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ABSTRACT: Amyloid 3, A(1—42), is a component of senile plaques present in the
brain of Alzheimer’s disease patients and one of the main suspects responsible for
pathological consequences of the disease. Herein, we directly visualize the Af activity
toward a brain-like model membrane and demonstrate that this activity strongly
depends on the Af oligomer size. PeakForce quantitative nanomechanical mapping
mode of atomic force microscopy imaging revealed that the interaction of large-size
(LS) AP oligomers, corresponding to high-molecular-weight Af oligomers, with the
brain total lipid extract (BTLE) membrane resulted in accelerated A fibrillogenesis
on the membrane surface. Importantly, the fibrillogenesis did not affect integrity of the
membrane. In contrast, small-size (SS) Af oligomers, corresponding to low-
molecular-weight Af oligomers, created pores and then disintegrated the BTLE
membrane. Both forms of the Af oligomers changed nanomechanical properties of
the membrane by decreasing its Young’s modulus by ~45%. Our results demonstrated
that both forms of Af oligomers induce the neurotoxic effect on the brain cells but
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their action toward the membrane differs significantly.

B INTRODUCTION

Alzheimer’s disease (AD) involves progressive neurodegenera-
tion that includes symptoms such as dementia, memory loss,
and communication difficulties." AD belongs to the group of
so-called protein misfolding diseases, that is, diseases
associated with misfolded forms of proteins.” Parkinson’s
disease and Huntington’s disease are two examples of these
diseases.” Hallmarks of AD are manifested in patients’ brains as
intra- and extracellular protein deposits called neurofibrillary
tangles and amyloid (senile) plaques, respectively. Amyloid f
(AB) peptide is the major component of the amyloid plaques.”
The proteolytic cleavage of transmembrane protein, called
amyloid precursor protein, by f- and y-secretase cleaving
enzymes leads to the formation of 38—43 (amino acid)-long
Ap peptide.” From the AD perspective, peptides composed of
40 (Af40) and 42 (Ap42), amino acids are the most relevant.
The Ap40 is the predominant form. However, the Af42 is
more toxic, has higher aggregation propensity, and its
concentration in body fluids of AD patients is elevated.”

The Ap has the tendency of nucleation-dependent
aggregation, a process leading to fibrillogenesis (fibrillation).®
In this process, single monomers aggregate into low-molecular-
weight (LMW) oligomers, then into high-molecular-weight
(HMW) oligomers forming either globular oligomers or
elongated protofibrils, and finally mature fibrils.” Fibrillation
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is a complex process that not only involves aggregation but also
fragmentation of the aggregates. As a result, Af oligomers of
different molecular weights are in equilibrium. Each of the Af
oligomer forms shows different levels of toxicity toward
neuronal cells. However, there is no agreement which form of
oligomers is the most toxic and what is the mechanism of A
toxicity. The most popular mechanisms include pore/ion
channel formation,g’9 membrane fragmentation/lipid extrac-
tion,"”'" and membrane thinning.lz’m It is not clear whether
one or combination of several proposed mechanisms are
concertedly engaged in this toxicity. Moreover, it is unknown
which form of oligomers is responsible for these mechanisms.
Some studies suggest that the A} aggregation itself is toxic.”"*
Because the aggregation rate is increased on surfaces of cell
membranes or amyloid fibrils,"'® rapid aggregation might be
another reason for neuronal damage encountered in the AD
patients.

Deep knowledge of the brain cell death mechanism caused
by various forms of Af42 oligomers is crucial for under-
standing of AD and developing an appropriate treatment. The
objective of the present study is to elucidate mechanisms of the

Received: May 31, 2019
Revised:  July 18, 2019
Published: July 21, 2019

DOI: 10.1021/acs.langmuir.9b01645
Langmuir 2019, 35, 11940—11949


pubs.acs.org/Langmuir
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.9b01645
http://dx.doi.org/10.1021/acs.langmuir.9b01645

Langmuir

Ap oligomer toxicity. In our research, we simulated the
interaction of Af42 (in brief referred as Af) oligomers with a
model human cell membrane. We introduced Af oligomers of
a controlled size and concentration to the suspension of small
unilamellar vesicles (SUVs) composed of phospholipids whose
composition is representative for the brain cell membranes.
Then, we deposited the fused SUVs on a mica substrate, which
ruptured and formed a model cell membrane. We examined
effectiveness of the Af action toward SUVs by unraveling
changes in the topography and nanomechanical properties of
the model membrane interacting with A by atomic force
microscopy (AFM). This examination allowed us to identify
the mechanisms of action of Af oligomers of different size.
AFM studies showing the Af interaction with model cell
membranes have already been performed,”'”'® however, our
present results provide unique information allowing one to
distinguish between the mechanisms of toxic interactions of
small-size (SS) and large-size (LS) Af oligomers with the
model membrane. SS and LS oligomers correspond to LMW
and HMW oligomers, respectively. Herein, we present high-
resolution AFM images showing LS Af oligomer fibrillation
through both primary and secondary nucleation mechanism on
the brain total lipid extract (BTLE) vesicle surface, without
affecting the membrane integrity. On the other hand, SS Ap
oligomers destroyed the BTLE membrane by combination of
the pore formation and lipid extraction mechanisms.

B EXPERIMENTAL SECTION

Ap Peptide Preparation. Lyophilized Af(1—42), named Af3, was
purchased from Bachem (Bubendorf, Switzerland). Its purity was
determined to be 92% using '"H NMR spectroscopy (Figure SI,
Supporting Information). The A} sample was pretreated by following
the earlier developed procedure' illustrated in Figure S2 in the
Supporting Information.

To break pre-existing aggregates, 1 mg of Af was dissolved in 1 mL
of trifluoroacetic acid (TFA), then sonicated for 15 min in a cold
water bath followed by solvent evaporation under Ar stream. Next, the
sample was dissolved in 1 mL of 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) from Sigma-Aldrich, then sonicated for 10 min, and then
HFIP was removed under Ar stream. HFIP addition, sonication, and
solvent removal were repeated once more, and then 1 mL of HFIP
was added for the third time. The sample was stored for 24 h at 4 °C.
Next, the sample was vortexed for 5 min, and then aliquoted.
Afterward, HFIP was evaporated under Ar stream, which resulted in
clear Af films left on the bottom of centrifuge tubes. Residual HFIP
was removed from the films under reduced pressure in a desiccator for
1 h. The films were stored at —80 °C in a freezer. For each
experiment, an aliquot taken from the freezer was allowed to
equilibrate to room temperature (RT) for 15 min. Next, the Af film
was dissolved in anhydrous dimethyl sulfoxide (DMSO) from Sigma-
Aldrich to reach the S mM concentration, and then further diluted to
the 10 uM concentration using 0.01 M phosphate buffer saline, PBS,
(pH = 7.4) solution from Sigma-Aldrich. Before use, this solution was
filtered through the Whatman syringe filter (GE Healthcare Life
Sciences) of 0.02 ym porosity.

Size of the Ap oligomers was controlled by varying their
aggregation time in the mixed solvent solution of 0.01 M PBS (pH
= 7.4) and anhydrous DMSO. Size distribution of the Af oligomers
was characterized by depositing S uL of S uM Af solution on mica.
After subsequent washing with Milli-Q water (18.2 MQ cm) and
drying, the sample was AFM imaged in air.”">*

BTLE-Supported Lipid Bilayer Preparation. A chloroform
solution of the porcine BTLE was purchased from Avanti Polar Lipids
and used without further purification. Supported lipid bilayers (SLBs)
were prepared using the vesicle fusion method.”> The BTLE vesicle
solution was prepared by transferring 4 uL of the BTLE stock solution
in chloroform (25 mg mL™') to a glass vial followed by solvent

evaporation with Ar stream, accompanied by vortexing until a dry film
appeared on the bottom of the vial (Figure S2, Supporting
Information). After solvent evaporation, the lipid film was dried in
desiccator overnight. Then, it was resuspended in a filtered PBS
solution (pH = 7.4) to reach the 1 mg mL™' concentration, and
subsequently sonicated for 20 min at 40 °C. The BTLE vesicle
solution was used either immediately or stored at 4 °C until further
use.

To study the BTLE bilayer in the Af absence, a 40 yL sample of
the BTLE vesicle solution was dropcast on the mica surface, and then
left for 45 min to allow for the bilayer formation. Next, the sample was
washed with filtered Milli-Q water, then immersed in the PBS (pH =
7.4) solution, and immediately imaged with AFM.

Ap—BTLE Mixture Preparation. The SS or LS Af oligomers
were mixed with that of BTLE vesicles at the 1:20 or 1:50 peptide-to-
lipid mass ratio (Figure S2, Supporting Information). Then, the
mixture was sonicated for 10 min at RT. To study the time-dependent
mechanism of the AB—BTLE vesicle interaction, 40 uL aliquots of the
Af—BTLE mixture were sampled at different time intervals, and
dropcast on the mica surface. After 45 min, the sample was rinsed
with Milli-Q water, immersed in the PBS (pH = 7.4) solution, and
immediately imaged.

The DMSO solvent can cause membrane thinning, pore formation,
and membrane disintegration.”*** In the present studies, the DMSO
concentration in the presence of the lipid bilayer was 0.1% (v/v). At
this low concentration, DMSO has no adverse effect neither on the
stability nor topography of the lipid bilayer, (Figure S3a in Supporting
Information). For control measurements, a sample of the supported
BTLE bilayer in the AFM liquid cell was prepared, and then imaged.
After acquiring images of an intact BTLE membrane, 40 uL of ~5 yuM
SS Ap solution was added to the solution. This concentration of SS
oligomers corresponds to concentration of Af in the AS—BTLE
vesicle mixtures. Next, the AFM cell was filled with the PBS (pH =
7.4) solution, and immediately imaged with AFM.

AFM Experiments. AFM with MultiMode 8 system (Bruker)
equipped with E scanner (scan size 10 X 10 gm?*) and the PeakForce
quantitative nanomechanical mapping (PF-QNM) mode was used for
imaging samples in liquid (PBS solution, pH = 7.4) , at 21 °C. The
ScanAsyst mode was used for imaging in air. Before the imaging, the
fluid cell and AFM accessories were cleaned in a detergent bath,
followed by consecutive rinsing with ethanol, and then Milli-Q water.
The V1 grade mica disks (Ted Pella, Inc.) were mounted on metallic
disks using an adhesive tape. Just before sample deposition, mica was
cleaned in ethanol, and then in Milli-Q water. After drying with Ar
stream, its top layer was piled off using an adhesive tape, thus resulting
in a clean and atomically flat surface. The qp-BioAC (Nanosensors)
and RTESPA300 (Bruker) cantilevers of 0.1 and 40 N m™},
respectively, spring constant and corresponding resonance frequency
of 50 and 300 kHz, respectively, were used for imaging in liquid and
in air, respectively. The AFM cantilevers were cleaned by consecutive
immersing in a detergent bath, 2-propanol, and Milli-Q water for 10
min. Next, the cantilevers were ozonized in the UVC-1014 UV ozone
cleaner (Nanobioanalytics, Berlin, Germany) for 10 min. The
cantilevers were calibrated using the thermal tune method. The tip
radius was determined by imaging the Ti rou§hness sample (Bruker),
routinely used for tip radius determination.”**” The PF-QNM images
were obtained using a 1—2 Hz scan rate. Images were processed and
analyzed using NanoScope analysis of Bruker and Gwyddion
software.”®

Nanomechanical Property Analysis. Data were analyzed using
Atomic] software.”” The contact point was found on the extended
curve. All Young’s modulus (YM) fitting was performed on the
retraction curve using the Hertz model.

NMR Spectroscopy Study. Purity of the Aff sample was assessed
with '"H NMR spectroscopy. For that, first, 1 mg of Af was dissolved
in 1 mL of deuterated TFA (TFA-d), then sonicated for 15 min at
RT, and then subjected to the NMR spectroscopy analysis. The latter
was performed at 298 K using Bruker AVANCE II 300 MHz
spectrometer. At first, longitudinal relaxation times (T;) of "H nuclei
were determined using the inversion-recovery technique®® to be
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Figure 1. (a) The AFM topography image and (b) the corresponding YM map of the BTLE bilayer with adsorbed LS Af oligomers deposited on
mica immediately after mixing solutions of LS Af oligomers and BTLE vesicles. Inset in Panel a exhibits a magnified section of the same
topography image showing the shape of the LS Af oligomers on the membrane surface. The images were acquired for the bilayer in the PBS (pH =
7.4) solution at 21 °C. (c) Height distribution of the LS Af oligomers determined from the AFM image shown in Panel a. (d) Cross-sectional
profile measured along the line shown in Panel a, exhibiting the BTLE bilayer thickness. (e) Histogram showing the YM distribution determined
from 6000 FD curves collected for different points of the BTLE bilayer shown in Panel b.

between 20 and 180 ms. Then, the quantitative 'H NMR spectrum of
high quality was acquired with 2048 scans. The recycle delay between
scans was 2 s to avoid signal oversaturation. The pulse duration was
11.7 ps, spectral width was 7.5 kHz, and the acquisition time was 2.2
s. Before integration, the spectrum was carefully phased and subjected
to baseline correction in order to avoid integral distortion.

B RESULTS AND DISCUSSION

AFM Characterization of the BTLE Bilayer without AS.
The PF-QNM mode of AFM was employed to study
topography and nanomechanical properties of the supported
BTLE bilayer deposited on the mica surface. The topography
image of the BTLE bilayer supported on the mica surface is
shown in Figure S3a in Supporting Information. The surface of
this bilayer was smooth without defects or discontinuities.
Average thickness of this bilayer, determined by height
profiling along the line shown in Figure S3a, was 6.1 (+0.3)
nm (Figure S3c, Supporting Information). This thickness is in
agreement with a typical height of the SLBs.”"** Figure S3b in
Supporting Information shows the YM map, determined from
the FD curves acquired simultaneously with the topography
imaging. YM was determined by fitting the Hertz model to the
retracted part of the FD curves.”” This model is described by

F= iﬁy/z
3(1 —v) (1)

where F is the load applied, E is YM, v is the Poisson’s ratio, 6
is the depth of indentation, and R is the AFM tip radius. Figure
S3d in Supporting Information shows YM distribution of the
bilayer shown in Figure S3a in Supporting Information. This
distribution is narrow, thus confirming membrane homoge-
neity, with the average modulus value of 11.8 (+3.2) MPa.
AFM Characterization of A Oligomers. Different forms
of AB oligomers induce different levels of cell toxicity.*™*°
Hence, the mechanism of the Af interaction with a cell
membrane should depend on the molecular weight of AS.

Therefore, Af samples with different size distributions were
prepared. Because the molecular weight of the studied AfS
oligomers was not measured, the LMW and HMW oligomers
were distinguished only on the basis of their size (SS or LS
oligomers, respectively). Initially (0 h aggregation time, Figure
S2, Supporting Information), freshly prepared samples of 10
UM Af in a PBS—DMSO mixture were analyzed to confirm
that pre-existing aggregates were eliminated and those
monomers of Af} were the predominant form in the sample.
An aliquot of this solution was deposited on the mica substrate.
After S min deposition, the sample was washed, then dried
under Ar stream, and the immediately imaged by AFM in air.
Figure S4a in Supporting Information shows many globular
aggregates on the mica surface. Statistical analysis of the
sample revealed that these aggregates with the height of ~0.7
nm and average diameter of ~2 nm populate the most
abundant fraction and only a minor number of SS Ap
oligomers were distinguished (Figures S4d and S8a, Support-
ing Information). This height corresponds to the height of the
Af monomer.””*® At this stage, monomers and SS oligomers
are in equilibrium.””** After establishing monomers to be
predominant in a freshly prepared sample, the fibrillogenesis
was monitored as a function of the aggregation time. First, Af
was allowed to aggregate for 24 h at 4 °C. At this point, the Af
aggregated and SS Af oligomers with 1.5—2.5 nm height and
average diameter of ~6 nm were the most dominant (Figures
S4b,e and S8b, Supporting Information). After 48 h, Af
aggregation progressed further to result in both the SS and LS
oligomers (Figure S4c, Supporting Information). Statistical
analysis of the height of the Af aggregates generated after 48 h
aggregation resulted in bimodal distribution of aggregates with
the height of 1-2.5 (19.64%) and 3—6 nm (80.36%)
corresponding to the SS and LS Af oligomers, respectively
(Figure S4f, Supporting Information). Average diameter of
newly formed LS Af oligomers was ~10 nm. These sizes of A
oligomers are in agreement with those determined by
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Figure 2. (a) The AFM topography image of the Af} aggregates formed on the BTLE-supported bilayer in 0.01 M PBS (pH = 7.4). (b—d) High-
resolution topography images, acquired for the areas depicted as squares in Panel a, showing the (b) primary nucleation fibril, (c) secondary
nucleation fibril, and (d) secondary nucleation globular aggregates. (e—g) Cross-sectional profiles measured along (e) the primary and the
secondary nucleation fibrils (lines 1 and 2) and (f) primary nucleation fibril and secondary nucleation globular aggregate (lines 1 and 3) as well as
(g) across the primary and secondary nucleation aggregates (lines 1’, 2 and 3’). (h—j) Histograms showing the height distribution of (h) primary
nucleation fibrils, (i) secondary nucleation fibrils, and (j) secondary nucleation globular aggregates of Ap.

AFM,*+363840:4 dynamic light scattering (DLS),** fluores-
cence correlation spectroscopy,”” and transmission electron
microscopy (TEM).*>*" Their corresponding molecular
weights were determined by electrophoresis®®***' and
MALDI-TOF.* Using the abovementioned literature, one
may roughly estimate that oligomers with the height of 1-2.5
nm correspond to trimers and tetramers with the molecular
weight of ~30 kDa.”® Most likely, the molecular weight of Af
forms with the height of 3—6 nm exceeds ~60 kDa, which is
that of a dodecamer.® Noteworthy, Af aggregates similar in
shape and size were extracted from amyloid plaques of AD
patient brains.”* Interestingly, only globular aggregates were
formed if the aggregation time was shorter than 48 h. However,
protofibrils and fibrils of A were observed if the aggregation
time exceeded 48 h, (Figure SS, Supporting Information).
Interaction of LS Af Oligomers with BTLE Vesicles.
The PF-QNM AFM technique was employed to study the
AP—BTLE vesicle interaction. The LS Af oligomer solution
was mixed with the BTLE vesicle solution at the Af-to-lipid
mass ratio of 1:20. In order to monitor the time-dependent
interaction of LS Af oligomers with BTLE vesicles, 40 uL
aliquots of the mixture were taken at different interaction times
and dropcast onto the mica surface. The vesicles were allowed
to fuse for 45 min, then the sample was carefully washed with
filtered Milli-Q water, and then imaged in PBS (pH = 7.4)
solution. Figure la shows the AFM image of the A—BTLE
bilayer deposited after mixing solutions of LS Af oligomers
and the BTLE vesicle solution (0 h interaction time). The
image shows many globular Af aggregates on the BTLE bilayer
surface. The height distribution of these aggregates exceeded 3
nm (Figure 1c), which indicates that these were mostly LS Af
oligomers. A comparison of the height distribution of Ap
aggregates formed in solution in the absence (Figure S4f,
Supporting Information) and in the presence (Figure lc) of
BTLE vesicles shows that the BTLE vesicles promoted large
Ap oligomer growth on the membrane surface. Moreover, the

aggregation rate was significantly increased in the presence of
the BTLE surface. Both the phospholipid composition and the
presence of cholesterol decreased the half time of Af
aggregation.””** Apparently, the BTLE bilayer is a very
efficient catalyst of LS oligomers aggregation. This conclusion
is consistent with previous studies showing the catalytic role of
lipid bilayers on amyloid fibrillation by ThT fluorescence,"
Forster resonance energy transfer assay, ~ circular dichroism,*
NMR sﬂpectroscopy,45 X-ray scattering,46 neutron reﬂectivity,46
TEM,*® DLS,*® and AFM.*

The cross-sectional profile (Figure 1d) showed that
thickness of the BTLE bilayer exposed to LS Af oligomers
was 5.9 (+0.2) nm, which is similar to the BTLE thickness in
the absence of Af (Figure S3c, Supporting Information).
Nanomechanical properties of the BTLE bilayer with adsorbed
LS Ap oligomers were significantly different from those of the
intact bilayer. Figure 1b shows the YM map corresponding to
the topography image shown in Figure la. Distribution of the
YM (Figure le) showed the average value of 6.5 (£2.5) MPa,
which is half of that determined for the intact bilayer (Figure
S3d).

Interestingly, many Af fibrils were formed on the BTLE
membrane surface after 3 h of AG—BTLE vesicle interaction
(Figure 2a). Additionally, other objects are visible on the fibril
surface forming both individual globular aggregates and long
fibrillary structures. It suggests that the secondary nucleation
mechanism of Af aggregation was observed. Aggregation
through secondary nucleation is unique and can be
distinguished from other steps in the aggregation pathway
because it is the only step that occurs on top of already formed
A fibrils.***” This process is a surface reaction involving
coalescence of Af aggregates rather than a result of their
deposition from the solution bulk. The presence of the
secondary nucleation aggregates is clearly seen in Figure 2¢,d.
Herein, the aggregation through secondary nucleation resulted
in the formation of fibrillary (Figure 2c) and globular Af
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Figure 3. (a) The AFM topography image and (b) the corresponding YM map of the Af—BTLE supported bilayer in 0.01 M PBS (pH = 7.4), at
the initial interaction time. (c) The representative cross-sectional profile showing depth of the pores in the BTLE lipid bilayer depicted in Panel a.
(d) Histogram showing the YM distribution determined from 6000 FD curves acquired for different points of the bilayer shown in Pnel b.
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Figure 4. (a) The topography image of the A—BTLE supported bilayer in 0.01 M PBS (pH = 7.4) showing lipid extraction from the outer leaflet
of the BTLE bilayer. (b) The corresponding height profile, measured along the line in Panel a, showing the height difference between the outer and
inner leaflet of the BTLE lipid bilayer. (c) Histogram showing the depth distribution of the pores formed in the inner leaflet of the BTLE bilayer.

aggregates (Figure 2d) on top of the Af fibrils preformed
through primary nucleation. To compare heights of the Ap
fibrils formed through primary and secondary nucleation,
cross-sectional profiles along and across the aggregates were
recorded and analyzed (Figure 2e—g). Figure 2h—j shows the
corresponding heights histograms. A narrow Gaussian
distribution of heights for the primary nucleation fibrils
indicates that their average height was 5.4 (+0.6) nm (Figure
2h). In contrast, a wide height distribution was observed for
the secondary nucleation fibrils with an average height of 7.09
(£1.62) nm (Figure 2i). Height distribution of globular
aggregates formed through secondary nucleation was quite
wide covering the range of 1—12 nm (Figure 2j). The height of
the larger population of secondary globular aggregates was 1—2
nm, which corresponds to the height of SS Af oligomers. This
is not surprising because the SS Af oligomers aggregate to
form fibrils. Notably, LS Af oligomers seen at the initial
interaction time (Figure la) were also visible after 3 h of
interaction with the BTLE vesicles (Figure 2a). The LS Af
oligomers aggregation into fibrillar aggregates was much faster
in the presence of the BTLE membrane. Therefore, we can
conclude that aggregates observed directly on the membrane
surface were formed during aggregation catalyzed by the
membrane surface, which occurred via the primary nucleation
mechanism. The aggregates observed on the fibril surface were
formed during aggregation catalyzed by the fibril surface, which
is the secondary nucleation mechanism.***’

Interaction of SS Af Oligomers with BTLE Vesicles.
Exposure of SS Af oligomers to BTLE vesicles (the Af-to-lipid
mass ratio of 1:20) resulted in deposition of the AB—BTLE
bilayer, which significantly differed from that shown in Figure
1. Figure 3a shows the AB—BTLE film deposited on the mica
substrate immediately after mixing solutions of SS Ap
oligomers and BTLE vesicles. There were numerous pores of
different sizes and shapes on the surface of the resulting BTLE
bilayer. Long fibrils or large globular aggregates, previously
seen in Figures la and 2a, were absent. Clearly, the interaction
of SS A oligomers with BTLE vesicles resulted in vesicles
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spreading differently than that described above for LS Ap
oligomers. The cross-sectional profile of the membrane shown
in Figure 3a indicates that the BTLE film thickness was 6.3
(#0.6) nm (Figure 3c), a value comparable to that of the intact
BTLE bilayer (Figure S3c, Supporting Information).

Figure 3b shows the YM map corresponding to the
topography image shown in Figure 3a. The average YM
distribution of this bilayer was 6.7 (+2.2) MPa (Figure 3d), a
value comparable to that of the membrane with adsorbed LS
Ap oligomers. Therefore, the presence of both LS and SS Af
oligomers effectively changed nanomechanical properties of
the BTLE membrane by causing a decrease of YM by ~45%.
Force spectroscopy measurements revealed that the POPC/
POPS SLB ruptured in the absence and presence of the Ap42
at 3.5 and 1.2 nN, respectivel?f, thus indicating a 65.71%
decrease in the bilayer stiffness. ° This significant membrane
nanomechanical property change incurred by the A activity
implies both conformational and organizational changes of the
phospholipid molecules in the membrane.

We repeatedly observed porous bilayer formation from
BTLE vesicles with SS Af oligomers (Figure 3a). Occasionally,
we recorded images showing partial BTLE bilayer formation
(Figure 4a). The film shown in Figure 4a features numerous
pores in both the outer and inner leaflet of the BTLE bilayer.
The cross-sectional profile, measured along the line shown in
Figure 4a, exhibits equal height of the outer and inner leaflet to
be ~3.1 nm (Figure 4b). Average distribution depth of the
pores formed in the inner leaflet was 2.8 (+£0.4) nm (Figure
4c). Only pores of the diameter bigger than the diameter of the
AFM tip were considered in this analysis. The AFM tip
characterization is provided in Figures S6 and S7 in Supporting
Information. These results show that the bottom leaflet of the
film has thickness of a monolayer and only a part of the upper
leaflet is present forming a complete bilayer.

Our AFM studies demonstrated that SS Af oligomers have
an adverse effect on BTLE vesicles spreading and bilayer
forming. The partial absence of the membrane outer leaflet
shown in Figure 4a suggests that SS Ap oligomers induced
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Figure S. AFM topography images showing nanoclusters (green circled) formed by the BTLE lipids interacting with SS Af oligomers in the cases
of (a) Figure 3 and (b) Figure 4. Insets exhibit high-resolution AFM topography images showing size and shape of the Af—lipid nanoclusters. (c,
d) Histograms showing equivalent disk radii distributions of the Afi—lipid nanoclusters in the cases of (c) Figure 3a and (d) Figure 4b. In order to
show sufficient number of nanoclusters, images presented in Panels a and b are of different scan sizes.

extraction of the phospholipid molecules from this leaflet. Af
oligomers are known to uptake lipid molecules, thus inducing
lipid extraction from, for example, a neuronal mem-
brane.'”'"**7! Only SS Af oligomers (dimers, trimers and
tetramers) can extract phospholipid molecules from neuronal
cells, thus forming ApS—lipid complexes, named lipoprotein
particles.*® Moreover, the Af—(lipid vesicles) interaction
resulted in lipoprotein complex formation.'”""***" Impor-
tantly, these complexes diffuse away from neuronal cells. Lipid
extraction is intensified by the increase of the Ap
concentration, the Afi—cell interaction time, and it depends
upon cell membrane composition.'”**>" The present studies
suggest that the adverse effect of SS Af oligomers on BTLE
vesicle spreading may result from the lipoprotein complex
formation.

Figure 5a,b presents images of the samples shown above in
Figures 3a and 4a, respectively, with the globules marked with
green circles. Equivalent disk radii distributions of these
objects are reported in Figure Sc,d, respectively. The most
dominant populations of globules are characterized by the
radius between 10 and 20 nm. A similar size of the globules
suggests the formation of similar nanoclusters. To verify if the
observed nanoclusters are either A aggregates or unfused
BTLE vesicles, equivalent disk radii of all globular Af forms as
well as unruptured BTLE vesicles were measured and
compared (Figure S8, Supporting Information). Equivalent
disk radii of the Af monomers, SS Af oligomers, LS Ap
oligomers, and unfused BTLE vesicles were in the range of ~1,
2—4, 4—6, and 40—80 nm, respectively. Significant difference
in the nanocluster radii (Figure Sc,d) compared to that of
globular A forms and BTLE vesicles (Figure S8a—d),
confirms that the nanoclusters are unique entities. These
nanoclusters were observed only in the presence of SS Ap
oligomers, thus suggesting that they correspond to the Af—
lipid complexes.

Temporal Changes of the Bilayer Formed by Fusion
of a Mixture of BTLE Vesicles and SS Af Oligomers. In
order to detect temporal changes in the bilayer formed by
fusion of a mixture of BTLE vesicles and SS Af, the mixture of
the Ap-to-lipid mass ratio of 1:50 was used. It allowed for
direct imaging of individual pores formed by SS Af oligomers.
Similar measurements for LS Af were not performed because
the decrease of the LS oli§omer concentration should only
affect the aggregation rate.”” The aggregation rate is directly
correlated to the Af concentration, that is, the higher the
concentration, the higher the aggregation rate. Figure 6 shows
the time-lapse AFM imaging of a single pore formed in the
Ap—BTLE bilayer deposited on the mica surface from the
mixture of SS A oligomers and BTLE vesicle solutions. Low-

a 2 0 min

> 37 min
7 5 2. e
- e
- =5 . %, ;3%

Figure 6. Time-resolved AFM topography images of a single pore in
the outer BTLE leaflet formed in 0.01 M PBS (pH = 7.4) by the SS
Ap oligomers after (a) 0, (b) 20, (c) 37, and (d) 91 min.

resolution AFM images are shown in Figure S9 in Supporting
Information. The Ap aggregates surrounding the pores
protruded by ~1 nm above the BTLE membrane surface
(Figure S10b, Supporting Information). This protrusion is
much lower than that observed for LS Af oligomers (Figure
lc). Moreover, equivalent disk radii of the Af aggregates,
shown in Figure 6, ranged between 2.4 and 4.2 nm being the
same as those for SS Af oligomers (Figure S8b, Supporting
Information), thus suggesting that the pores were formed by
SS Ap oligomers. Pores in the BTLE bilayer were surrounded
by a different number of Af oligomers. For instance, Figure
S10a in the Supporting Information shows the AFM image of
eight Af oligomers surrounding the pore in the membrane.
Within the first ~37 min, the pore expanded (Figure 6a—c),
and then Af oligomers entered the pore, thus clogging it
(Figure 6d and Movie S1, Supporting Information). The
imaged pore filled with SS Af oligomers did not change during
next 90 min. This behavior was observed repeatedly. Similar
behavior was observed for multiple pores. Movie S2 in
Supporting Information shows that all pores initially expanded
and, eventually, were filled by SS Af oligomers. Penetration of
the membrane by SS Af oligomers and their subsequent
insertion into the cell can trigger cell death via leakage of
lysosomal enzymes,*® inhibition of mitochondrial activity,”*
increased production of reactive oxygen species,”> or cytosolic
proteasome impairment.*® Evidently, exposure of the BTLE
membrane to SS Af oligomers resulted in membrane poration
and subsequent SS Af oligomer insertion in the BTLE bilayer,
thus leading to bilayer destruction. In detail, first, SS Ap
oligomers form pores in the BTLE membrane. Then, the pores
expand over time and SS Af oligomers insert themselves into
the pores. Once inside the bilayer, these oligomers have access
to hydrophobic acyl chains of the BTLE membrane. Af
oligomers have hydrophobic residues allowing for the hydro-
phobic—hydrophobic interaction of SS Af oligomers with
BTLE lipids allowing for nanocluster (Af-lipid complex)
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Figure 7. AFM topography images of the supported BTLE bilayer, in 0.01 M PBS (pH = 7.4), exposed to the SS Af oligomers for (a) 0, (b) 24,
and (c) 72 h. (d) Histogram showing disk radii distribution of the nanoclusters observed in the AFM image in Panel c. (e) The corresponding
height profile showing thickness of the supported BTLE bilayer exposed to SS Af oligomers for 72 h shown in Panel c.

formation. Hiding hydrophobic parts and exposing hydrophilic
parts of both nanocluster components to the solvent increase
stability of the Af—lipid complexes in the polar environment.

Interaction of SS Ap Oligomers with BTLE Bilayer
Supported on Mica. In order to understand the effect of SS
Ap oligomers on BTLE vesicles, additional measurements were
performed. These measurements, named as the control
measurements, were performed to understand whether the
topography changes in the BTLE bilayers (Figures 3a and 4a)
were due to SS Af activity or ineffective disruption and fusion
of vesicles. The control measurements for the LS Af} oligomers
were not performed because the AFM images shown in Figures
la and 2a clearly indicated the presence LS Af oligomers on
the membrane surface and their mechanism of interaction with
the BTLE bilayer. The bilayer was first deposited on mica, and
then exposed to SS Af oligomers. For this purpose, 40-uL
sample of ~5 uM SS Ap solution was added to the AFM cell.
This concentration of SS oligomers corresponds to concen-
tration of A in the AB—BTLE vesicle mixtures. Figure 7
shows a sequence of AFM images acquired for the supported
BTLE bilayer interacting with SS Af oligomers for different
time lapses. Initially, only single Af oligomers, protruding 2—3
nm above the bilayer plane were observed (Figure 7a). Around
these oligomers, small (0.5 nm deep) pores were present (inset
in Figure 7a). After 24 h, there were pores with the radius and
depth of ~22 and ~S nm, respectively (Figure 7b). Inset to
Figure 7b shows that SS Af oligomers were present at the
edges of these pores. Therefore, the pore depth increased from
0.5 to 5 nm after 24 h exposure of the BTLE membrane to SS
Ap oligomers. The bilayer was almost completely disintegrated
after 72 h (Figure 7c). Numerous globular objects with disk
radii of 10—20 nm (Figure 7d) and remnants of the 5.7 nm
thick bilayer (Figure 7e) were seen. For comparison, intact
supported BTLE bilayer imaged after 0 and 72 h is shown in
Figure S11 in Supporting Information. Apparently, the bilayer
was stable for 3 days and its disintegration shown in Figure 7
results from the interaction with the SS Af oligomers. The
globular objects observed in Figure 7c were of the size
comparable to that of globules shown in Figure Sa,b. This
suggests that porous bilayer formation by spreading of a
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mixture of BTLE vesicles and SS Af oligomers (Figure S), and
subsequent disintegration of the pre-formed BTLE bilayer after
its exposure to SS Af oligomers (Figure 7) involves Af—lipid
complex formation, a result of Af induced lipid extraction.

Our study clearly shows that Af oligomers of different sizes
interact differently with the BTLE membrane. Previous studies
revealed that the degree of aggregation affects both the
secondary structure of amyloid molecules forming these
aggregates and the number of hydrophobic sites available on
the aggregate surface.””*® LMW Ap oligomers are more
hydrophobic than HMW A oligomers.”” Moreover, there is a
clear correlation between hydrophobicity and toxicity of Af
oligomers of different sizes.”” That is, the higher the availability
of hydrophobic sites on the aggregate surface, the higher is
their toxicity. High hydrophobicity of LMW oligomers is the
reason for their instability in polar solvent solutions. In these
solutions, individual amyloid molecules spontaneously aggre-
gate and minimize the number of exposed hydrophobic
residues. However, in the presence of a biological membrane
LMW Ap oligomers adsorb on the membrane surface. In the
adsorbed state, LMW A oligomers preferentially interact with
hydrophobic phospholipid chains to form stable lipid—Ap
complexes. In contrast, hydrophobicity of the preformed
HMW Ap oligomers is lower because they assume the f-sheet
secondary structure. This secondary structure is a matrix for
extending and forming fibrils by intermolecular hydrogen
bonding and also by side chain interactions with other HMW
oligomers.””*

B CONCLUSIONS

The unique direct visualization, by means of high-resolution
AFM imaging, allowed distinguishing between two different
mechanisms of interaction of various size A oligomers with a
model brain-like phospholipid membrane. LS Af oligomers
aggregated on the BTLE bilayer surface via both primary and
secondary nucleation mechanisms, but the surface integrity of
the bilayer remained intact. Unlike the LS Af oligomers, SS Ap
oligomers destroyed the BTLE bilayer. The destruction
mechanism consisted of two consecutive events, that is, pore
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Ap fibril, respectively.

formation followed by lipid extraction. After pore formation,
first, the pores expanded over time, and then SS Ap oligomers
inserted themselves into these pores. The next step involved
the extraction of phospholipid molecules from the membrane
leading to the formation of Apf—lipid complexes. Lipid
extraction from the membrane, most likely, proceeds either
via simultaneous involvement of phospholipids from both
bilayer leaflets or, first, phospholipids from the outer, and then,
from the inner leaflet are extracted. Figure 8 illustrates the
proposed mechanisms of Af fibrillation and BTLE membrane
destruction.

Both SS and LS Af oligomers cause a ~50% decrease in the
bilayers YM. This decrease indicates that both forms of Af
oligomers affect membrane stability but each in a different way.
This should lead to differences in the toxicity and this should
be investigated in future cytotoxicity studies.

Our results explain the mechanisms of toxicity of Af
oligomers at different stages of aggregation and reconcile
contradictory reports published in the literature. Moreover, our
findings well correlate with the two distinct features found in
AD patients, that is, simultaneous presence of amyloid plaques
in their brains and pathological consequences of neuronal
death. The differences in the mechanism of SS and LS Ap
oligomer interaction with a model cell membrane suggest that
each of the oligomer forms may require unique treatment to
inhibit their toxicity.
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