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Abstract: Ganglioside GM1 is the most common brain ganglioside enriched in plasma membrane
regions known as lipid rafts or membrane microdomains. GM1 participates in many modulatory and
communication functions associated with the development, differentiation, and protection of neuronal
tissue. It has, however, been demonstrated that GM1 plays a negative role in the pathophysiology of
Alzheimer’s disease (AD). The two features of AD are the formation of intracellular neurofibrillary
bodies and the accumulation of extracellular amyloid 3 (Af3). A isa peptide characterized by intrinsic
conformational flexibility. Depending on its partners, A3 can adopt different spatial arrangements.
GM1 has been shown to induce specific changes in the spatial organization of A, which lead to
enhanced peptide accumulation and deleterious effect especially on neuronal membranes containing
clusters of this ganglioside. Changes in GM1 levels and distribution during the development of AD
may contribute to the aggravation of the disease.

Keywords: gangliosides; GM1; amyloid 3; amyloid oligomers; fibrils; Alzheimer’s disease; membrane
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1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder responsible for 70% of
all dementia cases [1]. The number of individuals with AD increased from 21.7 million worldwide
in 1990 to 46.0 million in 2015 [2]. The World Alzheimer Report 2019 estimates that there were over
50 million people living with dementia in 2019, and predicts that the number will increase to 152 million
by 2050 (Alzheimer’s Disease International, 2019). Clinical manifestations of AD include memory
loss, cognitive decline, behavioral, and neuropsychiatric symptoms [1,3]. AD develops slowly from a
preclinical phase to mild cognitive impairment. The disorder finally progresses into a fully expressed
clinical syndrome characterized by the presence of intracellular neurofibrillary tangles and extracellular
amyloid plaques in the human brain [4,5].

Amyloid plaques origin from the accumulation and deposition of amyloid 3 (A). The amyloid
hypothesis postulates that accumulation of Af3 in the brain is the primary event driving AD pathogenesis [6].
Oligomerization, fibrillization, and deposition of A} peptides may cause synaptic dysfunction, brain
inflammation, and oxidative stress, and disrupt neuronal ion homeostasis and alter the balance of protein
kinase/phosphatase activities, thereby leading to selective neuronal loss [7]. During the development of
AD, amyloid plaques are found only in specific regions of the brain, especially in the cerebral cortex and
hippocampus. Ap fibrils start to accumulate already in the preclinical stage of AD and begin to affect
brain functions [8]. Interestingly, A is not toxic to the majority of cells and tissues in the body. This points
to the significance of the local environment, in particular the composition and phase organization of the
plasma membrane, in promoting Af toxicity [9,10].
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Numerous studies have shown that A binding to neuronal cell membranes cause deleterious
effects [11-13]. It was suggested that Ap induces disturbances in calcium homeostasis by forming
transmembrane channels [14-18]. Not only direct effects of Af3 on lipid bilayer, but also changes
in activities of membrane-bound receptors and channels have been observed in brains of AD
patients and model animals. Glutamatergic neurons located in the hippocampus and in the frontal,
temporal and parietal cortex are the most impacted by A3, which is reflected by altered permeability
of N-methyl-D-aspartic acid (NMDA) and metabotropic glutamate receptors [12,19,20]. Similarly,
cholinergic neurons of basal forebrain are also damaged by oligomeric forms of A{3 [3,21]. The cholinergic
system including acetylcholine production, synaptic release and degradation, as well as acetylcholine
interaction with nicotinic and G protein-coupled receptors, is a crucial player in the development
of AD [22,23]. It was observed that Ap overproduction in transgenic mice and A treatment of
CHO cells attenuated muscarinic acetylcholine receptor-mediated transmission [24-26]. Inhibitors of
cholinesterase, which is responsible for acetylcholine degradation, can increase acetylcholine levels in
the synaptic cleft and partially ameliorate cognitive impairment in patients with mild to severe AD [27].

Many interaction partners of A3 have been identified among membrane proteins. A binds to p75
neurotrophin receptor, the low-density lipoprotein receptor-related protein, cellular prion protein (PrPc),
metabotropic glutamate receptors, nicotinic acetylcholine receptor, NMDA receptor, 3-adrenergic
receptor, erythropoietin-producing hepatoma cell line receptor, and paired immunoglobulin-like
receptor B (reviewed in [28,29]. Not only proteins, but also membrane lipids represent a noticeable
platform for AB binding. A} interactions with the plasma membrane are localized to lipid rafts and
microdomains [30-33]. Specific AB-lipid recognition plays a role, where cholesterol, sphingomyelin,
and ganglioside GM1 are supposed to be the most important factors regulating AB-membrane
binding [10,34,35]. Such interactions may have impact on A3 secondary, tertiary, and quaternary
structure that play a role in enhancing A peptide cytotoxicity [10,16,36].

2. Amyloid f3

2.1. Aggregates

Amyloid plaques are composed of AP peptide derived from the integral membrane amyloid
precursor protein (APP) [37]. The predominantly occurring forms are A340 and A {342, which contain
40 or 42 amino acids, respectively. AB42 is known to be the more fibrillogenic and toxic form of Af.
The APB42/AB40 ratio in a healthy brain is 1:10. An increased A342/A(40 ratio is associated with
familial forms of AD [32,38-40].

After being formed from APP, A monomers are secreted from the cells into the interstitial space.
In dependence on the concentration and the environment, A342 has a propensity to assemble and
form soluble aggregates, as well as ordered amyloid fibers. Soluble A3 aggregates are generally
referred to as protofibrils or oligomers. Protofibrils are elongated and show a curvilinear appearance,
while globular aggregates exhibit spherical or annular morphology [41-45]. There is an equilibrium
between monomers, oligomers, and long Af fibrils (Figure 1). The assembly state of the peptide plays
an important role in its toxic capacity [46-48].
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Figure 1. Amyloid (3 oligomerization. After processing of amyloid precursor protein (APP) by secretase
enzymes, A3 monomers are released into the intercellular space. In dependence on the environment,
Ap form and concentration, monomers may aggregate into supramolecular structures including low
and high-molecular clusters. Among them, the 56 kDa A3 dodecamers show the highest extent of
neurotoxicity. Amyloid oligomers may form either globular, or fibrillar conglomerations known as
protofibrils and fibrils. Membrane bound fibrils organize into amyloid plaques. A( clustering and
fragmentation are reversible processes, so mutual interconversions between particular forms occur.

Whereas the presence of fibrillar amyloid plaques is not connected to the severity of AD pathology,
the fibrils might damage the cells either directly by interacting with membranes or indirectly by acting
as a source of cytotoxic amyloid forms [49]. Amyloid peptides aggregate into distinct oligomer species
with different toxicities and relationships to fibrils that can be reversibly interconverted. Af3 toxicity
is mostly related to the capacity of intermediate oligomers in the 5-20 nm range of dimensions to
disrupt membrane integrity of neural cells [44,47,50-53]. In particular, dodecamers of A342 (molecular
mass of 56 kDa) represent the most toxic form. Distinct oligomeric A3 species exert different effects
on neural processes [12,51,54-56]. The low molecular weight forms of A} are considered to be less
toxic [57]. Interestingly, the nondemented subjects with A3 plaque pathology were found to have much
lower oligomer-to-plaque ratios in aqueous cortical lysates than the mildly demented AD patients [58].
The plaques can sequester soluble oligomers until they reach a limit, after which excess oligomers
diffuse and bind to surrounding neuronal membranes [59].

Amyloid plaques, fibrils, protofibrils, and oligomers of various size display a relatively high
polymorphic variations, which is closely related to their biological effects. The monomers and oligomers
of A self-associate into larger structures that inherit the morphologies of nucleation centers [60,61].
Using solid state nuclear magnetic resonance (NMR) measurements, Quiang et al. revealed structural
heterogeneity and qualitative difference between Ap40 and Af342 aggregates in AD brain tissue [62].
However, though relatively rare, the cross-seeding of Af340 and A{342 fibrils has been observed
as well [43]. Both morphology and molecular structure of Af3 are self-propagating and lead to
different A{ fibril organizations and toxicities. The morphology of A3 supramolecular assemblies is
sensitive to subtle differences in fibril growth conditions, such as pH, peptide concentration, and lipid
environment [63,64]. When analyzing amyloid plaques, Rasmussen et al. [65] observed that A3 can
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aggregate as clouds of conformational variants that differ among certain subtypes of AD. A(342 exhibits
a higher aggregation propensity, and induces greater toxicity in cultured neurons as compared with
the more prevalent but slower aggregating A{340 [4]. The hydrophobic C-terminal amino acids of
Ap42 play a crucial role in A3 oligomer or fibril formation [4,46].

2.2. Secondary and Tertiary Structure

A has been characterized as an intrinsically disordered peptide containing a mixture of secondary
structures, both in experiments and simulations [33,66]. Results with A 340 identified the monomer to
oligomer transition as a fundamental step of the conformational change of the peptide that is associated
with the increased membrane affinity and neural toxicity [67]. AP peptides have a propensity to
organize into helices or (3-sheet containing hairpins or extended forms, where solvents play a role in
fine tuning of the structure. Wei and Shea [68] showed that the monomeric state of A$25-35 adopts a
-hairpin conformation in water and a helical conformation in lipid mimicking solvents.

If, in the monomeric form, A peptide folds into soluble random coil with some transient (3-sheet
or o-helical structure, whereas, in the aggregated form, a less soluble (3-sheet-rich structures were
observed in brain [69]. Using NMR spectroscopy, Shao et al. [70] established that the x-helix is
the predominant structural feature in SDS solutions. On the other hand, simulations of Ap325-35
showed that the monomer preferentially forms a 3-hairpin [66]. However, a transition from compact
B-hairpin conformations to extended 3-strand structures may occur between dimeric and trimeric
forms of amyloid peptide. Another NMR spectroscopy study, surface plasmon enhanced Raman
spectroscopy, and molecular dynamics (MD) simulations showed a significant «-helical content in the
AB40 monomer. During oligomerization, the secondary structure changes into a sticky conformation
rich in 3 sheets [70-72].

Using a combination of soft-touch atomic force microscopy (AFM), size exclusion chromatography
and native gels, Ahmed et al. have shown that, depending on the environment, different oligomers
are formed. In water solution, stable disc-shaped pentamers associate with fibrils, whereas A[342
dodecamers are found in lipid environments [39]. Molecular dynamics simulations demonstrated A
monomers binding to the dimyristoyl-phosphatodylcholine (DM-PC) bilayer that leads to structural
transition by forming stable helix structure in its C-terminal, which penetrates into the bilayer
hydrophobic core [73].

2.3. Variability

Different interactions between A3 monomers are reflected by changes in the secondary and tertiary
structure of the peptide. Each A3 peptide may form a (3-sheet and two A3 peptides can organize into a
-sheet dimer. The dimer interactions include several variables reflecting the internal arrangement of
B-strand monomer and spatial interactions between particular peptides [32,74] (Figure 2). Molecular
dynamics simulations and comparisons with AFM images led to characterization of transmembrane
-barrels forming membrane channels. These contained parallel 3-strands, where the strands of each
monomer were connected turn by turn [75].
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Figure 2. 3-Sheet-containing forms of amyloid . In dependence on the environment and peptide

concentration, A may organize into distinct combinations of (3-rich tertiary and quaternary structures.
(A) B-hairpin; (B) parallel -hairpin structure. Particular peptides are interconnected through
non-covalent interactions; (C) antiparallel arrangement, characteristic for toxic oligomers of amyloid
peptide; (D) different mutual positions of internal -sheets result from rotation of the upper part
of the amyloid peptide; (E) an extended conformation of B-sheets containing amyloid monomer;
(F) structure of amyloid fibril with parallel orientation of A monomers. (G) Supposed organization of
a trimer; (H) organization of a fiber formed of trimers. Many other possibilities of fibrillar and globular
aggregates including pentamers and hexamers were described, but are not shown here. Adjusted
according to [39,41,61,74].

Detailed comparison of the Ap42 and A(340 fibril structures revealed that they share a similar
protofilament structure [76]. However, despite the minimal sequence difference, A(42 folds into fibril
having a distinct tertiary fold from those observed for A{340 fibrils. The atomic model of A342 amyloid
fibril based on solid-state NMR data displays parallel 3-sheet segments that are different from structures
of AB40 fibrils. Ala42 in the carboxyl terminus, absent in A{340, forms a salt-bridge with Lys28 as
a self-recognition molecular switch that excludes A{340 from amyloid propagation machinery [77].
Barz et al. observed that A342 forms more contacts between the hydrophobic C-termini than A 340 [78].
A P42 preferentially forms parallel, in-register 3-sheets that perpetuate along the fibril axis [38,63].
The morphology of the oligomers organized into anti-parallel 3-sheets seems to be a fingerprint of
the toxic species, whereas parallel 3-sheets occur in the form of long fibers [38,39,48,79,80]. The anti-
parallel organization can favor fibril fragmentation, which may result in the formation of smaller
aggregates that are more deleterious to neural cells [49,79] and may be responsible for membrane
permeation [48].

Ithas been observed that the lateral association of A342 is correlated with the conversion of random
coil structure into (3-sheets. The intermediate step includes the antiparallel 3-hairpin formation in A (342
oligomers. The hydrophobic effect drives the initial association of the hydrophobic sequences in the A3
peptides, and then the (3-sheet is stabilized through intermolecular hydrogen bonds. The conversion
to fibrils involves the untangling of the hydrophobic regions to first form an antiparallel 3-hairpin
structure. The strand rotation follows leading to the parallel 3-sheet structure, as the hairpins are not
seen in the fibrils. During increasing A3 concentrations, a transient antiparallel 3-hairpin structure is
associated with neuronal toxicity [41,66]. Interestingly, the rate of structural transformation of A{340 is
higher compared to that of Af342, so AB40 seems to be more flexible than Ap42 [13]. A342 exhibits a
greater 3-strand propensity than A{340 [41].
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2.4. Interactions of AB with the Membrane

2.4.1. Membrane Binding

Even in brains of AD patients, the cerebrospinal fluid Af concentration (3-8 nM in healthy
individuals and 3 times more in AD brains) is several orders of magnitude below the micromolar
limit required for amyloid peptide aggregation. Thus, there must be a mechanism which would
facilitate the aggregation process, and cellular membranes appear to play a crucial part in this
mechanism [16,32,81,82]. The membrane binding is essential for A3 to express cytotoxicity that is
specific for certain brain regions and resides in distinctive cell characteristics [83].

There are two types of Af3—-membrane interactions. The A peptide may insert into the membrane
and form a pore or it stays attached to the surface of the membrane. The binding of A3 may compress
the membrane and make it thinner [41]. The negatively charged membrane surface may play a role
in these interactions. When the lipid bilayer contains negative charge bearing lipids, A can bind
electrostatically via its positively charged amino acid residues. However, if the surface potential
increases, the hydrophobic effect drives the peptide to insert into the membrane [64]. Once soluble and
unstructured Af binds to the membrane, the peptide changes its conformation and forms «-helical
transmembrane pores or 3-structured fibrils [84,85]. Not only the presence of negatively charged
lipids, but also the curvature, phase organization, and rigidity of the membrane are critical parameters
determining the mode of A-membrane interaction. The more fluid the membrane is, the easier is
incorporation of A between lipid molecules [64,86]. A substrate-supported planar bilayer model
by Sasahara et al. [87] have demonstrated that the fluidity of the bilayer significantly decreases after
the binding of AB. Hence, the relationship is bidirectional. Whereas relatively rigid membranes
induce the (3-sheet-rich conformation state of A and its aggregation on the membrane surface,
the amyloid peptide enhances membrane rigidity. Moreover, the membrane-anchored aggregates
of AP are apparently different from those formed in solution [87]. The same membrane which is
responsible for A3 binding and aggregating is directly damaged by thinning, forming transmembrane
pores or other cytotoxic arrangements of the A3 peptide [86].

2.4.2. AB-Lipid Interactions

Even in brains A binding to the membrane requires specific intermolecular interactions, as A}
assembles only in certain regions of the brain. Af3 peptide neurotoxicity may be mediated, at least in
part, by direct interactions between A3 and membrane lipids. Amyloid peptides are known to bind
specifically to membranes enriched in cholesterol [17,88-90] and sphingolipids, mainly sphingomyelin
and ganglioside GM1 [35,91,92]. It was demonstrated that cholesterol concentration influences the
morphology and aggregation state of A3 peptide. In the presence of cholesterol, AB prefers to stay
at the membrane surface mainly in a 3-sheet-rich conformation, but when the ratio of cholesterol
to phospholipids rises A3 can insert spontaneously into the lipid bilayer in the form of x-helix-rich
oligomers. The consequence of Ap—cholesterol interaction is a conformational change that forces
AP to adopt a tilted orientation favorizing the aggregation into annular pores rich in «-helical
structures [14,17,36,88]. On the other hand, computational modeling and MD studies revealed that
cholesterol induces higher (3-sheet content in the AP peptide oligomers, which may lead to faster
fibril formation [93]. After contacting the membrane, intrinsically disordered monomers of Af
undergo a series of lipid induced conformational changes, leading to the formation of oligomers.
The aggregates may be rich in 3-sheet structures (membrane pores, amyloid fibrils) or in «-helical
structures (transmembrane channels) [16].

Using liposomes as model membranes, Wong et al. [9] demonstrated that bilayer phase and
fluidity did not affect the Af3 binding. However, acyl chain saturation and cholesterol content were
critical for the permeabilization activity of the peptide. It was also shown that soluble amyloid
peptide oligomers, but not fibrils, were the primary membrane binding species. The interaction with
negatively charged membranes increased Af3 oligomerization and induced the transition of amyloid
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peptide from random to either 3-sheet or o-helical structure. Additionally, as the ratio of lipid/peptide
increased, the 3-sheet content diminished and the peptide was converted to mostly x-helical structure.
On the other hand, only 3-sheet, and not o-helix-rich structures, were connected to increased Af
oligomerization [9]. Davis et al. described the effect of local pH related to the presence of anionic
lipids on A3 oligomerization and accumulation on the membrane surface [81]. McLaurin et al. [84]
demonstrated that A(340/42-induced disruption of acidic lipid membranes was more pronounced at
pH 6 than at pH 7. The role of pH in aggregating process seems to be of great importance because Af3
causes neurotoxicity by disrupting endosomal membranes leading to endo/lysosomal dysfunction [94].

On the basis of MD simulations, Yu and Zheng [95] suggested that charged lipid headgroups act
as anchors for the initial binding of A by electrostatic interactions. Then, hydrophobic residues of
the peptide are locked on the bilayer by additional hydrophobic interactions. Inclusion of cholesterol
makes this binding process more energetically favorable.

2.4.3. AP and Membrane Microdomains

As mentioned above, A3 oligomers bind to the plasma membrane predominantly at the sites
where ganglioside GM1, sphingomyelin (SM), and cholesterol are concentrated [96,97]. Such lipid
composition is typical for membrane structures known as membrane microdomains or lipid rafts.
Membrane microdomains differ significantly from non-raft membranes as to the presence of relatively
high cholesterol and saturated long chain lipid molecules content (especially sphingolipids). Raft lipids
usually prefer liquid ordered phase, which is more organized and less fluid than the rest of the
cell membrane [98-102]. In any case, membrane microdomains are dynamic structures that can
coalesce to form larger platforms and separate into smaller ones. There is evidence of considerable
heterogeneity in the protein and lipid composition of lipid rafts, including variation in ganglioside
and sterol composition that is dependent on the tissue and cell type [103,104]. A vast number of
membrane proteins participating in signaling processes have been found to associate with lipid
rafts: some tyrosine kinases of the Src family, G protein-coupled receptors, trimeric G proteins and
their effectors, ion channels, surface GPI-anchored molecules, etc. [105-110]. In addition, A binding
proteins, e.g., PrPc and glutamate receptors, are concentrated in membrane microdomains [111,112].

It was demonstrated that rigid membranes containing SM may facilitate the conversion of A3
peptides to a 3-sheet-rich form after binding to the membrane surface. The rigidity of SM-rich membrane
reduced the interactions of A(42 with the bilayer, thereby mediating its transition to a (3-sheet-containing
structure not observed in the other bilayers [33]. Raft-residing gangliosides (GM1) were found to play a
crucial role in A binding and toxicity [91]. On the other hand, A3 binds also to non-raft membrane
regions, as was observed in artificial membrane structures [112,113]. If only liquid-ordered (Lo) and
liquid-disordered (Ld) phases are present in ternary mixtures of dioleoyl-phosphatidylcholine, SM and
cholesterol, the AP peptide prefers to bind to Ld phase, as was demonstrated using AFM [113].
However, such an interaction is relatively weak. Inclusion of GM1 led to enhanced Af3 aggregation.
Interestingly, the types of aggregates differed in dependence on lipid composition. GM1 apparently
catalyzed amyloid peptide aggregation, which seemed to induce both membrane disruption and
fibrillogenesis [114]. Besides the fluidity and specific lipid—A 3 interactions, the curvature of membranes
seems to play a significant role. The more curved or disturbed the membrane is, the stronger the
amyloid aggregation and further bilayer disruption by A is [115].

Changes in lipid composition affect the fluidity, permeability, and lipid raft composition of the
neuronal plasma membrane. The membranes from AD-diseased brain tissue differed from the healthy
one in their nanoscale structure and were more susceptible to interaction with A and its damaging
effects [116]. The APP/PS1 transgenic mouse model of AD exhibited marked increase in lipid raft
rigidity due to elevated levels of SM and decreased content of unsaturated fatty acids in the brain
cortex [117]. Increased membrane order and viscosity of lipid rafts were observed in the frontal and
entorhinal cortices of AD subjects [118]. Interestingly, mathematical modeling indicates that, during
aging and AD progression, lipid rafts become larger, but the fluidity of non-raft regions of the plasma
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membrane increases. As Af toxicity is closely related to membrane microdomains, the enlargement
of these structures may be connected with AD neuropathology [119,120]. Moreover, a comparative
lipidomic study demonstrated elevations in SM and ganglioside GM3 levels in entorhinal cortex of AD
patients [121].

3. Gangliosides and Af3

3.1. Gangliosides

Glycosphingolipids are membrane molecules composed of a hydrophilic carbohydrate moiety
and a hydrophobic ceramide part that contains a sphingosine and a fatty acid residue [103,122].
Glycosphingolipids play numerous physiological and pathophysiological roles in animal cells and
tissues. They function as receptors for microbial toxins, mediators of cell adhesion, and modulators of
signal transduction [123,124].

Gangliosides are sialic acid (N-acetylneuraminic)-containing glycosphingolipids localized
primarily in the outer leaflet of the plasma membrane. Over 60 gangliosides have been characterized in
tissues of vertebrates that differ in the position and number of sialic acid residues [125]. Gangliosides
represent nearly 6% of the total lipid content in the brain [103], but, in the neuronal plasma membrane,
their concentration can reach up to 15 mol [126]. Together with SM and cholesterol, gangliosides
are the main components of membrane microdomains. Gangliosides reduce membrane fluidity due
to lateral cooperative interactions between the ganglioside molecules. Even at a low concentration,
gangliosides create clusters that are relevant to lipid rafts [30,127]. Blocking of ganglioside synthesis
leads to destruction of lipid rafts and increased cell viability in cultured neurons exposed to A
oligomers, as well as less neurodegeneration in the cerebral cortex and improved spatial memory in
AD model mice [128-130].

There are different forms of gangliosides participating in signal transduction, cell-cell recognition,
and adhesion, especially in the developing nervous system [95,122,124]. Gangliosides GM1, GDl1a,
GD1b, and GT1b are the most common in the brain of mammals [131]. In brain tissue of patients
with AD, the depletion of protective complex gangliosides GD1 and GM1 along with an increase in
simple gangliosides GM2 and GM3 was observed [121,132,133]. Yet another study has revealed altered
distribution of GM1 and GM2 gangliosides in AD compared with controls. These results support theidea
of increased amounts of GM1 and GM2 in lipid rafts that would lead to the formation of toxic amyloid
fibrils [31]. While total ganglioside amount in brains of AD humans decreases, specific populations
concentrated in lipid rafts may increase [30,123,134,135]. Kim et al. [136] demonstrated that neither
lipid rafts themselves, nor cholesterol as a key lipid of membrane microdomains, but gangliosides are
necessary for A3 aggregation.

3.2. GM1

The polar head of ganglioside GM1 contains four sugar residues and one molecule of sialic acid.
Ganglioside GM1 is highly expressed throughout mammalian brain but is predominantly enriched
within the white matter [131]. On the other hand, GM1 and GD2 are present on neuronal cell bodies
contained within the grey matter [137]. In humans, the amount of complex gangliosides GM1 and
GD1 increases 12-15 fold during development [122]. The GM1 clusters are enriched in the G1 stage
in the neuronal cell membrane that explains the preferential Af binding to these membranes [82].
Ap specifically binds to clusters of GM1, but not to membranes with uniformly distributed GM1.
Clustering of GM1 is facilitated by cholesterol [13,92,138].

Increased levels of GM1 and GM2 gangliosides were found in lipid rafts isolated from the frontal
and temporal cerebral cortex of AD individuals [30,31]. This elevation may facilitate the formation of
toxic amyloid fibrils of A, as increased GM1 levels were found in amyloid-positive neuritic terminals
from AD cerebral cortex and apoE4 knock-in mouse brain during aging [139,140].
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3.3. The Role of GM1 in Seeding and Accumulation of A

Glycosphingolipids A complex of GM1 and A3 (GA3) has been identified in cerebral cortices from
AD and Down’s syndrome subjects [91]. In the transgenic mouse model of AD, MALDI-IMS (imaging
mass spectrometry) revealed brain-region specific accumulations of monosialogangliosides, including
GM1, in the hippocampal and cortical amyloid plaques [141]. It was suggested that, after GM1 binding,
the originally unordered amyloid peptide adopts an «-helical structure prior to its assembly into
fibrils forming (3-sheet structures [52,89,96,142-144]. Once the GA3 complex is formed, more soluble
amyloid peptides join the aggregate and adopt a similar conformation. The original GAf3 complex
thus serves as a template for binding and conformation transition of A [34,47,145]. It was found
that especially ganglioside-enriched microdomains in the presynaptic neuronal membrane play a key
role in the initiation of A assembly [146]. Interactions between GM1 and Af3 involve hydrophobic
interactions with membrane-embedded ceramide portion, electrostatic interactions, and hydrogen
bonds with the hydrophilic sialic acid portion exposed on the outer membrane surface [142,147,148].
Ariga et al. demonstrated that, of several peptides tested, A342 has the strongest affinity for GM1,
whereas the less toxic Af340 binds to this ganglioside more weakly [59,149]. A recent in vivo model
showed accelerated A assembly in the brain of Drosophila expressing GM3 [150].

Ap specifically recognizes ganglioside clusters through a glycosphingolipid-binding domain
containing turn-inducing (Gly, Pro), basic (Arg, Lys, His), and aromatic residues (Phe, Tyr, Trp) [16].
NMR spectroscopy and MD simulations revealed two lysine residues (Lys16, Lys28) in A3 responsible
for GM1 binding. Simultaneously, binding of Af to lipid systems, not only gangliosides, is driven by
the hydrophobic residues Vall17-Ala21 [151]. For GM1 clusters recognition, the His13-GIn15 region
is crucial, while binding of Lys18 to sialic acid triggers the helix formation at the C-terminus of Af3.
Other polar and hydrophobic interactions are necessary for finalizing the aggregation process of Af3
on a GM1-containing bilayer [148,152,153]. It was shown by Yamamoto et al. that aging and apo-E4
expression cooperatively accelerate A aggregation in the brain through the increase and modulation
of GM1 distribution in neuronal membranes [139]. The model of liposomes containing 10% w/w
of cholesterol and 5% GM1 corroborated the importance of GM1 for Af—membrane interactions.
After binding GM1, A3 was able to produce perturbations in the lipid bilayer [154].

Among other gangliosides (GM1, GD1a, GD1b, and GT1b), GM1 seems to have the strongest seeding
capacity [145]. As gangliosides are localized to lipid rafts, it was suggested that the GM1 clustering
at presynaptic neuronal segments is a critical step for A3 deposition in AD [144]. Matsubara et al.
found that Ap-sensitive ganglioside nanoclusters occur in synaptosomal membranes [155]. Computer
simulations showed that A} perturbed palmitoyl-oleoyl-PC membrane structure, but inclusion of
cholesterol and GM1 protected membrane from AB-induced disruption by increasing membrane rigidity.
On the other hand, the carbohydrate headgroup of GM1 can act as an interaction partner for Af3, leading
to formation of toxic aggregates. Interestingly, binding of the amyloid peptide induced a 3-hairpin
structure at the C-terminus of the peptide that was not formed in the absence of the GM1 [152].

The dimerization of Af3 enhances the peptide hydrophobicity and enables A(42 oligomers to
bind to GM1 ganglioside much more strongly than monomers, as was observed in membrane extracts
of mouse hippocampus, as well as with in vitro binding assays [59]. On the other hand, fluorescence
titration and biolayer interferometry experiments showed high-affinity binding of monomeric, but not
oligomeric form of Ap40 and A{342 to GM1-containing nanodiscs [156]. On the mouse model of AD,
masking the sialic acid residue on GM1 with cholera toxin decreased Af oligomer-mediated LTP
inhibition [59]. In transgenic mice that lacked all major brain gangliosides, significantly reduced
amyloid deposition occurred and a decreased level of neurodegeneration and inflammation was
determined. A similar effect was observed when the surface of gangliosides was blocked by a sialic
acid-specific lectin [157].

Evangelisti et al. [10] found a quantitative relationship between the GM1 content in the cell
membrane and the ability of the membrane to bind oligomers that cause toxic effects. Results from
atomic force microscopy indicated that A42 oligomers do not interact with membranes composed
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of PC and SM. On the other hand, GML1 is required for the peptide interaction with the membrane.
This interaction, supported by cholesterol, leads to rapid membrane destruction [52,53]. Changes in
local lipid composition during aging and progression of AD may induce the formation of ganglioside
clusters that are recognized by A. Then, Af3 undergoes a conformational transition to the (3-sheet-rich
structure that serves as a seed for toxic amyloid fibril formation [144] (Figure 3).
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Figure 3. Aggregation of amyloid 3 on GM1-containing membrane. After processing of APP, Af3 (red)

membrane microdomain

is released into intercellular space. Certain membrane molecules, including ganglioside GM1, serve as
nucleation centers for A aggregation. (1) Binding to non-clustered GM1 induces «-helical conformation
in AB. (2) GM1 causes transition of «-helical to 3-sheet structure. (3) Clusters of GM1 localized to
membrane microdomains are responsible for concentration and aggregation of amyloid peptide into
higher-molecular forms. Both parallel and antiparallel 3-structures were observed in membrane bound
amyloid fibrils. (4) Aggregates of A serve as platforms for capturing and binding of monomers or
oligomers circulating in the intercellular space. On the other hand, some portion of amyloid peptides
may release from the aggregates (5). Adjusted according to [66,85,92,153,155].

It was shown that GM1 can modulate binding of A(342 oligomers to artificial membranes, as well
as AB-induced formation of membrane holes in a concentration-dependent manner [47]. Besides
enhancing A binding affinity, GM1 also causes a deeper penetration of this peptide into the lipid
bilayer. The ability of AB to bind to the membrane is closely related to the clustering of GM1 and its
specific location [158]. Af fibril formation on nanoclusters of GM1, but not of GM2, GD1, or GT1,
was strongly induced in the presence of 10 mol % ganglioside, especially at cholesterol contents
of 35-55 mol % [146]. In vitro studies on model membrane systems demonstrated that A340 does
not bind to isolated GM1 gangliosides but binds to GM1 clusters in membrane domains stabilized
by cholesterol [36].

Multimodal imaging mass spectrometry showed that GM1-Af3 interactions links GM1 to mature
amyloid aggregates associated with neurotoxic plaque formation [159]. Molecular dynamics simulations
demonstrated the adhesion of AB40 to a GM1 cluster followed by helix formation, which is the initial stage
of the pathological aggregation pathway [148]. Ikeda et al. [160] have demonstrated that the secondary
structure and the mode of aggregation are dependent on the Af3: GM1 ratio. They observed the transition
of AP conformation from a random coil to an o-helix-rich structure after GM1 binding (at the Af:
GM1 ratio of less than ~0.013). With increasing levels of A3, peptide oligomers (15-mers) formed [3-sheet
structures and did not aggregate into fibrils. At AB/GM1 ratios above ~0.044, the amyloid conformation
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was converted to a seed-prone 3-structure that recruits monomers from the aqueous phase to form
amyloid fibrils different from those formed in solution [160]. Density gradient ultracentrifugation used
for separating the free from the bound peptide enabled Ahyayauch et al. to confirm that gangliosides
facilitate the binding of A342 to the bilayer and modify the peptide conformation to increase the
[3-sheet content [161].

Okada et al. [162] have recently found that A fibrils bound to membranes are composed of mixed
parallel and antiparallel 3-sheets. The formation of the more toxic antiparallel 3-sheet aggregates is
supported by the A—-GM1 interaction. The peptide-lipid interaction results in the exposition of amyloid
hydrophobic residues that make the fibrils sticky and adherent to membranes, thereby exacerbating the
cytotocic effects of A3 [162]. Importantly, the more hydrophobic environment facilitates the hydrogen
bonding between A (40 molecules rather than between A and other neighboring molecules, leading
to the appearance of secondary structures and eventually amyloid fibrils [163]. On the other hand,
using AFM Matsubara et al. found that AB typically self-assembles into antiparallel 3-structures
but by interacting with gangliosides the peptide can also form protofibrils with parallel 3-sheets.
These authors concluded that, by promoting the formation of parallel 3-sheets, GM1 nanoclusters
accelerate the elongation of A fibrils [164]. Dai et al. [165] explored the role of GM1 present in vesicles
with cholesterol and SM by the single molecule fluorescence tracking technique. GM1 induced the
formation of AB42 fibrils even at low concentrations of the peptide. The amyloid peptides underwent
a conformational transition from random coil structures to [3-sheet-rich fibrils that were toxic to nerve
cells [166]. MD simulations and NMR experiments indicated that two hydrophobic helical regions
(residues 10-22 (B1) and residues 30-40 (32)) of AB40 bound to the interface of GM1 micelles. Then,
a 3-sheet containing hairpin structure was formed by getting the 31 and 32 regions closer to each other.
The B-hairpin structure can accelerate the formation of oligomers with the intermolecular (3-sheet
structure [166]. Interestingly, Fernandez-Pérez et al. [82] observed that in GM1-rich microdomains of
rat hippocampal neurons A clustering led to perforation of the lipid bilayer.

Small unilamellar vesicles (SUV), composed of monosialogangliosides, cholesterol, and phospholipids
were used as a model of lipid rafts in a study that mimicked intracellular environment by macromolecular
crowding realized by the addition of polyvinylpyrrolidone (a high-molecular weight neutral polymer).
The interaction between SUV and Af} peptide proceeded mostly without affecting the membrane
structure. On the other hand, in a crowding environment, the deformation of the SUV shape and A}
peptide aggregation occurred [167].

3.4. The Effect of Other Sphingolipids and Cholesterol

There is some evidence that SM increases with age at presynaptic plasma membranes of
mouse brain. SM is involved in the formation of unique membrane microdomains different from
cholesterol-based lipid rafts, but enriched in gangliosides [144]. Under pathological conditions,
the accumulation of both GM1 and SM in early endosomes leads to GM1 clustering responsible
for GAp formation, which results in GA-dependent amyloid fibril formation [35]. It was shown
that intracellular A342 aggregates form the nidus of eventual plaques, which are enlarged with the
contribution of secreted Af [40]. It was suggested that GM1 cluster accumulation, causing GAf
generation, can occur following the internalization of GM1 into the endosomes [168].

The role of cholesterol in Af oligomerization seems to lie in the cholesterol ability to support
the formation of GM1 clusters that preferentially interact with A{3 [36,103,145]. Cholesterol may
help AP insert into membrane microdomains and gangliosides stabilize the toxic peptide species,
such as protofibrils and oligomers, through hydrogen bonds, charged groups, and hydrophobic
interactions [52,53,169]. Cholesterol molecules fill the space between GM1 molecules, forming hydrogen
bonds with the ganglioside polar head. Specific conformation of ganglioside sugar moiety affected by
cholesterol molecule plays a role in A} recognition and binding [170].
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Cholesterol depletion significantly reduced A {3 accumulation on GM1 clusters in rat pheochromocytoma
PC12 cells [88], while NGF-induced differentiation of PC12 cells increased both gangliosides and
cholesterol and potentiated the accumulation and the cytotoxic effect of Ap42 [11].

3.5. Clustering of GM1

The significance of GM1 clustering was stressed by Amaro et al. [92]. These authors used artificial
lipid membranes and analyzed the effect of physiologically relevant concentrations of Af3 peptides and
gangliosides. Single-molecule fluorescence techniques revealed triggering of Ap40 oligomerization
by SM and inhibition of A40 aggregation by GM1 in the presence of nanomolar concentration of
Ap and 2—4 mol % of GM1. In contrast with the majority of other studies [96,97,118,120,145,171],
they did not observe liquid-ordered phase characteristic for lipid rafts. In Amaro’s model, only fluid
nanoscale GM1 clusters were monitored in the membrane, but these clusters did not induce Af
oligomerization. Moreover, the presence of GM1 prevented the oligomerization of A3 observed in
dioleoyl-PC/cholesterol/SM membranes [92]. As this study was carried out at low ionic strength,
electrostatic repulsion between negatively charged A3 and anionic GM1 inhibiting the AB-GM!1
interaction was much stronger than that at physiological ionic strength [153].

Cebecauer et al. proposed a model in which the local distribution of gangliosides, SM, and cholesterol
play a role. This model indicates that non-raft nanoscopic GM1 organization might regulate ganglioside
internalization via endocytosis. The local increase of GM1 concentration in endosomes may lead to
enhanced GAf} formation that is connected to disruption of endosomal/lysosomal compartment [172].
However, similar effects could be connected to synaptosomes and rafts of neuronal cells, where the GM1
is enriched as well [140,144,173].

In dependence on the surface charge density on membranes, the A3 peptides may attain different
conformational states that have fundamental impact on the aggregation process of amyloidogenic
proteins. Hence, the disease-related changes in ganglioside levels as well as its clustering may have a
dramatic effect on AB-induced neurotoxicity and amyloid plaques formation [126].

While the aggregation effect of GM1 on Af3 is well known, it is important to mention the impact
of Ap binding on GM1 mobility in membrane. Single particle tracking experiments in living cells
revealed that the membrane mobility of GM1 significantly decreased following the binding of A(342
aggregates to the plasma membrane. This finding indicates that amyloid aggregates may alter cellular
processes dependent on the mobility and clustering of membrane rafts [174].

3.6. Neuroprotective Effect of GM1 in Neurodegeneration

Despite its potential to play a significant role in neurotoxic effects of A3, ganglioside GM1 is
known to be strongly neuroprotective. Through interaction with membrane receptors, GM1 modifies
cell differentiation, enhances responses to neurotrophic factors, and reduces cell damage induced by
overstimulation of excitatory signaling pathways [135].

Neurotrophic and neuroprotective activities of GM1 have been well documented. Treatment with
ganglioside stopped the progression of degenerative processes in AD patients [173,175]. GM1 also
increased viability of PC12 cells exposed to AP that induced oxidative stress [176]. Yang et al. [177]
reported that injection of GM1 into the hippocampus of AD rats can improve learning and memory
deficits connected with Ap-promoted oxidative damage. The neuroprotective function of GM1 was
corroborated by a study where Na,K-ATPase activity was decreased in Ap42-treated rats. GM1 was
able to increase oxidant scavenging capacity of rat cerebral cortex and hippocampus tissue that led to a
marked enhancement of Na,K-ATPase activity [178].

The effect of GM1 appears to be mediated by modulating some signal transduction systems,
especially the tropomyosin-related kinase (Trk) receptors pathway [176]. Thus, GM1 can activate
similar pathways as neurotrophins, including a modulatory role for ion channels and cellular Ca?*
homeostasis [125]. A different mechanism of antiamyloidogenic effect of GM1 lies in its ability to
bind and sequester A3 peptides, thereby preventing the formation of aggregates. GM1 in the blood
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binds A what enables drawing Af out of the brain, because GAf in the blood is not capable of
crossing the blood-brain barrier and cannot be incorporated into plaques in the brain. Thus, peripheral
administration of GM1 may be effective in reducing amyloid aggregation in AD by altering the A3
blood/brain equilibrium [123,179]. In addition, administration of naked GM1 can decrease binding of
amyloid fragments to neuronal lipid rafts [156]. Moreover, gangliosides may inhibit amyloidogenic
processing of APP [180].

4. Conclusions

The Af peptide is known to be inherently unstable. Its spatial organization strongly depends on the
surroundings. In solution, Af exists in an unordered conformation without any or with low participation
of secondary structures, especially if it is in a monomer state. However, after oligomerization, Af3 adopts
a-helical or (3-sheet containing conformations, which reflects the formation of various hydrogen,
electrostatic, dipole, and hydrophobic interactions between different parts of the peptide. When Af3 is
incorporated into the hydrophobic lipid environment, different types of aggregates are formed than
in water solution. Certain proteins and lipids can induce conformational changes in A3, which then
aggregates and adopts different secondary, tertiary, and quaternary structures. As a result, oligomers of
different organization and spatial arrangement are built in or on the plasma membrane depending on
the local environment. Membrane microdomains corresponding to lipid rafts containing cholesterol,
sphingomyelin, and ganglioside GM1 seem to represent main organizational centers for the formation
of neurotoxic amyloid aggregates.

The high potential of Ap to adopt different spatial arrangements is reflected by diverse impacts
on target cells, where this peptide is attached. It is therefore very difficult to make general statements
about the actions of A3. Transmembrane pores composed of x-helical or 3-sheet secondary motives,
as well as various surface-bound supramolecular structures displaying different spatial organization
were observed in lipid bilayers. The intrinsic peptide instability makes the study of AB extremely
hard because the experimental conditions inevitably influence A3 conformation and aggregation.
Nevertheless, marked progress in experimental techniques during past years led to a significant
advance in understanding the pathophysiological processes induced by AB-membrane interactions.
Among the most important partners of A3, ganglioside GM1 has been identified as the critical lipid
molecule that drives the aggregation and deleterious effects of A3 on neuronal cells. Importantly,
cell membrane organization and lipid rafts can also play a role in these processes.

The plasma membrane directly affects the extent and mode of A3 aggregation. As membrane
phospholipids, cholesterol, and SM are widespread in the brain, they cannot be responsible for
specific AP binding in the regions known to be the most damaged during AD. However, they can
provide conditions for the facilitation of neurotoxic processes. It has been found that gangliosides
are concentrated in membrane microdomains of synaptic regions. In particular, GM1 clusters serve
as important platforms where Af is recognized, concentrated, and transformed into cell-damaging
aggregates. The participation of cholesterol and other membrane-associated molecules may induce
such spatial orientation of gangliosides which not only encourages the formation of membrane
microdomains and promotes membrane stability, but also leads to the creating of specific interaction
platforms for Ap. Af bound to GM1 clusters may then adopt a specific conformation associated with
neurotoxic effects observed in AD pathology.

For future research, it is of paramount importance to set up experimental conditions which would
correspond as closely as possible to normal physiological milieu. In particular, the representation,
concentration, and distribution of the key players, i.e., amyloid  and ganglioside GM1, their localization
in lipid rafts or diffusion scattering in the plasma or endosomal membrane deserve the closest possible
attention. In this context, brain organoids and neural stem cells derived from induced pluripotent stem
cells may represent promising experimental models corresponding to the brain tissue of healthy subjects
or AD patients. They are easily accessible to various experimental techniques and to manipulation of
the levels of key substances, including GM1, cholesterol, and other membrane lipids.
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