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Abstract: B-Amyloid (ApB) oligomers are neurotoxic and
implicated in Alzheimer’s disease. Neuronal plasma mem-
branes may mediate formation of Ap oligomers in vivo.
Membrane components sphingomyelin and GM; have been
shown to promote aggregation of Af; however, these studies
were performed under extreme, non-physiological conditions.
We demonstrate that physiological levels of GM,, organized in
nanodomains do not seed oligomerization of AB, monomers.
We show that sphingomyelin triggers oligomerization of AB
and that GM, is counteractive thus preventing oligomerization.
We propose a molecular explanation that is supported by all-
atom molecular dynamics simulations. The preventive role of
GM, in the oligomerization of Af,y suggests that decreasing
levels of GM, in the brain, for example, due to aging, could
reduce protection against Af oligomerization and contribute to
the onset of Alzheimer’s disease.

Oligomers of the B-amyloid (Af) peptide are thought to
spark neuronal dysfunction, cell death, and Alzheimer’s
disease (AD).[!! Oligomerization of AP occurs spontaneously
at high concentration in solution.”! However, it is likely that
plasma membranes mediate the oligomerization of nano-
molar (nM) concentrations of Af in the brain.
Sphingomyelin (Sph) was shown to promote membrane-
mediated aggregation of micromolar concentrations of Af.
The in vitro studies used rigid bilayers of Sph and Sph/
cholesterol (Chol) (gel and liquid ordered phases)® as well as
phase-separated ternary mixtures.*!) Aggregation of AP was
also shown to occur preferentially in microscopic liquid
ordered phases.!! Therefore, it is not clear whether Sph has

[¥] Dr. M. Amaro, Dr. R. Sachl, G. Aydogan, Prof. M. Hof
J. Heyrovsky Inst. Physical Chemistry of the A.S.C.R. v.v.i.

Prague (Czech Republic)
E-mail: amaro@jh-inst.cas.cz
hof@jh-inst.cas.cz
Dr. I. I. Mikhalyov
Shemyakin-Ovchinnikov Inst. Bioorganic Chemistry of the R.A.S.
Moscow, GSP-7 (Russian Fed)
Dr. R. Vécha
Faculty of Science and CEITEC, Masaryk University
Brno (Czech Republic)

@ Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under http://dx.doi.org/10.
1002/anie.201603178.

@ © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co.
KGaA. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

Angew. Chem. Int. Ed. 2016, 55, 9411-9415

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a specific effect or if aggregation is promoted by the physical
state of the membrane. Another component of neuronal
membranes proposed to enhance aggregation of Af is the
monosialoganglioside GM,. It was suggested that GM,
clusters seed formation of amyloid fibrils and are involved
in development of AD.”! However, the in vitro studies used
concentrations of GM,; above 20 mol %, while total ganglio-
side expression in neuronal cells is below 10 mol % of total
membrane lipids.! Reported levels of GM;, the most
abundant ganglioside in neurons and white matter, are 2—
4 mol % . Tmportantly, ganglioside concentration in the brain
decreases with AD development, and GM, is known to have
neuroprotective and neurorestorative effects.®! Recent
reports state that GM, can reduce toxicity induced by Af
peptides in vivo.[5**]

The membranes of high rigidity used in all cited in vitro
studies are commonly justified as models for cellular mem-
brane “rafts”. However, the level of order of such in vitro
systems is yet to be found in living cells. It is nowadays more
widely accepted that cellular “rafts” must not be viewed as
rigid, highly ordered domains but as dynamic nanoscopic
entities."”

In this work, we address how Sph and GM, influence in-
membrane oligomerization of Ay, at the molecular level.
Employing well-controlled model systems, we emulate more
physiological conditions by using: a) nM concentrations of
fluorescently labeled Af,, monomers (similar to conditions in
the brain); b) GM, levels at maximum of 4 mol % (levels of
GM, in neurons);"! ¢) membranes of increasing complexity
that contain transient nanoheterogeneities rather than large-
scale segregation.!'”! Single-molecule fluorescence techniques
reveal the triggering of oligomerization of Af34, by Sph and its
inhibition by GM,. We propose a model for the underlying
mechanisms of triggering and inhibition of oligomerization
with insights obtained from molecular dynamics simulations.

The AP solutions used were 12 nM monomeric dispersions
[of AB,-HiLyteFluor488 (g-Af) and/or AR,-HiLyteFluor647
(r-ApP)] as concluded from analytical ultracentrifugation and
supported by three-dimensional diffusion coefficients of AB
in solution (see the Supporting Information (SI)). Oligome-
rization of AP was detected by monitoring changes in its
lateral diffusion coefficient (D,p) using Z-scan fluorescence
correlation spectroscopy (Z-FCS), and by cross-correlation
FCS (FCCS). Z-FCS provides precise and absolute diffusion
coefficients, and overcomes positioning and calibration prob-
lems associated with FCS measurements in planar systems. Z-
FCS also resolves simultaneous two- and three-dimensional
diffusion."! FCS data for AP were fitted to a model contain-
ing both two- and three-dimensional diffusion to account for
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the fraction of peptides that remained in solution, unbound to
the lipid membrane (SI Note 1). FCCS experiments, achieved
by mixing (1:1) g- and r-Af} monomer solutions, have the
ability to detect codiffusion of differently labeled peptides,
that is, an oligomer. For proof that monomeric Af3 at nm
concentrations binds to neutral lipid bilayers, two-color Z-
FCS experiments were performed on giant unilamellar
vesicles (GUVs) of DOPC (1,2-dioleoyl-sn-glycero-3-phos-
phocholine), POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine), OSPC (1-oleoyl-2-stearoyl-sn-glycero-3-phos-
phocholine), and DOPC/Chol mixtures. The g-Af} was
found to bind and diffuse freely in the plane of all membranes.
Moreover, its lateral diffusion was sensitive to membrane
viscosity, which was simultaneously gauged via the fluorescent
lipid tracer DiD (Figure S3). The lateral diffusion of Af did
not vary, meaning that no oligomerization of the peptide
occurs on simple model bilayers (Figure S3). The results also
demonstrate that the labels do not induce oligomerization of
AP by themselves, in agreement with literature.”

Striving to emulate physiological conditions, we used lipid
bilayers composed of relevant lipids of the neuronal plasma
membrane (DOPC, Chol, Sph, and GM,). Special care was
taken to avoid the liquid ordered (Lo)/liquid disordered (Ld)
phase separation since the Lo phase of model membranes
does not seem physiologically relevant.'”! The ternary lipid
bilayers [DOPC, 25 mol % Chol and (5, 8, 10) mol % of Sph]
are below the phase separation point according to the phase
diagram (SI Note 2). Nonetheless, we applied a fluorescence
lifetime Forster resonance energy transfer (FLIM-FRET)
approach that allows determination of lipid domain sizes at
the nanometer scalel'” in order to assess the existence of
phase separation below the optical resolution limit. In this
method, the donor fluorescence decay is obtained from FLIM
data and analyzed using Monte Carlo simulations (SI
Note 3)."") Measurements of donor-acceptor pair FL- and
564/570- bodipy-head-labeled GM; molecules (g- and r-GM,)
were performed and analyzed as reported previously (SI
Note 3)."”) The g-/~GM, do not cluster on their own
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Table 1: Results from Monte Carlo simulations of FLIM-FRET data using
the donor—acceptor pair FL and 564/570-bodipy-head-labeled GM;. Lipid
components indicated as mol %. All compositions contained 2%
biotinylated lipid for immobilization of GUVs. The term “domain” is
used in reference to simulation terminology.

DOPC Sph Chol  GM, Extra Domain Domain
[%] [%] [%] label GM, [%] radius [nm] area [%)]
[%] unlabeled
100 0 0 1 0 homogeneous
75 0 25 1 0 homogeneous
95, 92 58 0 1 0 homogeneous
90 10 0 1 0 LR 374109
1234 5551
70, 67,65 5,8,10 25 1 0 9+£1 45+5
100 0 0 1 1,2, 4 6£1 40+10
75 0 25 1 1,2, 4 641 40+10
70, 67,65 5,8,10 25 1 1,2,4 26%£2 30+5

[a] Two global minima obtained.

Moreover, Z-FCS measurements show that diffusion of DiD
senses the increase of Sph content and mobility of both DiD
and g-GM, is significantly higher than mobility in the Lo
phase™! (Figure 1a). In conclusion, even though the DOPC/
Chol/Sph bilayers contain nanoheterogeneities, the g-GM,
and DiD FLIM-FRET and FCS results show no evidence of
a nanoscopic Lo phase.

Ap oligomerized spontaneously on DOPC/Chol/Sph
GUVs. A time-dependent change in the diffusion of bound
AP is found only in, and for all, Sph-containing bilayers
(Figure 1). The variation of diffusion with time (Figure 1b)
resembles a typical profile of aggregation phenomena.!'”
FCCS experiments were performed to corroborate oligome-
rization as the cause of the observed decrease of Af’s
diffusion coefficient with time. After addition of the mono-
meric g-/r-Af mixture to DOPC/Chol/Sph membranes, the
cross-correlation function (Gx) amplitude increased with
time (Figure 2). Such data imply formation of hybrid oligo-

(Table 1).
FLIM-FRET data ;
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g-GM, and DiD reported
no segregation of the “Ld-
marker” DiD from the
nanoheterogeneities (Fig-
ure S6a). This indicates
there is no significant Lo/
Ld phase separation driv-
ing apart DiD and g-GM,
(which  have different
affinities to Lo phase).
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Figure 1. a) Lateral diffusion coefficients, D,,, of membrane-bound A (g-AB) and lipid tracers (DiD and g-GM;)
in DOPC/Chol/Sph GUVs containing 0 or 4% added GM,; A 2D component model describes well the diffusion
of AP and lipid tracers. D, of AP decreases with time (green arrow symbols; see next panel) in DOPC/Chol/
Sph bilayers, indicating oligomerization of AP. In the quaternary compositions [(DOPC/Chol/Sph) +4 %GM;)]
no changes of AP diffusion are observed. b) Time evolution of D,, of membrane-bound AB (¢“; 0 h, addition of
AP monomers). DOPC/Chol/Sph compositions: circles (70:25.5); triangles (67:25:8); squares (65:25:10). Each
point is the weighted average of D, results obtained from at least five independent two-color Z-FCS
measurements (each composed of 15-20 scans). Error bars are the standard deviation within the sample of D,p
results obtained for each composition. Where D,, of AR varies with time, error bars for AP values are the
standard deviation obtained from the fitting procedure of 15 scans obtained via Z-FCS.
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Figure 2. a) Illustration of cross-correlation experiments using a 1:1 mixture of r- and g-Af} monomers. Top: Membrane-bound r- and g-Ap
monomers diffuse independently; thus red and green signal fluctuations are not correlated, resulting in null cross-correlation function (Gx), that
is, Gx=1. Bottom: Formation of AP} oligomers implies co-diffusion of peptides. If oligomers are formed of both r- and g-Af, red and green signal
fluctuations become correlated, resulting in positive cross-correlation, that is, Gx> 1. b) Summary of results. Top: DOPC/Chol/Sph membranes
show positive cross-correlation. Bottom left: DOPC/Sph bilayers show positive cross-correlation, example DOPC/Sph (95:5). Bottom middle:
DOPC/DSPC membranes show no cross-correlation, example DOPC/DSPC (95:5). Bottom right: DOPC/Chol/Sph+ GM; bilayers show no cross-

correlation, example [DOPC/Chol/Sph (70:25:5) +4%GM,].

mers of g-/r-Af and show that the probability of finding
oligomers increases with time. The cross-correlation functions
are not all parallel to each other (Figure2b), suggesting
a heterogeneous population of oligomers. Likewise, FCCS
experiments were performed on GUVs composed of DOPC
and Sph (5, 8, 10 mol%) also below the phase-separation
point (SI Note 2). In the binary systems, FLIM-FRET did not
resolve heterogeneities below 10 mol% of Sph (Table 1).
Cross-correlation results show that A} spontaneously oligo-
merizes in DOPC/Sph bilayers as opposed to pure DOPC,
and DOPC/Chol membranes (Figure 2, Figures S3 and S4).
As a parallel to the DOPC/Sph binary system, we used
bilayers of DOPC/DSPC (1,2-distearoyl-sn-glycero-3-phos-
phocholine) under the phase-separation point (SI Note 2).
DSPC is a glycerol lipid analogue of Sph (i.e. has the same
headgroup but the similar fatty acid chains are bridged by
a glycerol moiety). Cross-correlation experiments with
DSPC-containing bilayers revealed no oligomerization of
Ap (Figure 2).

Our findings show a specific role of Sph in the regulation
of AB’s oligomerization. Devanathan et al.* had suggested
that aggregation of membrane-bound Ap may be promoted
by Sph in gel phase, gel/Lo, or Lo/Ld phase separated
supported lipid bilayers (using um concentrations of Af, likely
in oligomeric states). Here, for the first time, Sph is shown to
induce oligomerization of membrane bound A monomers
(at physiological relevant amounts) in Ld phase membranes
containing transient nanoheterogeneities. The model systems
preclude putative impact of Lo phase and support a direct
impact of Sph on oligomerization.

It was suggested that clusters of GM, are a membrane
binding site for AP and that the binding of AP to GM, could
seed formation of amyloid fibrils.”) Kakio and co-workers
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observed increased seeding and fast formation of Af fibrils on
model membranes containing GM,.'”) The used bilayers
contained over 20 mol % of GM,, meaning the bilayer surface
was covered by the sugar headgroups of the ganglioside.
Nevertheless, at physiological GM, concentrations
(<4 mol%) a bilayer is one fluid phase with “island-like”
structures enriched in GM,."! We have shown previously!
that GM,; (1-4 mol%) forms clusters of 5-7 nm radius in
DOPC and DOPC/Chol (70:30) free-standing bilayers. Such
GM,; clusters contain high amounts of DOPC and Chol, and
do not exhibit Lo phase characteristics. Thus, use of physio-
logical levels of GM; in in vitro studies is important as high
levels of GM; may mask the membrane surface.

Progressing in bilayer composition, an additional 4 mol %
of GM, was added to the DOPC/Chol/Sph systems described
previously. The addition of GM, led to an increase in radius of
the heterogeneities present in the bilayer from 9 to 26 nm
(Table 1, Figure S5b). FLIM-FRET experiments with g-GM,
and DiD reported no segregation of DiD from the GM;-
containing heterogeneities (Figure S6b). The addition of GM,
slowed diffusion of g-GM,; and DiD (Figure 1), consistent
with an increase in order of the nanoheterogeneities, which is
related to the decrease in their calculated area from 45% to
30% (Table 1). As in DOPC/Chol/Sph bilayers, the g-GM,
and DiD FLIM-FRET and FCS results show no evidence of
nanoscopic Lo phase.

After incubation of Af with the quaternary lipid mem-
branes notably there wasno evidence of oligomerization. In
the DOPC/Chol/Sph membranes containing extra 4 mol % of
GM,, the diffusion coefficient of Af is stable over the course
of the experiments (9 h) (Figure 1). Moreover, FCCS results
confirm no oligomerization of Af} in ganglioside-containing
bilayers (Figure 2). The behavior of A} was also monitored in
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GUVs of DOPC and DOPC/Chol (75:25) containing 2 and
4 mol % of GM, in the form of small clusters (radius ~ 6 nm,
Table 1).1"”! Such fluid nanoscale GM, clusters have no effect
on the lateral diffusion of Af and no oligomerization occurs
(Figure S4). Contrary to reports in which high concentrations
of GM, are used,> ! low and closer to physiological amounts
of the ganglioside do not seed oligomerization of Af.
Moreover, the presence of GM,; de facto prevents the
spontaneous oligomerization of AP observed in DOPC/
Chol/Sph membranes.

In order to understand the underlying mechanism of the
triggering of oligomerization of AP} by Sph at the molecular
level, we performed all-atom molecular dynamics simulations
of the peptide in lipid bilayers of DOPC and DOPC/Sph
(90:10) (see Figures S7-S19). Figure S8 depicts the final
configurations of AP after 1.5pus in eight independent
simulations. The C-terminal of Af seems to have a higher
tendency to form a f-sheet in the presence of Sph (Fig-
ure S14). The f-sheet conformations of AP (from the
membrane with Sph) fully or partially unfolded within 1 us
when placed in a pure DOPC membrane (Figure S15). Such
instability of the f-sheet conformation indicates the role of
Sph in inducing the conformational change.

Our simulations of AP in DOPC bilayers containing GM,
demonstrate a strong interaction between Af and the
ganglioside, in agreement with previous studies!'”! (Fig-
ure S20). AP bound specifically to the sugar moiety of GM;
with the hydrogen-bonded histidine residue playing an
important role.'’”” The strong binding of AP to GM, and
the involvement of the f-sheet residues in the binding might
explain why Af is unable to oligomerize in DOPC/GM, (and
DOPC/Chol/GM,) membranes. The sequestering of the
peptide by GM, would also explain why addition of low
concentrations of GM,; to DOPC/Chol/Sph membranes
effectively inhibits the oligomerization of Af. In contrast,
high surface densities of GM,; (> 20 mol % ) can accelerate the
rate of aggregation.”] At such ganglioside concentrations the
bilayer is covered by the sugar heads of GM,;'! thus the
strong interaction between A and ganglioside can lead to
high surface concentrations of peptide and accelerate aggre-
gation simply due to general surface effects./"*!

In summary, we demonstrate that Sph is a specific trigger
of oligomerization of Af,, and that the effect is counteracted
by physiological concentrations of GM,. The peptide oligo-
merizes in DOPC/Chol/Sph and DOPC/Sph bilayers, but not
in DOPC, DOPC/Chol, or DOPC/DSPC bilayers (Figure 3 a).
The presence of Sph creates significant changes in the
bilayers’ properties, as shown by our experiments and
simulations (Figures S16-S19). Interestingly, DOPC/Chol/
Sph ternary mixtures exhibit transient nanoheterogeneities
despite being in the Ld phase. Simulations show that Af
seemingly adopts a conformation with a higher amount of [3-
sheet structure in the DOPC/Sph bilayer compared to pure
DOPC membrane. Knowing [3-sheet structures are important
in supramolecular assembly, a conformational change of Af}
caused by Sph can explain the dramatic differences in
oligomerization: virtually zero in DOPC, DOPC/Chol, or
DOPC/DSPC bilayers, and occurring within few hours in
membranes containing Sph (Figure 3a,b).

www.angewandte.org
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Figure 3. Proposed model. a) Af} does not oligomerize when bound to
DOPC and DOPC/Chol bilayers. The C-terminus of Af has no
secondary structure (dark blue representation). b) Oligomerization of
AP occurs in the presence of Sph, for both DOPC/Sph and DOPC/
Chol/Sph membranes. The C-terminus of monomeric Af acquires f3-
sheet structure (yellow representation) in bilayers containing Sph.

c) Binding of A to the headgroup of GM, (red ellipses) sequesters the
peptide and prevents it from forming oligomers. d) High density of
both GM, and A facilitates aggregation of the peptide and fibril
formation (from literature),”! which can be explained by generic surface
effects.!”®

The binding of AP to GM, can accelerate or decelerate
oligomerization depending on ganglioside concentration.['®!
Full coverage of the membrane by negatively charged GM;
sugar heads!" and reduction of dimensionality, from 3D to
2D, can increase the rate of aggregation due to general surface
effects!"™ ! (Figure 3d). However, at low GM, levels—like the
physiological amounts used (2-4 % )—the binding of Af to
GM, does not cause aggregation of the peptide. In fact, the
presence of GM, inhibits Af’s oligomerization (Figure 3c¢).
The sequestering of AP by the ganglioside seems to be the
cause for the arrest of spontaneous oligomerization, which is
otherwise observed in Sph-containing membranes.

Our observations are the first molecular evidence for GM,
as an inhibitor of the oligomerization of Af,, and thus bring
forward brand-new insight into molecular mechanism(s)
possibly involved in AD. Our findings suggest that decreasing
GM, levels (reported to occur with age)%!” could lead to
reduced protection from the oligomerization-triggering effect
of Sph and thus contribute to spark AD’s onset. The provided
molecular insights support reports on the neuroprotective
effects of GM, in cell cultures and rat models of AD.”>! Our
results help to rationalize data found in vivo and can help
build the basis for a better understanding of amyloid diseases.
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