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ABSTRACT In this perspective we summarize current knowledge of the effect of monosialoganglioside GM, on the mem-
brane-mediated aggregation of the -amyloid (AgB) peptide. GM; has been suggested to be actively involved in the development
of Alzheimer’s disease due to its ability to seed the aggregation of AG. However, GM; is known to be neuroprotective against
Ag-induced toxicity. Here we suggest that the two scenarios are not mutually exclusive but rather complementary, and might
depend on the organization of GM; in membranes. Improving our understanding of the molecular details behind the role of

gangliosides in neurodegenerative amyloidoses might help in developing disease-modifying treatments.

Aberrant misfolding and aggregation of amyloidogenic
proteins is implicated in the onset and progression of devas-
tating diseases including the neurodegenerative Alzheimer’s
disease (AD). While the exact molecular factors responsible
for the incurable neurodegenerative amyloidoses are largely
unknown, AD pathogenesis seems to be linked to the oligo-
merization of the $-amyloid (AQ) peptide. Certainly many
factors will contribute to AD development; nonetheless,
the amyloid hypothesis continues to accumulate support
and validation (1).

Currently, oligomers of the Ag peptide are viewed as the
cytotoxic species mainly responsible for the initial biochem-
ical alterations that culminate in the development of AD (2).
The most common forms of AB found in the human body
are the A4 and AB4; peptides (3). The generation of AS
peptides in cells is the terminal stage of a rather complex
proteolytic processing of the amyloid precursor protein
(APP) by (- and +y-secretases (4). It is now generally
accepted that this process takes place in intracellular mem-
brane compartments (endosomes) after which A is released
to the extracellular medium (5,6). Oligomerization of A
occurs spontaneously at high (micromolar) concentrations
(7,8). However, the oligomerization of nanomolar concen-
trations of A in the brain is very likely to be mediated by
membranes (9,10).

Over the last few decades, efforts have been made to iden-
tify specific neuronal receptors for the A@ peptide. In this
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pursuit, gangliosides have been found to be primary targets
and modulators of AS aggregation (11,12). Gangliosides are
sialic acid-containing glycosphingolipids present in mem-
branes of all vertebrate cells, being particularly abundant
in the nervous system. The monosialoganglioside GM,
(Fig. 1) is one of the most abundant gangliosides in the brain
(in general) (13) which, combined with the availability of
analytical tools (e.g., antibodies), leads to the majority of
studies being performed on AB/GM; interactions.

Despite numerous investigations, the role of GM; in the
pathology of AD remains controversial. On the one hand,
it has been suggested that GM, can seed the aggregation
of A and, in this way, be actively involved in the develop-
ment of AD (12,14,15). On the other hand, reports have
evidenced that GM; can have neuroprotective and neurore-
generative effects (16-20). In this perspective, we summa-
rize current knowledge of the effect of GM; on the
aggregation of A( and suggest that the two scenarios
mentioned above are not mutually exclusive, but rather
complementary. This view is supported by a multifaceted
function and distribution of GM; in cells and its complex
structural organization in model membranes is described
in the following section.

GM, Organization on Model and Cellular
Membranes

In model membranes, the percolation threshold of GM;
has been calculated to be ~22 mol % (21), meaning that
at this concentration, and above, GM, forms an intercon-
nected network. Thus, when at high densities, GM, gener-
ates a platform whose surface is fully covered by the
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FIGURE 1 Chemical structure of the monosialoganglioside GM;. To see

this figure in color, go online.

glycoheadgroups of the ganglioside. Below the percolation
threshold, GM,; exists in the form of clusters whose size
and properties depend on the lipid composition of the mem-
brane and the concentration of GM; (22-25). In membranes
with so-called raft composition (sphingomyelin/cholesterol/
DOPC 1:1:1), micrometer size clusters (0.40-1.50 um) have
been observed in the liquid-ordered phase with as low as
1 mol % of GM; (22). On the other hand, nanometer clusters
(7-50 nm in diameter, depending on sphingomyelin and
cholesterol content) have been detected in fluid, liquid-
disordered membranes with physiological levels of GM;
(~0.1-5 mol %) (23-25). These nanoclusters are highly fluid
and do not exhibit raftlike properties (24,25). Such clusters
probably encompass well-accessible and highly mobile
GM; molecules, which contrasts with the platforms of clus-
tered GM; in liquid-ordered phases. Importantly, the associ-
ation of GM; with its ligands (e.g., cholera toxin subunit B;
CTxB) can modulate the structure and organization of the
ganglioside in membranes (24,26).

In cells, GM; regulates a plethora of events (27-29).
All of its structural elements (acyl chains, ceramides, and
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sugar moieties; Fig. 1) are essential for this purpose (30).
To analyze the distribution and organization of GM; in
cellular membranes, the most used methods are specific an-
tibodies and ligands of endogenous GM;. In the plasma
membrane of cultured fibroblasts, GM; has been found to
exist in small domains (~50 nm; Fig. 2) (31,32), the label-
ing density of which does not exceed 2000 events/um”
(31). This indicates that, in these cells, either GM; forms
low-density clusters or the detection of GM; was incom-
plete (33). Similar GM; domains were found in cultured
lymphoid cells (34). These GM; domains are reminiscent
of the fluid, low-density nanoclusters observed in model
membranes containing low (physiological) concentration
of GM; (25).

Using a similar approach, Parton (35) found GM, accu-
mulated in plasma membrane caveolae and endosomes of
the human epidermoid carcinoma cell line A431. In these
structures, dense labeling has been observed indicating a
high local concentration of ganglioside (35,36), and indi-
cating that ligands are capable of detecting areas dense in
GM, molecules. Both caveolae and endosomes have been
reported to have raftlike membrane properties (37) suggest-
ing that, in these structures, GM; might be organized in
rigid, high-density platforms (Fig. 2). On the other hand,
caveolae and endosomes/lysosomes are different endocytic
pathways for GM; in cells expressing high or low concentra-
tions of the ganglioside, respectively (38). In addition, lipid
headgroup packing in the caveolae-dependent pathway is
less constrained compared to endosomes and lysosomes
(39). This could indicate that distinct nanoscopic GM; orga-
nization might regulate its internalization via different endo-
cytic pathways.

Effect of High-density GM, Platforms in Ag
Oligomerization

The influence of highly dense GM; membrane clusters in
the oligomerization of the A@ peptide has been studied for
over 20 years now. Ex vivo and in vitro studies have revealed
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FIGURE 2 Schematic illustration of GM; organization on the plasma
membrane of mammalian cells. Accumulation of the ganglioside in loose
clusters is indicated by the dotted ellipse. Putative formation of densely
packed GM; platform is visualized at the edge of a caveolae/endocytic
cavity. To see this figure in color, go online.
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binding of AB to GM; in so-called raftlike membrane envi-
ronments (12,14,15). Membranes with characteristics of
ordered phases (or lipid rafts) were at the center of these
studies (40—44). In model systems of large and small unila-
mellar vesicles it has been shown that A3 (AS49) adsorbs to
ganglioside-rich (>20 mol %) membranes with a conforma-
tional transition resulting in (-sheet structure (45). The
formation of oligomers is responsible for the transition to
B-sheets and depends on peptide density on the ganglio-
side-rich membranes, occurring only at AS to GM, ratios
of 1:22 or higher (40,42). Furthermore, fibrillation studies
(using lipid vesicles composed of ganglioside/cholesterol/
sphingomyelin 2:4:4), demonstrated that the rate of fibril
formation was proportional to the solution concentration
of AQ. In this work, GM, exhibited the strongest fibril seed-
ing potential compared to gangliosides with a different
glycan structure (e.g., GDla or GTla). Based on the
above findings, a model emerged, suggesting that A@ first
adsorbs to GM; platforms (high GM; density clusters) in
raftlike membranes. This locally concentrates AB and pro-
motes the formation of oligomers. Such membrane-bound,
(-sheet-containing, AB oligomers can act as a seed for the
further aggregation of AB available in solution and lead to
fibril formation (40,42-44).

In the brain, high solution concentrations of A are not
achieved, and rapid fibrillation is unlikely to occur. How-
ever, under certain circumstances, the relatively low levels
of A@ present in the brain could be locally concentrated in
endosomes (46) and transformed into toxic oligomeric spe-
cies via the catalytic effect of the localized high-density
platforms of GM;. Such events could also take place in pre-
synaptic neuritic termini as suggested by the observation of
Ag fibril formation in synaptosomes containing high-den-
sity clusters of GM, (44,47). Notably, the fibrillation was
inhibited by pretreatment with GM; ligand (CTxB), demon-
strating that GM; is involved in this process (44).

Effect of Low-density GM; Nanoclusters in Ag
Oligomerization

In contrast to high-density GM; platforms in ordered
membranes, the relation between A@ and gangliosides in
low-density nanoclusters has been investigated in model
membranes only very recently (25). The study used several
model membranes (giant unilamellar vesicles) in the liquid-
disordered phase with physiological amounts of GM;
(2—4 mol %) that self-organized into low-density nanoclus-
ters (24,25). The fluid and dynamic GM; nanoclusters failed
to catalyze the oligomerization of nanomolar (physiolog-
ical) solutions of A8 (AB4). The peptide to GM; ratio
used in this oligomerization study (25) was estimated to
be, at maximum, = 1:80. Thus, the results are seemingly
in accordance with the studies on high-density platforms
of GM,; where oligomer formation was detected only at
AB/GM| ratios above 1:22.
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The most interesting finding in the study, however, was
the inhibitory effect of GM; on the oligomerization of the
amyloid peptide and the molecular insight into specific in-
teractions of A with membranes (25). The work showed
that sphingomyelin, but not phosphatidylcholine with long
and saturated acyl chains (DSPC), is able to trigger the
membrane-mediated oligomerization of A@ (at nanomolar
concentration in solution). This indicates that the catalytic
effect is specific and does not require an ordered phase
membrane. Intriguingly, when GM; was present in the
membranes containing sphingomyelin, the oligomerization
process was prevented. Under the tested conditions, the
ganglioside counteracted the effect of sphingomyelin, thus
inhibiting the oligomerization of AB. Molecular dynamics
simulations demonstrated binding between the peptide and
GM;, which involved the (-sheet-forming residues (25).
Such data are in agreement with previous in silico studies
(48,49) and experimental results (14,50-52). Thus, it was
proposed that the inhibitory effect of GM; resides in its
capacity to bind and sequester the AS peptide.

To the best of our knowledge, the study (25) presents the
first molecular evidence for GM, acting as an inhibitor of
the oligomerization of A@, supporting GM; as potentially
beneficial. The findings provide rationalization for the neu-
roprotective effect of GM; against A toxicity and AD pro-
gression observed in vivo (17-20,52). Interestingly, recently
it has been shown in vivo that GM, has the power to disrupt
AQB dimers (52).

Two Sides of the Same Coin: Multifaceted GM, in
the Brain

It is known that surfaces in general (9,53-57) and lipid
membranes in particular (58) can modulate the aggregation
of proteins. Adsorption of proteins onto the surface of
lipid membranes can result in a form of heterogeneous
catalysis of aggregation (as a general term). The phenome-
non can cause a local increase in protein concentration on
the confined two-dimensional surface, induce crowding
(40,43), and/or induce a misfolded state of the protein
(43,54). All these factors (alone or in tandem) increase the
probability of surface-mediated oligomerization that can
nucleate the formation of amyloid fibrils.

In the particular case of AB, the formation of toxic olig-
omers can be differently influenced by different local
GM; organization (Fig. 3), although the key event is the af-
finity of AQ toward the ganglioside. The static high-density
GM; platforms can act as a surface that catalyzes oligomer-
ization due to the enhanced adsorption of AG. On the con-
trary, loose and dynamic low-density GM; nanoclusters
can inhibit the formation of oligomers by sequestering the
peptide at the surface of lipid membranes via a specific mo-
lecular interaction between A and the ganglioside. Seem-
ingly, A@ binding to GM, is more favorable than AQ
binding with itself. This is supported by the observation
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FIGURE 3 Formation of toxic A@ oligomers can be differently influenced by different local GM, organization. Proposed model: (a) and (b) depict the
inhibitory effect of low concentrations of GM,, organized in low-density and dynamic nanoclusters, on the membrane-mediated oligomerization of A8
(membrane-bound peptide is symbolized by the yellow arrows). (a) Membrane-mediated oligomerization of low nanomolar solution concentrations of
A (Apltotal lipid ratios of 1:4000, at maximum) is triggered by the presence of sphingomyelin (green lipids; print version: light gray) (25). (b) Binding
of AQ to the headgroup of GM;, (red ellipses) sequesters the peptide and prevents it from oligomerizing (25). (¢) High concentrations of GM;, organized
in high-density platforms of slow dynamics, create a surface that facilitates the adsorption and local concentration of AB. At high Ag densities, oligomer-
ization of the peptide is promoted (42,43), which is a generic effect also observed for other surfaces (54,55). Thus, in the low GM; concentration regime (also
low local AB concentration) the ganglioside acts as an inhibitor of membrane-mediated oligomerization. In the high GM, concentration regime—where the
membrane is covered by GM; (21)—the ganglioside can become a catalyst of oligomerization, depending on the amount of A@ on the surface of the GM,

platform. To see this figure in color, go online.

that GM ;| might even disrupt preformed dimers (52). Thus,
well-accessible and dynamic GM; molecules act as an in-
hibitor of membrane-mediated AB oligomerization, at least
at low (nanomolar) local concentrations of the peptide.

In cells, GM, was detected in small low-density clusters
in the flat areas of the plasma membrane (31,59). These
may represent the loose and dynamic nanoclusters in which
GM,; interacts with A@ to prevent its oligomerization.
Plasma membrane invaginations and intracellular vesicles
exhibit important heterogeneity in local GM; concentra-
tion, as observed by indirect labeling (CTxB or antibodies)
(35,36). Among those are densely labeled invagina-
tions and vesicles (see Figs. 1, 3, 4, 5, and 6 in (35) or
Fig. 4 in (36)) that could contain the static, high-density
GM; platforms, which have the potential to promote A
aggregation.

Conclusion

In the previous sections we summarized current knowledge
on the effect of different GM, organization on Af oligomer-
ization and, probably, development of AD. The data ob-
tained using model membranes, cultured cells, and in vivo

studies indicate that GM; can have, at least, two alternative
effects on the oligomerization of the amyloid peptide: cata-
lytic and inhibitory. The prevalent function is probably regu-
lated by the local organization of the ganglioside in the
plasma membrane, or intracellular membrane compart-
ments, and its expression in neuronal cells.

Several studies suggest that changes in the metabolism of
gangliosides are associated with aging and AD (60-63),
with GM, and GD,, seemingly being the most affected spe-
cies (62,63). In addition, A@ peptides were shown to modu-
late the function of enzymes involved in lipid biosynthesis
and degradation (64). Such changes can influence GM;
levels and organization, and affect the capacity of cells to
prevent the oligomerization of A@. The finding that GM;
has an inhibitory effect on the formation of AS oligomers
and the fact that GM, concentration was shown to decrease
in aged brains and AD patients suggests that decreasing
GM;, levels (or its relocalization) could lead to reduced pro-
tection against the formation of toxic Ag oligomers and thus
contribute to the onset of AD.

Gangliosides also interact with several membrane pro-
teins (e.g., integrins (28)) and are recognized by a variety
of ligands, including surface molecules of pathogens (e.g.,
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SV40 virus envelope or cholera toxin). Such events
frequently lead to the internalization of gangliosides (38),
which could induce the accumulation of GM; in endosomes
and the formation of GM; platforms to promote Af
oligomerization (46). To date, these processes were exten-
sively characterized using biochemical and basic imaging
approaches.

For a better understanding of the dual role of GM;, high-
resolution imaging and dynamic analysis focused on GM;
and A in neuronal cells will be required. An updated
description of the distribution of GM; in neuronal cells
using state-of-the-art technology is necessary to understand
better the connection between the ganglioside(s) and disease
progression. In addition, model membranes and molecular
dynamics simulations will remain valuable tools to dissect
the role of GM;, and other lipids, in AB oligomerization
under controlled conditions.

Even though multiple factors are likely to participate
in AD, the involvement of gangliosides has been docu-
mented since the early 1980s. The efforts to understand
the molecular details behind the role of gangliosides
in neurodegenerative amyloidoses are a crucial task on
the road to developing disease-modifying treatments. For
example, currently the GM;-A@ affinity is being positively
explored to create a GM;-based therapy to clear A from
brain (65,66).
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