, V.N.W. E., 

K. Yanagisawa, Assembly of hereditary amyloid β-protein variants in the presence of 

favorable gangliosides, FEBS Lett., 579 (2005) 2185–2190. 

[33] N. Yamamoto, K. Hasegawa, K. Matsuzaki, H. Naiki, K. Yanagisawa, 

Environment- and mutation-dependent aggregation behavior of Alzheimer amyloid 

β-protein, J. Neurochem., 90 (2004) 62–69. 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 31 

[34] T. Ariga, M.P. McDonald, R.K. Yu, Role of ganglioside metabolism in the 

pathogenesis of Alzheimer's disease--a review, J. Lipid Res., 49 (2008) 1157–1175. 

[35] T. Ariga, C. Wakade, R.K. Yu, The pathological roles of ganglioside metabolism 

in Alzheimer's disease: effects of gangliosides on neurogenesis, Int. J .Alzheimers Dis., 

2011 (2011) 193618. 

[36] J. Fantini, N. Yahi, The driving force of alpha-synuclein insertion and amyloid 

channel formation in the plasma membrane of neural cells: key role of ganglioside- and 

cholesterol-binding domains, Adv. Exp. Med. Biol., 991 (2013) 15–26. 

[37] M. Wakabayashi, K. Matsuzaki, Ganglioside-induced amyloid formation by human 

islet amyloid polypeptide in lipid rafts, FEBS Lett., 583 (2009) 2854–2858. 

[38] H. Hayashi, N. Kimura, H. Yamaguchi, K. Hasegawa, T. Yokoseki, M. Shibata, N. 

Yamamoto, M. Michikawa, Y. Yoshikawa, K. Terao, K. Matsuzaki, C.A. Lemere, D.J. 

Selkoe, H. Naiki, K. Yanagisawa, A seed for Alzheimer amyloid in the brain, J. 

Neurosci., 24 (2004) 4894–4902. 

[39] N. Yamamoto, T. Yokoseki, M. Shibata, H. Yamaguchi, K. Yanagisawa, 

Suppression of Aβ deposition in brain by peripheral administration of Fab fragments of 

anti-seed antibody, Biochem. Biophys. Res. Commun., 335 (2005) 45–47. 

[40] N. Kimura, K. Yanagisawa, Endosomal accumulation of GM1 ganglioside-bound 

amyloid β-protein in neurons of aged monkey brains, Neuroreport, 18 (2007) 

1669–1673. 

[41] S. Hong, B.L. Ostaszewski, T. Yang, T.T. O'Malley, M. Jin, K. Yanagisawa, S. Li, 

T. Bartels, D.J. Selkoe, Soluble Aβ oligomers are rapidly sequestered from brain ISF in 

vivo and bind GM1 ganglioside on cellular membranes, Neuron, 82 (2014) 308–319. 

[42] W. Michno, P.M. Wehrli, H. Zetterberg, K. Blennow, J. Hanrieder, GM1 locates to 

mature amyloid structures implicating a prominent role for glycolipid–protein 

interactions in Alzheimer pathology, Biochim. Biophys. Acta Proteins Proteom., 1867 

(2019) 458–467. 

[43] K.H. Gylys, J.A. Fein, F. Yang, C.A. Miller, G.M. Cole, Increased cholesterol in 

Aβ-positive nerve terminals from Alzheimer's disease cortex, Neurobiol. Aging, 28 

(2007) 8–17. 

[44] M. Molander-Melin, K. Blennow, N. Bogdanovic, B. Dellheden, J.E. Mansson, P. 

Fredman, Structural membrane alterations in Alzheimer brains found to be associated 

with regional disease development; increased density of gangliosides GM1 and GM2 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 32 

and loss of cholesterol in detergent-resistant membrane domains, J. Neurochem., 92 

(2005) 171–182. 

[45] L. Svennerholm, C.G. Gottfries, Membrane lipids, selectively diminished in 

Alzheimer brains, suggest synapse loss as a primary event in early-onset form (type I) 

and demyelination in late-onset form (type II), J. Neurochem., 62 (1994) 1039–1047. 

[46] M. Yanagisawa, T. Ariga, R.K. Yu, Fucosyl-GM1 expression and amyloid-β 

protein accumulation in PC12 cells, J. Neurosci. Res., 84 (2006) 1343–1349. 

[47] M. Wakabayashi, T. Okada, Y. Kozutsumi, K. Matsuzaki, GM1 

ganglioside-mediated accumulation of amyloid β-protein on cell membranes, Biochem. 

Biophys. Res. Commun., 328 (2005) 1019–1023. 

[48] M. Wakabayashi, K. Matsuzaki, Formation of amyloids by Aβ-(1–42) on 

NGF-differentiated PC12 cells: Roles of gangliosides and cholesterol, J. Mol. Biol., 371 

(2007) 924–933. 

[49] N. Yamamoto, Y. Fukata, M. Fukata, K. Yanagisawa, GM1-ganglioside-induced 

Aβ assembly on synaptic membranes of cultured neurons, Biochim. Biophys. Acta, 

1768 (2007) 1128–1137. 

[50] E.J. Fernandez-Perez, F.J. Sepulveda, R. Peoples, L.G. Aguayo, Role of membrane 

GM1 on early neuronal membrane actions of Aβ during onset of Alzheimer's disease, 

Biochim. Biophy.s Acta Mol. Basis Dis., 1863 (2017) 3105–3116. 

[51] K. Yuyama, K. Yanagisawa, Sphingomyelin accumulation provides a favorable 

milieu for GM1 ganglioside-induced assembly of amyloid β-protein, Neurosci. Lett., 

481 (2010) 168–172. 

[52] A.M. Cataldo, C.M. Peterhoff, J.C. Troncoso, T. Gomez-Isla, B.T. Hyman, R.A. 

Nixon, Endocytic pathway abnormalities precede amyloid β deposition in sporadic 

Alzheimer's disease and Down syndrome: differential effects of APOE genotype and 

presenilin mutations, Am. J. Pathol., 157 (2000) 277–286. 

[53] K. Yuyama, N. Yamamoto, K. Yanagisawa, Chloroquine-induced endocytic 

pathway abnormalities: Cellular model of GM1 ganglioside-induced Aβ fibrillogenesis 

in Alzheimer's disease, FEBS Lett., 580 (2006) 6972–6976. 

[54] K. Yuyama, K. Yanagisawa, Late endocytic dysfunction as a putative cause of 

amyloid fibril formation in Alzheimer's disease, J. Neurochem., 109 (2009) 1250–1260. 

[55] K. Yuyama, N. Yamamoto, K. Yanagisawa, Accelerated release of 

exosome-associated GM1 ganglioside (GM1) by endocytic pathway abnormality: 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 33 

another putative pathway for GM1-induced amyloid fibril formation, J. Neurochem., 

105 (2008) 217–224. 

[56] H. Ueno, T. Yamaguchi, S. Fukunaga, Y. Okada, Y. Yano, M. Hoshino, K. 

Matsuzaki, Comparison between the aggregation of human and rodent amyloid 

β-proteins in GM1 ganglioside clusters, Biochemistry, 53 (2014) 7523–7230. 

[57] J. McLaurin, A. Charkrabartty, Membrane disruption by Alzheimer β-amyloid 

peptides mediated through specific binding to either phospholipids or gangliosides, J. 

Biol. Chem., 271 (1996) 26482–26489. 

[58] L.P. ChooSmith, W.K. Surewicz, The interaction between Alzheimer amyloid 

β(1-40) peptide and ganglioside GM1-containing membranes, FEBS Lett., 402 (1997) 

95–98. 

[59] L.-P. ChooSmith, W. Garzon-Rodriguez, C.G. Glabe, W.K. Surewicz, Acceleration 

of amyloid fibril formation by specific binding of Aβ-(1–40) peptide to 

ganglioside-containing membrane vesicles, J. Biol. Chem., 272 (1997) 22987–22990. 

[60] J. McLaurin, T. Franklin, P.E. Fraser, A. Chakrabartty, Structural transitions 

associated with the interaction of Alzheimer β-amyloid peptides with gangliosides, J. 

Biol. Chem., 273 (1998) 4506–4515. 

[61] K. Matsuzaki, C. Horikiri, Interactions of amyloid β-peptide (1–40) with 

ganglioside-containing membranes, Biochemistry, 38 (1999) 4137–4142. 

[62] A. Chauhan, I. Ray, V.P.S. Chauhan, Interaction of amyloid β-protein with anionic 

phospholipids:  Possible involvement of Lys28 and C-terminus aliphatic amino acids, 

Neurochem. Res., 25 (2000) 426–429. 

[63] T. Valdes-Gonzales, J. Inagawa, T. Ido, Neuropeptides interact with glycolipid 

receptors.  A surface plasmon resonance study, Peptides, 22 (2001) 1099–1106. 

[64] A. Kakio, S. Nishimoto, K. Yanagisawa, Y. Kozutsumi, K. Matsuzaki, 

Cholesterol-dependent formation of GM1 ganglioside-bound amyloid β-protein, an 

endogenous seed for Alzheimer amyloid, J. Biol. Chem., 276 (2001) 24985–24990. 

[65] A. Kakio, S. Nishimoto, K. Yanagisawa, Y. Kozutsumi, K. Matsuzaki, Interactions 

of amyloid β-protein with various gangliosides in raft-like membranes: Importance of 

GM1 ganglioside-bound form as an endogenous seed for Alzheimer amyloid, 

Biochemistry, 41 (2002) 7385–7390. 

[66] M. Ogawa, M. Tsukuda, T. Yamaguchi, K. Ikeda, T. Okada, Y. Yano, M. Hoshino, 

K. Matsuzaki, Ganglioside-mediated aggregation of amyloid β-proteins (Aβ): 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 34 

Comparison between Aβ-(1–42) and Aβ-(1–40), J. Neurochem., 116 (2011) 851—857. 

[67] K. Ikeda, K. Matsuzaki, Driving force of binding of amyloid β-protein to lipid 

bilayers., Biochem. Biophys. Res. Commun., 370 (2008) 525–529. 

[68] M. Thomaier, L. Gremer, C. Dammers, J. Fabig, P. Neudecker, D. Willbold, 

High-Affinity Binding of Monomeric but Not Oligomeric Amyloid-β to Ganglioside 

GM1 Containing Nanodiscs, Biochemistry, 55 (2016) 6662–6672. 

[69] T. Okada, K. Ikeda, M. Wakabayashi, M. Ogawa, K. Matsuzaki, Formation of 

toxic Aβ(1-40) fibrils on GM1 ganglioside-containing membranes mimicking lipid 

rafts: polymorphisms in Aβ(1-40) fibrils, J. Mol. Biol., 382 (2008) 1066–1074. 

[70] K. Mori, M.I. Mahmood, S. Neya, K. Matsuzaki, T. Hoshino, Formation of GM1 

ganglioside clusters on the lipid membrane containing sphingomyelin and cholesterol, J. 

Phys. Chem. B, 116 (2012) 5111–5121. 

[71] A. Ferraretto, M. Pitto, P. Palestini, M. Masserini, Lipid Domains in the 

Membrane:  Thermotropic Properties of Sphingomyelin Vesicles Containing GM1 

Ganglioside and Cholesterol, Biochemistry, 36 (1997) 9232–9236. 

[72] M. Amaro, R. Sachl, G. Aydogan, Mikhalyov, II, R. Vacha, M. Hof, GM1 

Ganglioside Inhibits β-Amyloid Oligomerization Induced by Sphingomyelin, Angew. 

Chem. Int. Ed. Engl., 55 (2016) 9411–9415. 

[73] M. Yoda, T. Miura, H. Takeuchi, Non-electrostatic binding and self-association of 

amyloid β-peptide on the surface of tightly packed phosphatidylcholine membranes, 

Biochem. Biophys. Res. Commun., 376 (2008) 56–59. 

[74] M.R. de Planque, V. Raussens, S.A. Contera, D.T. Rijkers, R.M. Liskamp, J.M. 

Ruysschaert, J.F. Ryan, F. Separovic, A. Watts, β-Sheet structured β-amyloid(1-40) 

perturbs phosphatidylcholine model membranes, J. Mol. Biol., 368 (2007) 982–997. 

[75] T. Hoshino, M.I. Mahmood, K. Mori, K. Matsuzaki, Binding and aggregation 

mechanism of amyloid β-peptides onto the GM1 ganglioside-containing lipid 

membrane J. Phys. Chem. B, 117 (2013) 8085–8094. 

[76] Z. Hu, X. Wang, W. Wang, Z. Zhang, H. Gao, Y. Mao, Raman spectroscopy for 

detecting supported planar lipid bilayers composed of 

ganglioside-GM1/sphingomyelin/cholesterol in the presence of amyloid-β, Phys. Chem. 

Chem. Phys., 17 (2015) 22711–22720. 

[77] M.P. Williamson, Y. Suzuki, N.T. Bourne, T. Asakura, Binding of amyloid 

β-peptide to ganglioside micelles is dependent on histidine-13, Biochem. J., 397 (2006) 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 35 

483-490. 

[78] Y. Tachi, Y. Okamoto, H. Okumura, Conformational Change of Amyloid-β 40 in 

Association with Binding to GM1-Glycan Cluster, Sci. Rep., 9 (2019) 6853. 

[79] M. Manna, C. Mukhopadhyay, Binding, conformational transition and dimerization 

of amyloid-β peptide on GM1-containing ternary membrane: insights from molecular 

dynamics simulation, PloS one, 8 (2013) e71308. 

[80] M. Genji, Y. Yano, M. Hoshino, K. Matsuzaki, Aromaticity of phenylalanine 

residues is essential for amyloid formation by Alzheimer's amyloid β-peptide, Chem. 

Pharm. Bull., 65 (2017) 668–673. 

[81] M. Utsumi, Y. Yamaguchi, H. Sasakawa, N. Yamamoto, K. Yanagisawa, K. Kato, 

Up-and-down topological mode of amyloid β-peptide lying on hydrophilic/hydrophobic 

interface of ganglioside clusters, Glycoconj. J., 26 (2008) 999–1006. 

[82] M. Yagi-Utsumi, T. Kameda, Y. Yamaguchi, K. Kato, NMR characterization of 

the interactions between lyso-GM1 aqueous micelles and amyloid β, FEBS Lett., 584 

(2010) 831–836. 

[83] S.G. Itoh, M. Yagi-Utsumi, K. Kato, H. Okumura, Effects of a 

Hydrophilic/Hydrophobic Interface on Amyloid-β Peptides Studied by Molecular 

Dynamics Simulations and NMR Experiments, J. Phys. Chem. B, 123 (2019) 160–169. 

[84] M. Yagi-Utsumi, K. Matsuo, K. Yanagisawa, K. Gekko, K. Kato, Spectroscopic 

Characterization of Intermolecular Interaction of Amyloid β Promoted on GM1 

Micelles, Int. J. Alzheimers Dis., 2011 (2010) 925073. 

[85] K. Ikeda, T. Yamaguchi, S. Fukunaga, M. Hoshino, K. Matsuzaki, Mechanism of 

amyloid β-protein aggregation mediated by GM1 ganglioside clusters, Biochemistry, 50 

(2011) 6433–6440. 

[86] Y. Okada, K. Okubo, K. Ikeda, Y. Yano, M. Hoshino, Y. Hayashi, Y. Kiso, H. 

Itoh-Watanabe, A. Naito, K. Matsuzaki, Toxic Amyloid Tape: A Novel Mixed 

Antiparallel/Parallel β-Sheet Structure Formed by Amyloid β-Protein on GM1 Clusters, 

ACS Chem. Neurosci., 10 (2019) 563–572. 

[87] A.T. Petkova, Y. Ishii, J.J. Balbach, O.N. Antzutkin, R.D. Leapman, F. Delaglio, R. 

Tycko, A structural model for Alzheimer's β-amyloid fibrils based on experimental 

constrains from solid state NMR, Proc. Natl. Acad. Sci. U. S. A., 99 (2002) 

16742–16747. 

[88] Y. Xiao, B. Ma, D. McElheny, S. Parthasarathy, F. Long, M. Hoshi, R. Nussinov, 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 36 

Y. Ishii, Aβ(1-42) fibril structure illuminates self-recognition and replication of amyloid 

in Alzheimer's disease, Nat. Struct. Mol. Biol., 22 (2015) 499–505. 

[89] A. Barth, C. Zscherp, What vibrations tell us about proteins, Q. Rev. Biophys., 35 

(2002) 369–430. 

[90] S.K. Maji, J.J. Amsden, K.J. Rothschild, M.M. Condron, D.B. Teplow, 

Conformational dynamics of amyloid β-protein assembly probed using intrinsic 

fluorescence, Biochemistry, 44 (2005) 13365–13376. 

[91] T.E. Creighton,  Proteins. Structures and Molecular Properties, W. H. Freeman 

and Co., Place Published, 1993, pp. Chapter 1. 

[92] S. Fukunaga, H. Ueno, T. Yamaguchi, Y. Yano, M. Hoshino, K. Matsuzaki, GM1 

cluster mediates formation of toxic Aβ fibrils by providing hydrophobic environments, 

Biochemistry, 51 (2012) 8125–8131. 

[93] T. Matsubara, H. Yasumori, K. Ito, T. Shimoaka, T. Hasegawa, T. Sato, Amyloid-β 

fibrils assembled on ganglioside-enriched membranes contain both parallel β-sheets and 

turns, J. Biol. Chem., 293 (2018) 14146–14154. 

[94] N. Itoh, E. Takada, K. Okubo, Y. Yano, M. Hoshino, A. Sasaki, M. Kinjo, K. 

Matsuzaki, Not oligomers but amyloids are cytotoxic in the membrane-mediated 

amyloidogenesis of amyloid-β peptides, Chembiochem : a European journal of 

chemical biology, 19 (2018) 430–433. 

[95] E. Takada, K. Okubo, Y. Yano, K. Iida, M. Someda, A. Hirasawa, S. Yonehara, K. 

Matsuzaki, Molecular mechanism of apoptosis by amyloid β-protein fibrils formed on 

neuronal cells, ACS Chem. Neurosci., 11 (2020) in press. 

[96] M.F. Sciacca, S.A. Kotler, J.R. Brender, J. Chen, D.K. Lee, A. Ramamoorthy, 

Two-step mechanism of membrane disruption by Aβ through membrane fragmentation 

and pore formation, Biophys. J., 103 (2012) 702–710. 

[97] A. Nakamura, N. Kaneko, V.L. Villemagne, T. Kato, J. Doecke, V. Dore, C. 

Fowler, Q.X. Li, R. Martins, C. Rowe, T. Tomita, K. Matsuzaki, K. Ishii, K. Ishii, Y. 

Arahata, S. Iwamoto, K. Ito, K. Tanaka, C.L. Masters, K. Yanagisawa, High 

performance plasma amyloid-β biomarkers for Alzheimer's disease, Nature, 554 (2018) 

249–254. 

[98] K. Matsuzaki, T. Noguch, M. Wakabayashi, K. Ikeda, T. Okada, Y. Ohashi, M. 

Hoshino, H. Naiki, Inhibitors of amyloid Aβ-protein aggregation mediated by 

GM1-containing raft-like membranes, Biochim. Biophys. Acta, 1768 (2007) 122–130. 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 37 

[99] F. Kreutz, E.B. Scherer, A.G. Ferreira, S. Petry Fdos, C.L. Pereira, F. Santana, A.T. 

de Souza Wyse, C.G. Salbego, V.M. Trindade, Alterations on Na(+),K(+)-ATPase and 

acetylcholinesterase activities induced by amyloid-β peptide in rat brain and GM1 

ganglioside neuroprotective action, Neurochem. Res., 38 (2013) 2342–2350. 

[100] R. Yang, Q. Wang, L. Min, R. Sui, J. Li, X. Liu, Monosialoanglioside improves 

memory deficits and relieves oxidative stress in the hippocampus of rat model of 

Alzheimer's disease, Neurol. Sci., 34 (2013) 1447–1451. 

[101] M. Huang, M. Hu, Q. Song, H. Song, J. Huang, X. Gu, X. Wang, J. Chen, T. 

Kang, X. Feng, D. Jiang, G. Zheng, H. Chen, X. Gao, GM1-Modified Lipoprotein-like 

Nanoparticle: Multifunctional Nanoplatform for the Combination Therapy of 

Alzheimer's Disease, ACS nano, 9 (2015) 10801–10816. 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Figure legends 

 

Fig. 1  Aβs and gangliosides.  (A) The amino acid sequences of APP around Aβ.  

The β- and γ-secretase cleavage sites are shown in red.  Representative mutation sites 

in familial AD are shown in green.  (B) Structures of major gangliosides in neurons.   

 

Fig. 2  Differences in Aβ interaction between GM1-containing raft and non-raft 

membranes.  (A) Binding of DAC-Aβ-(1–40) to GM1/SM/cholesterol (2:4:4, closed 

circles) and GM1/PC (2:8, open circles) bilayers at 37°C.  Relative fluorescence 

enhancements of DAC-Aβ as defined by (F – F0)/F0, where F and F0 denote 

fluorescence intensity in the presence and absence of liposomes, respectively, are 

plotted as a function of the lipid-to-DAC-Aβ ratio.  Original numerical data were taken 

from Ref. {Kakio, 2002 #629}.  (B) Amyloid formation by Aβ-(1–40), as detected 

with the amyloid specific dye thioflavin-T.  Aβ-(1–40) (50 µM) was incubated with 

GM1/SM/cholesterol (2:4:4) and GM1/PC (2:8) bilayers (250 µM) at 37°C. for 19 h.   

Original numerical data were taken from Ref. {Okada, 2008 #917}.  (C) Top views of 
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the snapshot structures of membranes composed of 48 GM1/96 SM/96 cholesterol 

(upper) and 48 GM1/192 PC molecules (lower) simulated by MD.  The glycan and 

ceramide portions of GM1 are shown in red and yellow, respectively.  SM/PC and 

cholesterol are drawn in green and blue, respectively.  Reprinted with permission from 

J. Phys. Chem. B2012116175111-5121, Publication Date:April 12, 2012,  

https://doi.org/10.1021/jp207881k.  Copyright 2012 American Chemical Society. 

 

Fig. 3  Conformations of Aβs in the presence of GM1/SM/cholesterol (4:3:3) 

liposomes.  Circular dichroism spectra of Aβs (15 µM) were measured at 37 ºC in the 

presence of the GM1-containg raft-like vesicles.  Traces: blue, Aβ-(1–40) at a GM /Aβ 

ratio of 10; red, Aβ-(1–42) at a GM /Aβ ratio of 10, green, Aβ-(1–40) at a GM /Aβ ratio 

of 60; orange, Aβ-(1–42) at a GM /Aβ ratio of 60.  Original numerical data were taken 

from Ref. {Ogawa, 2011 #948}.   

 

Fig. 4  Characterization of water- and membrane-fibrils by Aβ-(1–40).  FTIR spectra 

of (A) water- and (B) membrane-fibrils.  TEM images (upper) and AFM height 
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profiles (lower) of (C) water- and (D) membrane-fibrils.  Scale bars show 50 nm.  (E) 

Cytotoxicity of both types of fibrils against SH-SY5Y human neuroblastoma cells at 25 

µM after a 24-h incubation at 37 °C (mean ± S.D., n = 6).  * Two sample t-test.  

Reprinted with permission from ACS Chem. Neurosci.2019101563-572, Publication 

Date:October 11, 2018, https://doi.org/10.1021/acschemneuro.8b00424.  Copyright 

2018 American Chemical Society. 

 

Fig. 5  Structure of membrane-fibrils by Aβ-(1–40).  (A) A two-residue-shifted 

antiparallel β-sheet can be stabilized by multiple salt bridge and π–π interactions.  G9 

and A30 residues are expected to be located in close proximity.  (B) A proposed model 

structure of membrane-fibrils. Reprinted with permission from ACS Chem. 

Neurosci.2019101563-572, Publication Date:October 11, 2018, 

https://doi.org/10.1021/acschemneuro.8b00424.  Copyright 2018 American Chemical 

Society. 

 

Fig. 6  Self-assembly of Aβ on and cytotoxicity against neuronal cells.  (A) The 
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aggregation numbers of 5 µM Aβ-(1–42) (open circles) and 50 µM Aβ-(1–40) (closed 

circles) on SH-SY 5Y cells are plotted as a function of incubation time.  Correlation 

between amyloid formation as detected by Congo red (red bars) and apoptosis as 

detected by the activation of caspase 3 (blue bars) for 5 µM Aβ-(1–42) (B) and 50 µM 

Aβ-(1–40) (C) as a function of incubation time.  Mean ± S. E. (n = 100).  * p < 0.001.  

Original numerical data were taken from (A, B) Ref. {Itoh, 2018 #1130} and (C) 

Takada et al, unpublished work.   

 

Fig. 7  Summary of Aβ–GM1 interactions.  Apoptosis-inducing ‘toxic amyloid tapes’ 

are eventually formed via an α-helix-rich form and nontoxic β-sheet-rich oligomer in 

the Aβ-to GM1 ratio on the membrane.  See the text for details. 
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Fig. 2  Matsuzaki	
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Fig. 4  Matsuzaki	
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Fig. 5  Matsuzaki	

                  10                  20                  30                  40!
D A E F R H D S G Y E V H H Q K L V F F A E D V G S N K G A I I G L M V G G V V �

V V G G V!M L G I I!A G K N S!G V D E A!F F V L K Q H H V E Y G S D H R F E A D!
40                  30                  20                  10   �

salt bridges �

π–π interactions�

Cross-linking between G9C Aβ-1–40 and A30C Aβ-1–40 �

A	

B	

single layer	

2-residue-shifted!
antiparallel	

in-resister parallel	

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Fig. 6  Matsuzaki	
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Fig. 7  Matsuzaki	

random Aβ	

α-helical Aβ	

nontoxic!
~15 mer!
β-sheet Aβ	

toxic ‘amyloid tape’!
(containing 2-residue-shifted!

antiparallel β-sheet)	

GM1	

SM	

other!
lipids	

cholesterol	

nontoxic fibrils!
(in-resister!

parallel β-sheet)	

Aβ/GM1 ratio	
apoptosis	

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp




