Specific Domains of A Facilitate Aggregation on and
Association with Lipid Bilayers

1,2,3

Elizabeth A. Yates', Sherry L. Owens’, Michael F. Lynch', Elena M. Cucco?, C. Samuel Umbaugh' and Justin Legleiter

1 - The C. Eugene Bennett Department of Chemistry, 217 Clark Hall, West Virginia University, Morgantown, WV 26506, USA

2 - Center for Neuroscience, Robert C. Byrd Health Sciences Center, PO Box 9304, West Virginia University, Morgantown, WV 26506,
USA

3 - NanoSAFE, PO Box 6223, West Virginia University, Morgantown, WV 26506, USA

Correspondence to Justin Legleiter: The C. Eugene Bennett Department of Chemistry, 217 Clark Hall, West Virginia
University, Morgantown, WV 26506, USA. justin.legleiter @ mail.wvu.edu

http://dx.doi.org/10.1016/j.jmb.2013.03.022

Edited by R. Wetzel

Abstract

A hallmark of Alzheimer's disease, a late-onset neurodegenerative disease, is the deposition of neuritic
amyloid plaques composed of aggregated forms of the B-amyloid peptide (AB). AR forms a variety of
nanoscale, toxic aggregate species ranging from small oligomers to fibrils. A and many of its aggregate forms
strongly interact with lipid membranes, which may represent an important step in several toxic mechanisms.
Understanding the role that specific regions of AB play in regulating its aggregation and interaction with lipid
membranes may provide insights into the fundamental interaction between A and cellular surfaces. We
investigated the interaction and aggregation of several AB fragments (AB1_11, AB1_o8, AB10_26, AB12_24, AB16_22,
AB22_35, and ABq_40) in the presence of supported model total brain lipid extract (TBLE) bilayers. These
fragments represent a variety of chemically unique domains within AB, that is, the extracellular domain, the
central hydrophobic core, and the transmembrane domain. Using scanning probe techniques, we elucidated
aggregate morphologies for these different Ap fragments in free solution and in the presence of TBLE bilayers.
These fragments formed a variety of oligomeric and fibrillar aggregates under free solution conditions.
Exposure to TBLE bilayers resulted in distinct aggregate morphologies compared to free solution and changes
in bilayer stability dependent on the AR sequence. AB1o_26, AB16-22, AB22_35, and AB1_40 aggregated into a
variety of distinct fibrillar aggregates and disrupted the bilayer structure, resulting in altered mechanical
properties of the bilayer. AB4_11, AB1_2g8, and AB>_o4 had minimal interaction with lipid membranes, forming
only sparse oligomers.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

Conformational or ‘protein misfolding’ diseases
are defined by the rearrangement of specific proteins
to non-native conformations, promoting the forma-
tion and deposition of toxic, nanoscale aggregates
within tissues or cellular compartments. A patholog-
ical hallmark of Alzheimer's disease (AD), an age-
related neurodegenerative disease, is the formation
of neuritic amyloid plaques. These plaques consist
predominantly of extracellular masses of filamentous
aggregates of the B-amyloid peptide (AB) as well as
other plaque-associated proteins (e.g., apoE, apod,
inflammatory molecules), which are associated with
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dystrophic dendrites and axons, activated microglia,
and reactive astrocytes.! AB is a monomeric,
amphipathic, 39- to 43-amino-acid residue cleavage
product of the transmembrane amyloid precursor
protein.?

Like many other amyloid-forming peptides, A can
form a variety of aggregate structures on and off
pathway to fibril formation, including distinct oligo-
mers and protofibrils.?® Beyond this heterogeneity of
smaller intermediate aggregate structures, AB also
has the ability to form numerous morphologically
distinct fibril structures, often referred to as poly-
morphs.*~" A variety of environmental factors can
influence the emergence of different polymorphic
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fibrils. For example, varying sample preparation of
AB4_40 results in f|ve structurally distinct fibrillar
aggregates in vitro.® Furthermore, AB can bind
metal ions, and their presence in solution can
facilitate aggregation leading to neurotoxicity.®'°
As such, several small molecules that inhibit metal-
induced AB aggregation for potential therapeutic
purposes have been developed.'™"® Another con-
tributing factor to the emergence of distinct polymor-
phic aggregates is the presence of surfaces. A
aggregates |nto d|st|nct forms in the presence of mica
and graphite.'*'® The addition of disease-related
point mutations can directly lead to distinct ponmor-
phic aggregates of AB in the presence of surfaces,
suggesting that electrostatic and hydrophobic in-
teractions between the peptide and surface strongly
influence the aggregation process. The role of
surfaces may underlie the ability of different synthetic
nanoparticles, which have high surface to-volume
ratios, to either promote '® or inhibit'® Ap aggrega-
tion, and thus could prove useful in understanding
their potential therapeutic use. The formation of
specific polymorphs may play an important role in
disease pathology, as two structurally distinct poly-
morphic fibrils of ABi_40 were associated with
significantly dlfferent levels of toxicity to neuronal
cell cultures.?

With respect to surfaces, a potentially relevant
environmental factor regulating AB aggregation is
lipid bilayers. The fluid surfaces provided by lipid
bilayers are well known to influence protein structure
and dynamics, which can nucleate the aggregation
process. Importantly for AD, lipid bilayer properties
alter protein conformation and exert enormous
influence on the aggregation state, as substantial
enhancement of AR aggregatlon |s observed in the
presence of lipid membranes.?'2® While ceIIuIar
membranes may act to aid protein aggregation, #®
these same membranes may be damaged by the
aggregation process, leading to membrane dysfunc-
tion caused by membrane permeab|I|zat|on by AB
either perturbing b|Ia1yer structure®®=° or forming
unregulated pores. While several physico-
chemical aspects of membranes (such as phase
state, curvature, charge, and elasticity) associated
with lipid composition play an important role in
specific peptide/lipid interactions, these interactions
are also dependent on protein properties. Under-
standing the basic interaction between AB and lipid
membranes could lead to a better understanding of
AB aggregation associated with cellular membranes.

As AB is a cleavage product of amyloid precursor
protein, it contains a hydrophobic transmembrane
domain and a predominately hydrophilic extracellu-
lar domain, imparting amphiphilic character to A
(Fig. 1). Furthermore, based on a variety of structural
and computational studies, several domains have
been identified in AB. The N-terminal region of Af
has been shown to form a-helical or B-sheet
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Fig. 1. Schematic representation of AR and specific
domains. Using the hydropathy index, each sequence has
hydrophilic (red), hydrophobic (blue), and slightly hydro-
phobic (light blue) amino acids. The aggregation of AB¢_11,

AB1_28, AB10-26: AB12-24, AB16-22, AB22-35, and AB1_4o Was
investigated here.

structure dependent on solution conditions, such
as pH.%>%% The hydrophobic C-terminal end of AB
has a h|gh propensity to aggregate into -sheet-rich
structures independent of solvent conditions.3%%6
Despite the appearance of various polymorphs, A
fibrils are composed of bundled B-sheets with
backbones ortho% onal to the fiber axis creating a
cross-B structure.®” Site-directed spin labeling elec-
tron paramagnetic resonance studies of A fibrils
identified two B-strand-forming domains (residues
11-21 and 29-39, respectively) separated by turn/
bend region (around residues 23-26).°® NMR
studies on a variety of A fragments support the
notion of two 3-strand reglons S 4parated by a B-turn
in different fibril structures.? The appearance
of a B-turn between two B-strands is further
supported by computational studies of AB fibrils.*
The central region of AB (residues 16—21) has been
shown to form a hydrophoblc core with enhanced
amyloidogenic properties*? and is contained within
one of the B-strand-forming regions. A variety of
NMR studies of AR in solution indicate that the
monomer is predommatelg unstructured with fluctu-
ating residual structure.* A more recent NMR
study though has demonstrated that this central
hydrophobic domain of AR can form a 34¢ helix,
resulting in a compact structure as other hydropho-
bic residues cluster against the helix.*® The varia-
tions in AB monomer and aggregate structure
associated with these different studies may be
partially attributed to the variation in preparation
protocols that lead to polymorphic aggregates.
Here, we sought to determine the role specific
domains of AB play in its aggregation under free
solution conditions and in the presence of total brain
lipid extract (TBLE) bilayers. The aggregation of
seven different AR fragments (AB1_11, AB1—_28, AB10_26;
AB12-24, ABis—22, ABoo_ss, and ARq_s0) was
investigated. These AB fragments represent a
variety of chemically unique regions, that is, the
extracellular domain, the central hydrophobic core,
different B-strand-forming sequences, and the trans-
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membrane domain (Fig. 1). Atomic force microscopy
(AFM) was used to characterize the AB fragment
aggregate morphology and to monitor the degree of
interaction with a model lipid bilayer system. In
addition, we determined the mechanical impact of
exposure to the different AR fragments on the TBLE
bilayers.

Results

AB fragments form distinct oligomeric and
fibrillar aggregates in free solution

To compare oligomers and fibrils formed by
different AR fragments under free solution conditions
(i.e., no surface present), we incubated 20-uyM
solutions of AB1_11, AB1_28, AB10-26, AB12-24, AB16-22,
AB2s_35, Or ABy_4o at 37 °C and sampled them at
different time points, deposited them on mica, and
imaged them by AFM in air. Each AB fragment was
prepared via the same protocol*® to ensure that
observed differences in aggregate morphology were
not attributable to sample preparation, which has been
shown to profoundly influence AR aggregate
morphology.® Each fragment was capable of forming
discrete, globular oligomers within an hour of incuba-
tion (Fig. 2a). These oligomers were present for the
entire length of the incubation (up to 72 h), although
the relative abundance decreases when fibrils
appeared for each respective fragment. Oligomers
were defined as having an aspect ratio (longest
distance across to shortest distance across) of less
than 2, indicating a round, globular structure, allowing
us to distinguish them from fibrils and other aggregates
via image processing software. A summary of the
number of replicates, images, and time points used in
the following analysis is presented in Supplemental
Table 1.

Height analysis of oligomers suggested that the AR
fragments formed different oligomeric species
(Fig. 2b). The height of an individual oligomer was
defined as the largest height value (pixel in the
image) contained within the globular structure
constituting one oligomer in the AFM image. While
one could predict that the height of oligomers would
correlate with the size of the individual fragments,
this was not necessarily the case. AB4_40, being the
largest fragment, did form the largest oligomers
(average height of 7.8 + 3.5 nm and a mode of
~5-8 nm). Fragments that predominately con-
tained the extracellular domain aggregated into
the smallest oligomers with ABy_1; and ABi_os
having average oligomer heights of 3.8 + 3.3 nm
and 3.3 + 1.9 nm, respectively. Due to the distri-
bution of oligomer height being skewed toward
larger values for both ABi_1; and ABi_os, the
modes of the height were smaller (0.5-1.5 nm for

AB4_11 and 2—-3 nm for AB4_og). The relatively small
height was observed despite ABi_og being the
second largest fragment studied. AB4_11 aggregated
into a more heterogeneous population of oligomers
compared to ABi_os. Two of the three fragments
containing the central hydrophobic/amyloidogenic
core of AB (AB1o—os and ABi2_o4) formed similar
sized oligomers, suggesting that the core region may
organize to form specific oligomeric species. AB1e_22,
being a much smaller fragment, formed a smaller
oligomer. The height of oligomers for these three
fragments were 4.1 £ 2.5 nm for ABio2e, 4.2
2.4 nm for ABqs_4, and 2.9 £ 1.1 nm for AB1e_o>.
The modes of oligomer height composed of AB1¢_26
or ABiso_o4 were 3—-4 nm, and it was 2-3 nm for
AB16-22. AP2o-35, Which does not contain the
amyloid core region but does have a portion of
the transmembrane domain, formed smaller (aver-
age height of 2.5 + 1.0 nm and a mode of 2-3 nm)
oligomers with a very tight distribution compared to
the other fragments.

To further characterize the size of oligomers
formed by the different AR fragments, we used
volume distributions of individual oligomers (ob-
tained via an aspect ratio filter) to estimate the
approximate molecular weight of oligomers. As the
measured volume of each oligomer is exaggerated
due to the size and shape of the AFM tip, a partial
correction based on geometric models was applied
to the volumes observed for individual oligomers.*’
The volume of individual oligomers was converted to
an approximate molecular weight based on the
average density of proteins.*®*® Following this
protocol, molecular weight distributions of oligomers
formed by each fragment were obtained (Fig. 2c¢).
Unsurprisingly, AB1_40 formed the largest oligomers
with a broad distribution. AR fragments that con-
tained the extracellular domain formed the smallest
oligomers, although oligomers of ABi_1; were
smaller (~20 kDa) than those formed by ABi_ss
(~40-60 kDa). The oligomers formed by AB4o_ce,
AB12_04, OF ABqs_os (the three fragments that
contained the hydrophobic core) systematically
decreased in mass in a manner consistent with the
size of each respective monomer (~125-150 kDa
for AB10—26= ~90-120 kDa for AB12_24, and ~75—
100 kDa for ABis_22). This suggests that these
oligomers are composed of a similar number of
peptides. As the common sequence between these
three fragments was the hydrophobic core, it is likely
that this sequence is driving the formation of
oligomers of these three fragments. ABss_35 aggre-
gated into smaller oligomeric structures (~70-
80 kDa) compared to fragments containing the
hydrophobic core, but larger than those formed by
fragments containing the extracellular domain.

All of the AR fragments aggregated into fibrils
(Fig. 3a); however, the time needed to observe fibrils
and their morphology was fragment specific. AB1_40
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Fig. 2. AB fragments form oligomers under free solution conditions. Oligomers formed by ABi_11, AB1_28, AB1o-26,
AB12_24, AB16-22, AB2o_35, and AB4_4o formed a variety of oligomers. (a) Representative AFM images of oligomeric
aggregates formed by different AR fragments. The scale bar is applicable to all images. Representative oligomers are
indicated by yellow arrows. (b) Height histograms for oligomers formed by the different AR fragments. The total number (n)
of measured oligomers used to construct each histogram is indicated for each fragment. The histograms were compiled
from a minimum of six images taken from at least three independent experiments. (c) Based on corrected volume
measurements, the molecular mass of oligomers formed by each AB fragment was calculated. The darker colors represent

a greater population of oligomers at that molecular mass.

aggregated into fibrils within 24 h of incubation. The
AB4_11 took 72 h of incubation for fibrils to appear,
and this extended incubation time needed for fibril
formation was most likely due to the lack of a f3-
strand region within this fragment. Fibrils were
observed for the other fragment predominately

composed of the extracellular domain, AB4_og, Within
48 h. The shorter time of fibril formation for AB{_og in
comparison with AB4_11 was most likely aided by the
inclusion of a B-strand region in the longer fragment.
AB1o-26: AB12-24, and AB4s 2o, despite aggregating
into similar sized oligomers, assembled into fibrils
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Fig. 3. Ap fragments form fibrils in free solution with distinct morphologies. (a) Representative ex situ AFM images of
fibrils composed of AB1_11, AB1—28, AB10-26, AB12-24, AB16-22, AB22_35, Or AB1_40. The images were taken at the time points
when fibrils were first observed to form, as indicated. The scale bar is applicable to all images. Arrows indicate annular
aggregates (pink) and fibrils (blue). (b) Histograms of the average height along the contour of the fibril for fibrils formed by
each AB fragment are presented. The total number (n) of measured fibrils used to construct each histogram is indicated for
each fragment. The histograms were compiled from a minimum of three images taken from at least three independent
experiments. (c) Plots correlating the contour length to the end-to-end distance of fibrils formed from the different AR
fragments are shown. The broken lines represent the theoretical correlation for rigid rod-like structures with infinite

persistence lengths.

after approximately 24 h, 48 h, and 72 h of incuba-
tion. The time required for these three fragments
containing the hydrophobic core of AB to aggregate
into fibrils roughly correlated with the length of the
fragment, with fibrils appearing earlier for longer

fragments. For these three fragments (AB1o_26,
AB12_24, and ABis_22), the longer sequences have
more sites where [(3-sheet formation can nucleate,
leading to earlier fibril formation. Fibrils of AB2s a5
formed most quickly, within 8 h of incubation. The
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formation of AB.o_s5 fibrils was likely facilitated by
the B-strand-forming sequence associated with the
transmembrane domain and the tight distribution of
oligomers that may be on pathway to fibril formation.
The relatively quick formation of fibrils for ABas_3s5
and AB4_40, both of which contain at least a portion of
the transmembrane domain, indicates that the
transmembrane portion of A plays an important
role in nucleating fibril formation.

It is important to note, however, that the morphol-
ogy of the fibrils formed by the different fragments
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varied (Fig. 3a). As a result, we performed a variety
of image analyses to investigate these morpholog-
ical differences. The average height (or thickness
perpendicular to the long axis of the fibril) along the
entire contour of each fibril was determined because
height can vary along the extended morphology of a
fibril (note: this is a different method of determining
the height than was used for analysis of oligomers).
This average height along the contour varied for
fibrils composed of the different AB fragments
(Fig. 3b). As expected, AB4_40 formed the thickest
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Fig. 4. AB fragments have varying levels of interaction with lipid membranes. (a) Representative in situ AFM images of
TBLE bilayers exposed to AB1_11, AB1—28; AB1o-26, AB12-24, AB16-22, AB2o_35, Or AB1_40 for 16-20 h. The scale bar is
applicable to all images. Arrows indicate oligomers (yellow), fibrils (blue), and areas of exposed mica (green). (b) Percent
area of the TBLE bilayer surface occupied by A fragment aggregates or increased bilayer disruption was measured from
images obtained after 16—20 h of bilayer exposure to different AR fragments. (c) The percent colorimetric response (%CR)
of TBLE/PDA vesicles exposed to different AR fragments as a function of time is presented. Exposure to Tris and NaOH
acted as negative and positive controls, respectively. %CR values were averaged over three samples.
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fibrils (average height of 7.3 + 2.4 nm and a mode of
~5-8 nm) with a highly entangled morphology.
Unlike the case with oligomers, fragments containing
the extracellular domain formed intermediate sized
fibrils with AB4_11 and ABs_sg having average fibril
heights of 3.5 + 2.3 nm and 3.2 + 1.9 nm along the
fibril contour, respectively. The three fragments
containing the hydrophobic core formed very similar
sized fibrils (1.5 = 2.5 nm for ABjg_26, 1.2 £ 2.4 NnM
for AB12_04, and 1.9 = 1.1 nm for AB4g_05) that were
smaller than fibrils formed by other fragments. The
similarity between these average heights along the
fibril contour suggests that the hydrophobic core is
dictating the fibril structure. The mode of fibril heights
composed of AB1p_os Was ~1-2 nm, and the mode
was ~0.5—1.5 for fibrils of both AB15_54 and AB4g_o5.
It should also be noted that of these three fragments,
only ABi2_o4 formed a subpopulation of annular
aggregates. AB.>_3s formed slightly thicker fibrils
compared to those containing the hydrophobic
core (average height of 2.5 + 1.0 nm and a mode
of 2-3 nm).

The fibrils formed by the different fragments
displayed varying amounts of curvature (or persis-
tence length) along their long axis. In an effort to
more clearly demonstrate this feature, the relation-
ship between the contour length and end-to-end
distance was compared (Fig. 3c). Rigid structures
that have an infinitely large persistence length
would have equal contour lengths and end-to-end
distances. Such a scenario would result in a
correlation plot with a slope of 1 (represented by
the broken line seen in each correlation plot in
Fig. 3c). Deviations from this theoretical broken line
indicated that the fibril structure has a smaller
persistence length, and the further the deviation,
the lower the persistence length. Trends in the
relative rigidity of the fibril structure along its long
axis can be seen based on the specific domains
contained in each fragment. Based on these
correlation plots, AB_4; formed a large population
of highly curved fibrillar aggregates, which can be
seen as half ring-like structures in the correspond-
ing AFM image (Fig. 3a). This ability to form highly
curved fibrils of AB4_1; may be due to the lack of
any known B-strand-forming domains within this
fragment. In comparison, ABi_2g and ABio_2s
formed fibril structures with relatively large persis-
tence lengths, both of which contain a large portion
of the first B-strand-forming domain in AB. AB22_3s,
which contained a portion of the second -strand-
forming domain, also formed fibrils with large
persistence lengths. Reducing the size of the B-
strand-forming domain appeared to reduce the
persistence length of the fibrils, as ABi>_o4 and
ABis—22 aggregated into highly curved fibrils that
deviated from the theoretical rigid line in the
correlation plot between contour length and end-
to-end distance (Fig. 3c). AB1_40, despite containing

both B-strand-forming domains, aggregated into
fibrils that had intermediate persistence lengths.

AB fragments form distinct aggregates in the
presence of supported bilayers

To investigate the interaction between specific AR
fragments and lipid membranes, we exposed sup-
ported TBLE bilayers to each fragment and imaged
them using in situ AFM. TBLE bilayers contain a
physiologically relevant mix of lipid components, that
is, cholesterol, gangliosides, sphingolipids, isopre-
noids, and both acidic and neutral phospholipids,
making these bilayers an appropriate model surface.
Defect-free bilayers (as determined by AFM) were
produced via vesicle fusion, and such supported lipid
bilayers have been shown to maintain many
properties of free membranes.®®" The defect-free
TBLE bilayers were stable for at least 24 h and had
an RMS surface roughness of 0.21 + 0.07 nm.

TBLE bilayers were exposed to 20-uM (final
concentration) solutions of each AB fragment
(AB1-11, AB1-28, AB10-26, AB12-24, AB16-22, AB22 35,
or AB4_40) at ~21-22 °C (Fig. 4a) by direct injection
of the peptides into the AFM fluid cell. As continual
imaging by the AFM tip was found to interfere with
the interaction of some of the AB fragments with the
bilayer, an image was taken directly after injection to
ensure no damage to the bilayer due to the injection
process, and then the imaging process was
stopped. After 16 h of co-incubation, AFM imaging
was resumed; therefore, all presented AFM images
were taken between 16 and 20 h after the injection
of peptide (Fig. 4a). A summary of the number of
replicates, images, and time points used in the
following analysis is presented in Supplemental
Table 1. As has been previously observed in the
literature,?*2° AB4_40 readily aggregated into fibrils
and oligomers on the TBLE bilayer, creating regions
of increased surface roughness (RMS roughness of
6.9 + 0.5 nm) that can be associated with disruption
of lipid packing within the bilayer. The large surface
roughness is partially due to a combination of the
large size of aggregates associated with these
regions and holes that span the entire bilayer. For
AB sequences predominately containing the extra-
cellular domain (AB4_11 and AB1_og), @ small number
of oligomers appeared on the TBLE bilayer, with no
discernible effect on the bilayer integrity or rough-
ness. Presumably, the hydrophilic nature of the
extracellular domain does not provide an adequate
driving force for substantial association between A
and the lipid bilayer. Of the peptides containing the
hydrophobic core, ABi>_o4 only formed oligomeric
aggregates on the bilayer, resulting in limited
changes in the bilayer's stability and morphology.
However, ABioos and AB4s_oo both extensively
aggregated into oligomers and fibrils in the pres-
ence of the bilayer, and these aggregates were
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often associated with regions of the TBLE bilayer
displaying increased surface roughness (~1.6
0.1 nm for ABio_26 and ~5.9 + 0.5 nm for ABg_25)
or holes spanning the entire membrane. ABss 35
aggregated predominately into fibrils (with some
oligomers present) and aggressively disrupted the
TBLE bilayer (RMS roughness ~3.8 + 0.2 nm) to
expose large areas of mica, suggesting that the
transmembrane domain mediates the interaction
between AP and lipid bilayers. As both mica
(Supplemental Fig. 1) and unperturbed TBLE bi-
layers (Fig. 4a) appear smooth in AFM images, the
creation of holes in the bilayer that exposed the
underlying mica substrate was evident by ~4- to 5-
nm step features in the AFM images (Fig. 4a).

The extent of interaction of the different fragments
with the bilayer was determined by calculating the

percent surface area that contained aggregates or
increased surface roughness (Fig. 4b). Based on
this analysis, the fragments that contained a portion
of the transmembrane domain (AB22_35 and AB1_40)
had the strongest interaction with the TBLE bilayer
as at least half of the available bilayer surface was
typically disrupted after 16 h of exposure. Peptides
that contained the hydrophobic core typically dis-
rupted 5-15% of the surface, with AB9_os being the
most aggressive of these three fragments. AB4_14
and ABi_g minimally interacted with the TBLE
bilayer, as only a small fraction of the surface was
occupied by discrete oligomers.

To verify the observed magnitude of the interaction
of the different AB fragments with the TBLE bilayers
as measured by in situ AFM and gain some time-
resolved information about this interaction, we

Fig. 5. AB fragments form a vari-
ety of oligomers and fibrils on TBLE
bilayers. (a) Height histograms of
oligomers formed by AB4_11, AB1_2s,
AB10-26, AB12-24, AB16-22, AB22_35, OF
ABi_40 in the presence of TBLE
bilayers are shown. (b) Histograms
of the average height along the
contour of the fibril for fibrils formed
by each AB1o-26, AB16-22, AB22-35, OF
ABi_40 in the presence of TBLE
bilayers are presented. The total
number (n) of measured oligomers
and fibrils used to construct each
histogram is indicated for each frag-
ment. The histograms were com-
piled from a minimum of six images

taken from at least three indepen-
dent experiments. (c) Plots correlat-
ing the contour length to the end-to-
end distance of fibrils formed from
AB10-26, AB16-22, AB22-35, OF AB1_40
in the presence of TBLE bilayers are
shown. The broken lines represent

the theoretical correlation for rigid
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performed a series of colorimetric membrane binding
assays using lipid/polydiacetylene (PDA) vesicles.
Lipid/PDA vesicles have varied colorimetric re-
sponses (CRs) when exposed to proteins depending
on the extent of the protein/lipid interaction.**°® The
CRinthe lipid/PDA vesicles is related to transitions of
the PDA polymer backbone structure, which is
affected by changes in tension associated with
protein interaction with and/or insertion into the
vesicle.®® By measuring absorbance of both the
blue (640 nm) and red (500 nm) wavelengths of
TBLE/PDA vesicles upon exposure to different AB
fragments, the percent CR was obtained, which
directly corresponds to the protein/lipid interaction
(Fig. 4c). Exposure to Tris or NaOH was used as
negative and positive controls. NaOH acts as a
positive control for vesicle perturbation because, as a
strong base, it can decompose lipids, changing the
tensionin the vesicle and inducing a CR. These PDA/
TBLE experiments correspond well with our AFM
observations (the 16- and 20-h time points can be
directly compared to Fig. 4b). AB41_11 and AB4_og had
induced the smallest CR. A larger CR was observed
for the AB fragments containing the hydrophobic
core, and the relative magnitude of this response was
consistent with the AFM data. The largest CR was
observed when the vesicles were exposed to ABs_35
and AB4_40, Vverifying that the transmembrane do-
main plays a key role in the interaction of AB with lipid
membranes. Despite both invoking a large CR, there
were differences in the time-dependent interaction of
ABos_35 and AB¢_4o with the PDA/TBLE vesicles.
While AB1_40 quickly interacted with the vesicles, the
CR quickly leveled off. AB2s_35 did not initially invoke
a large CR; however, the interaction with the vesicles
steadily increased with time.

Next, we performed analysis of the aggregate
morphologies observed for each AR fragment upon
exposure to the TBLE bilayer via AFM image
analysis (Fig. 5). Each AR fragment formed oligo-
mers (aggregates with an aspect ratio less than 2) on
the TBLE bilayer, and we analyzed the height of
these oligomers (Fig. 5a). Small oligomers of AB_11
associated with the bilayer (mode ~ 0.5 nm; aver-
age height of 2.6 + 2.4 nm) were similar in morphol-
ogy to the smaller population of ABi_14 oligomers
that formed under free solution conditions; however,
the population of larger oligomers that were ob-
served in free solution was absent in the presence of
the bilayer, suggesting that the bilayer either
preferentially binds the smaller oligomers or pro-
motes their formation. Oligomers of AB¢_og were
smaller in the presence of the TBLE bilayer (mode
~1-2 nm; average height of 1.8 + 0.8 nm) com-
pared to oligomers formed under free solution
conditions, suggesting either that the bilayer pro-
motes the formation of smaller oligomers or that the
oligomers are partially inserted into the bilayer. The
fragments that contained the hydrophobic core of AR

formed smaller oligomers (mode ~0.5-2 nm for
AB1o-26, 0.5—2 nm for AB4o_p4, and 1.0-2.5 nm for
AB16_20) compared to those observed under free
solution conditions. Again, a plausible explanation
for this observation is that these oligomers are
partially inserted into the bilayer. Due to the
appearance of some larger oligomers, the average
height of oligomers were larger than the mode for
these three fragments (4.0 £ 1.9 nm for ABo_os,
2.4 + 1.7 nmfor AByo_04, and 4.6 + 3.1 nm for AB1g_22)-
AB22_35 oligomers were similar in size (mode ~1.0-
2.5 nm) in the presence of the bilayer compared to
their free solution counterparts, but the distribution
was much broader with some larger oligomers
being observed. AB¢_40 oligomers were on average
smaller compared to those observed in free solution
(5.2 = 3.1 nm), also suggesting partial insertion into
the bilayer. However, the distribution of sizes of
AB1_40 oligomers became much broader.

The appearance of fibrils on TBLE bilayers was
only observed for AB1o_os, AB1e—22, AB2s 35, and
AB1_40, and these fibrils varied morphologically
(Fig. 5b and c). The time frame for fibrils of these
four fragments to form on the bilayer was reduced in
comparison to free solution conditions, suggesting
that the lipid environment facilitates the formation of
fibrils for these specific fragments. As there was a
limited time period for which we were able to observe
the TBLE bilayers, we cannot rule out that AB_11,
AB1_og, and AB4o_o4 would form fibrils on the bilayer
given more time, especially considering that it took at
least 48 h for fibrils to be observed for these three
fragments under free solution conditions. Fibrils of
AB40_06 that formed on the bilayer were similar in
height (1.8 + 1.1 nm) (Fig. 5b) but appeared to have
a smaller persistence length (Fig. 5¢) compared to
fibrils formed in free solution. Due to these charac-
teristics and the appearance of the fibrils, it appeared
that AB1o_2s aggregated into a distinct polymorphic
fibril on the bilayer compared to those observed from
free solution. AB1e_22 aggregated into a much longer,
thicker (average height of 5.4 + 2.4 nm), and rigid
(high persistence length) fibrillar polymorph than
was observed in free solution. ABs»_35 formed thicker
(2.5 £ 1.9 nm) and more rigid fibrillar aggregates on
the bilayer in comparison to free solution, and these
fibrils were predominately associated with complete
disruption of the membrane, exposing mica. Based
on appearance, APi_40 formed a different fibril
structure on the bilayer compared with free solution.
The height of these AB4_4¢ fibrils on the bilayer was
slightly smaller (5.2 + 3.1 nm) with higher curvature
than their free solution counterparts.

AB fragments alter the local mechanical
properties of TBLE bilayers

Next, we determined how exposure to the different
AB fragments altered the local compressibility and
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properties of the surface with respect to the probe.
Topography, Frmax, and Frin images of TBLE bilayers
exposed to the different AR fragments for 16—20 h
were generated (Figs. 6 and 7). Control topography,
Frmax, and Frin images are presented in Supplemen-
tal Fig. 2. These control images appear featureless,
as the TBLE bilayer represents a relatively homog-
enous surface. As the topography and force data are
obtained simultaneously, the tapping forces can be
associated with specific topographical features,
allowing for the deconvolution of the tapping force
distributions. The fragments AB¢_11, ABi_2s, and
AB12_24, Which only formed oligomeric aggregates
on the TBLE bilayer, did not cause extensive
mechanical changes in the bilayer (Fig. 6). However,
the oligomers of these three fragments were typically
less adherent to the probe and tended to be slightly
more compressible.

The AR fragments that significantly altered the
bilayer morphology and formed a larger variety of
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were not as soft as the actual aggregates. This is
consistent with AB fragments reducing the ordering
and packing efficiency of the bilayer,®”® result-
ing in a more compressible membrane.

Discussion

We have investigated a variety of A fragments in
an effort to understand how specific regions of A
regulate its interaction with lipid membranes. In
particular, we investigated the interaction of AB4_44,
AB1-28, AB1o-26, AB12-24, AB1e-22, AP22-35, and
AB1_40 with TBLE bilayers. These AB fragments
represent a variety of chemically unique regions
along the peptide, that is, the extracellular domain,
B-strand, B-turns, the central hydrophobic core, and
a portion of the transmembrane domain. While
these studies using these AP fragments can
provide insights into the interaction of specific
domains with lipid membranes, care must be used
in extrapolating these results in understanding the
dynamic aggregation of full-length A in solution or
at lipid interfaces. Specifically, studies with these
fragments exclude the potential of the interaction
between protein domains to facilitate aggregation or
binding to lipid membranes. Furthermore, the AB
concentrations used in this study are large com-
pared to those typically observed in vivo. While
this was done to allow for observations within an
experimentally feasible time period, this in-
creased concentration must be taken into con-
sideration when interpreting these results, as
amyloid formation is highly dependent on protein
concentration.

Exposure of the model lipid membrane to fresh
preparations of these AR fragments resulted in
distinct aggregation patterns and changes in bilayer
stability associated with each fragment. AB1o_zs,
AB16-22, AB2o_35, and AB4_4o caused disruption of
the lipid bilayer structure upon exposure and
resulted in a variety of distinct fibrillar aggregates.
Exposure to these fragments resulted in altered
mechanical properties of the lipid bilayer. Interest-
ingly, in the corresponding force images, we were
able to determine the rigidity associated with
individual aggregates of A fragments bound to the
membrane. The aggregates were more compress-
ible than the surrounding lipid bilayer, indicating that
the aggregate may form a local weak spot within the
membrane that may lead to fragmentation of the
membrane structure. Conversely, ABi_11, ABi_zs,
and AB4o_24 had minimal interaction with lipid
membranes, forming only oligomers that were
weakly adhered to the surface. These studies
provide insight into the potential role of specific
amino acid sequences within A on aggregation and
interactions with lipid membranes. As a result, we
have determined that residues 16-23 and 30-35

play a major role in AR binding to model membranes
and the subsequent changes in mechanical proper-
ties of the membrane. Similar sequences (AB17_20
and ABsg_3s5) have been found to be critical in
facilitating cellular toxicity and AB aggregation,®®
and portions of these regions (10 residues of the
C-terminus and AB17_21% have the greatest hydro-
phobic character of AB.°°

While it would have been desirable to have a
fragment representing just the transmembrane
domain of AB, the preparatory protocol used in this
study was unable to completely solubilize lyophilized
stocks of such a fragment (ABsg_z9). As it is well
established that the chemical history of A in-
fluences the aggregation pathway,®® using a differ-
ent preparation to solubilize ABsg_39 would have
biased any comparisons with the other fragments.
Presumably, the entire transmembrane domain
would interact strongly with the hydrophobic core of
a lipid membrane, as the AB.s_ss fragment, which
only contains a portion of the transmembrane
domain, interacted the most aggressively with
TBLE in both the AFM and PDA assays. Observa-
tions from the literature further support this notion.
Experiments with the same AB.s_35 fragment alters
the structure and dynamic nature of a variety of
phospholipid membranes.®'~5% An AB,s_4o fragment,
which contains the entire transmembrane domain,
preferentially localized within the hydrophobic core of
DMPC/DPPG liposomes.®* Interestingly, fragments
of ABs1_ss and ABss_35 can induce toxicity in PC12
cells, although by apparently different mechanisms
as ABsi_s3s toxicity is associated with biochemical
features of apoptosis that are not detected in studies
with ABos_gs.%°

Surfaces have long been established as potential
modifiers of amyloid formation, and our studies
further demonstrate that lipid surfaces, in particular,
can influence the aggregation of AB. It has been
shown that chemically distinct surfaces influence the
aggregation rate of AB, as well as the mor-
phology.'*'%%¢ Lateral mobility of Ap appears to
be critical in the formation of fibrils on solid surfaces
and lipid bilayers,®” and this could be important as
single-molecule studies performed on AB inserted
into anionic lipid membranes demonstrated higﬁh
lateral mobility until aggregating into oligomers.®®
The affinity of AB for the surface also plays a role in
creating local areas of high concentration that can
lead to aggregation.®’ This factor is supported by our
observations suggesting that AR fragments contain-
ing the transmembrane domain, with presumably a
higher affinity for lipid membranes, aggregated more
aggressively on TBLE bilayers.

The pathological action of AB and its aggregate
forms appears to be at least partially attributable to
interaction with cellular membranes.®® Detrimental
effects of AB on lipid membranes can occur via
several potential mechanisms. Several studies have
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indicated that A can form pore-like structures in lipid
membranes, resulting in increased membrane
permeability.®'~3*7° Studies using lipid vesicles
that contained self-quenching dyes have demon-
strated that AB can disrupt the integrity of lipid
bilayers, making them leaky,”" and the disruption of
bilayer morphology by AR has been observed by
AFM for a variety of lipid systems.?'?53272 The
observed morphological changes in bilayers associ-
ated with AB fragments that aggressively interacted
with the TBLE surface suggest that the aggregation
process plays a role in altering the integrity of
membranes.

The physical properties of lipid bilayers, such as
phase state, bilayer curvature, elasticity and modulus,
surface charge, and degree of hydration, can influ-
ence/modulate protein aggregation at membrane
surfaces.” The lipid composition of a bilayer has
been shown to exert substantial influence on the
aggregation of amyloid-forming proteins.?® We chose
to use TBLE bilayers to study the aggregation of AB in
the presence of a physiologically relevant mixture of
lipid components. While this complicates the ability to
determine the importance of specific AB/lipid interac-
tions, other studies have indicated that the interaction
of AB with membranes is highly dependent on the
abundance of sgecific lipid comgonents, that is,
cholesterol,>*+7> sphingolipids,”® gangliosides,””
and neutral or charged phospholipids.”®®° Neutral
PC lipids extend the lag time needed to initiate A
aggregation in a concentration-dependent manner.%°
A variety of lipids have been shown to induce
structural transition in AB, from a-helical to 3-sheet,
using circular dichroism.”® The charge of the lipid
membrane, which is determined by phospholipid
headgroups, is a major factor controlling the extent
of Ap/membrane association, as the affinity of
monomeric AR is stronger for membranes composed
of negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol compared with membranes of
neutral 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line.8"®2 However, aggregation can modulate these
interactions as fibrillization reduces the affinity for
negatively charged membranes to a greater extent
than that for neutral membranes.®? Other studies
demonstrate that AR binding to gangliosides acceler-
ates fibril formation in the presence of vesicles.%3%*
Incorporation of gangliosides in membranes also
facilitates the formation of AB pores and membrane
fragmentation.®> Ganglioside GM1 and sphingomye-
lin can destabilize mature AR fibrils, stabilizing
intermediate protofibrillar aggregates.®® Furthermore,
altering the composition of supported TBLE bilayers
by exposing them to apoE-containing lipoprotein
particles was shown to reduce AB binding to the
lipid surface, resulting in decreased membrane
disruption.?’!

While previous studies using AB4_4 mutants
demonstrated that lipid membrane association of

AB is driven by electrostatic and hydrophobic
interactions,®® our results indicate that specific
domains also play an important role, leading to
various degrees of lipid interaction and disruption.
Understanding the interaction of specific AB residues
with lipid membranes is important because A may
exert its cytotoxic effect at cellular membranes, not in
free solution, changing the effectiveness of potential
therapeutics that target AB. This concept has been
demonstrated by studies on the aggregation of
human islet amyloid polypeptide at phospholipid
surfaces that showed that a known inhibitor of
amyloid formation, (-)-epigallocatechin gallate, was
less effective at a phospholipid interface.®”

While the physical/chemical properties of bilayers
may dictate the susceptibility of a membrane to AR
binding, once AB binds the membrane, it can
destabilize membrane structure, compromising mem-
brane integrity. AR fragments that aggressively aggre-
gated on TBLE bilayers created regions of disrupted
bilayer morphology that were associated with a softer
elastic modulus and reduced adhesion to the AFM
probe tip in comparison to the unperturbed bilayer. A
potential explanation for these observed changes in
bilayers exposed to specific AR fragments is a
decrease in the efficiency of the packing of the lipid
components within the bilayer in response to protein
insertion/binding and aggregation. This would lead to a
rougher bilayer that is more easily compressed and a
decrease in the number of potential hydrogen bonds
formed between the tip and bilayer surface, leading to
the lower adhesive interaction. This scenario is
consistent with NMR studies that indicate that AR
induces greater packing disorder in model lipid
bilayers®">88% and morphological changes associat-
ed with membrane exposure to Ap observed here and
elsewhere by AFM.2""2% Furthermore, exposure to AR
has been demonstrated to reduce the force necessary
to puncture lipid membranes.”? Rearrangement of
lipid orientation should have profound effects on the
mechanical integrity of membranes. While anisotropy
studies with single-component lipid membranes
demonstrated that monomeric A had minimal impact
on bilayer fluidity, oligomers decreased the lateral
mobility of lipid components.®® Evidence also sug-
gests that polymorphic oligomeric structures have
varying abilities to alter membrane fluidity,®® and a
reduction in membrane fluidity due to AR has been
demonstrated in rodent brains.®® Even at nanomolar
concentrations, the lysis tension of unilamellar vesi-
cles containing oxysterols can be altered by exposure
to AB.°° Here, we demonstrate that specific AB
fragments can locally increase the compressibility of
TBLE bilayers and in some cases even generate
holes spanning the entire membrane. Collectively,
these results suggest that AR can negatively impact
the mechanical integrity of lipid membranes.

A can also induce membrane curvature in DOPC
lipid vesicles, inducing several different vesicle
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shapes.®' These changes in vesicle curvature were
highly dependent on the aggregation state of AR,
and the mechanical strain associated with ApB-
induced curvature of lipid membranes could lead
directly to their disruption. Such a mechanism has
also been demonstrated for the interaction of the
islet amyloid polypeptide with lipid vesicles.%29*
However, due to our AFM studies being performed
on bilayers supported by a solid substrate, we were
unable to determine if the fragments studied here
preferentially induced large-scale changes in mem-
brane curvature.

AB1_11, AB1_os, and AB4o_o4 did not extensively
aggregate on TBLE bilayers (only oligomers were
observed) and did not result in detectable membrane
disruption. This is easily explained for AB4_41, which
represents the N-terminus of the hydrophilic extra-
cellular domain and contains no B-sheet-forming
sequences. However, both AB4_os and ABis_o4
contain extensive hydrophobic residues that have
been associated with B-strand formation. Presum-
ably, these should have interacted with the lipid
bilayer. However, the addition of the first 11 residues
of AB in ABi_os may impede the lipid/protein
interaction. This notion is supported by circular
dichroism studies demonstrating that the random
structure of AB4_og is unchanged in the presence of a
TBLE bilayer.? It is not entirely clear, however, why
AB12_24 did not interact extensively with the bilayer
when AB10—26 and AB16—22 did.

Based on our morphological and mechanical
observations, we propose three scenarios for the
impact of AR and its aggregate forms on bilayer
structure (Fig. 8). Due to the lack of structural
information at the molecular level, these scenarios
are somewhat speculative. Monomers or small
oligomers (i.e., dimers) can penetrate into the bilayer
structure, resulting in disordering of the bilayer
structure that manifest as increased surface rough-
ness observed in AFM images (Fig. 8a). This
insertion into the bilayer by the AB fragments is
facilitated by the presence of the central hydrophobic
core and/or the transmembrane domain. Depending
on the specific fragment studied, oligomers are
located within regions of increased bilayer rough-

ness, or not associated with changes in bilayer
morphology (Fig. 8b). Presumably, the oligomers
that perturbed the bilayer morphology were partially
inserted into the membrane, forcing the rearrange-
ment of lipid components to accommodate the
presence of the oligomer. Oligomers that minimally
inserted into the bilayer would not cause observable
bilayer roughening. The bilayer roughening associ-
ated with monomers and oligomers can potentially
lead to membrane leakage and dysfunction. The
formation of fibrils of the AB fragments on the
bilayer was often associated with fragmentation of
the membrane, exposing bare mica substrate (Fig.
8c). Collectively, the ability of AR and its aggregate
forms to bind lipid membranes and impact their
structural integrity can potentially play a role in a
variety of toxic mechanisms associated with AD.

Materials and Methods

Peptide preparation

Synthetic fragments of AB1_11, AB1_28, AB1o-26, AB12-24,
AB16-22, AB2s_35, and ABi_40 (AnaSpec Inc., San Jose,
CA) were prepared in the same manner according to
published protocols.*® Briefly, peptides were treated with
hexafluoroisopropanol to dissolve seeds and preexisting
aggregates within the lyophilized stock. Hexafluoroisopro-
panol was evaporated off in a Vacufuge concentrator
(Eppendorf), resulting in peptide films. These peptide films
were dissolved in 10 pL of dimethyl sulfoxide to make a
2000-pM stock solution. To achieve a final concentration of
20 pM, we dissolved the stock solutions directly into 37 °C
phosphate-buffered saline (PBS) buffer (pH 7.3). The
molecular masses of these fragments are 1.33 kDa for
AB1_11, 3.26 kDa for AB1—28a 2.01 kDa for AB1O—26!
1.57 kDa for ABq2_24, 0.85 kDa for ABqe_22, 1.40 kDa for
AB22_35, and 4.33 kDa for AB4_40.

Preparation of defect-free bilayers

Lyophilized porcine TBLE (Avanti Polar Lipids, Alabas-
ter, AL) was resuspended in PBS (pH 7.3) at a concen-
tration of 1 mg/mL. Using an acetone/dry ice bath, we
formed bilayers and multilayer lipid sheets by five cycles of

Fig. 8. ApB fragments can interact with lipid bilayers via several potential scenarios. (a) Monomeric or small oligomeric
species (i.e., dimers) can insert into bilayers, creating disorder within the membrane. (b) Oligomers of A fragments can be
loosely adhered to the surface of the bilayer (green arrows) or partially inserted into the bilayer (yellow arrows). When
oligomers insert into the bilayer, they displace lipid components. (c) Fibril formation at the membrane surface leads to lipid
disordering and eventual fragmentation of the membrane, exposing the underlying mica substrate.
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freeze—thaw treatment.?® Lipid suspensions were then
sonicated for 15 min to promote vesicle formation. Next,
15 pL of a 1:1 TBLE/PBS (pH 7.3) solution was injected
directly into a prepared AFM fluid cell. A defect-free bilayer
(40 x 40 pm) was formed via vesicle fusion on a freshly
cleaved mica substrate. Once formed, two to three washes
with PBS were performed to remove excess lipid vesicles
from the fluid cell. All experiments were performed with the
same lot of lipids.

PDA assay

PDA assag/ was prepared using previously reported
protocols.>3%° In short, the diacetylene monomers 10,12-
tricosadiynoic acid (GFS Chemicals, Columbus, OH) and
TBLE (2:3 molar ratio) were dissolved in a solution of 1:1
chloroform/ethanol. The solution was rotovapped off,
leaving a thin, dry film. 1 x Tris-buffered saline (TBS) heated
to 70 °C was added to the film and sonicated for 5 min at
100 W using a sonic dismembrator (FisherSci). To ensure
self-assembly of the vesicles, we stored the suspension at
4 °C overnight. The suspension was polymerized by
irradiation at 254 nm with 7 lumens for 10 min (room
temperature with stirring) turning a brilliant blue. The assay
included polymerized PDA + 1x TBS (negative control),
polymerized PDA + 1x TBS + NaOH (pH 12) (positive
control), and polymerized PDA + 1x TBS + AR for each
individual AR sequence with a final protein concentration of
20 pM. CR over 24 h for each well was recorded using an
Infinite M1000 Pro plate reader (TECAN, Switzerland) at
37 °C measuring both the blue component (640 nm) and the
red component (500 nm) of the spectrum.

AFM imaging conditions

For ex situ AFM imaging, 20-uyM solutions of each
sequence were prepared and incubated at 37 °C with no
shaking for the duration of the experiment. Aliquots (2 pL)
of each incubation were spotted onto freshly cleaved mica
for 30 s at various time points, washed with 200 pL of high-
pressure liquid chromatography-grade water, and dried
under a gentle stream of nitrogen. Deposited peptide
aggregates were imaged with a Nanoscope V MultiMode
scanning probe microscope (Veeco, Santa Barbara, CA)
equipped with a closed-loop vertical engage J-scanner
and operated in tapping mode. Ex situ images were
acquired with diving-board-shaped silicon cantilevers
with a nominal spring constant of 40 N/m and reso-
nance frequency of ~300 kHz.

For in situ AFM experiments, the Nanoscope V Multi-
Mode scanning probe microscope (Veeco) was operated
in tapping mode, equipped with a fluid cell sealed with an
O-ring. In situimages were obtained with V-shaped oxide-
sharpened silicon nitride cantilevers with a nominal spring
constant of 0.5 N/m (Budget Sensors, Bulgaria). Scan
rates were set at 1-2 Hz with cantilever drive frequencies
ranging from ~8 to 10 kHz. Thirty-five microliters of filtered
PBS buffer was added to the fluid cell, and background
images were obtained to ensure cleanliness of the cell
before direct injection of 15 pL of TBLE solution. Once
formed, only defect-free TBLE bilayers that were
40 x 40 ym were exposed to AR fragments at a final
concentration of 20 uM. Upon injection of the sequence, a

10 x 10 pm image of the surface with 1024 x 1024 pixel
resolution was taken before sealing the fluid cell to prevent
evaporation. The bilayer was imaged again 16-20 h after
exposure to the AR fragments.

For SPAM experiments, 10 x 2.5 ym images were
captured with 512 x 128 pixel resolution. Cantilever
deflection trajectories were captured at 2.5 MS/s and 14-
bit resolution with a vertical range of 2 V via a combination
of a signal access module (Veeco) and CompuScope
14100 data acquisition card (Gage, Lachine, Quebec). A
Fourier-transform-based harmonic comb filter was applied
to the deflection signal, and the second derivative of the
filtered cantilever deflection was used to obtain the time-
resolved tip acceleration. By use of the effective mass,
meg, Of the cantilever, the time-resolved tagg)ing force
between the tip and sample was recovered.”™ mg; was
determined using a thermal tuning method by obtaining the
spring constant and resonance frequency of the cantilever.

Quantitative image analysis

AFM image analysis was performed using the image
processing toolbox of Matlab (MathWorks, Natick, MA) as
described elsewhere.®® Briefly, the physical dimensions of
aggregates were measured automatically by (1) importing
images into Matlab, (2) flattening the images to correct for
background curvature, (3) using a height threshold to
create a binary map of the surface that can be used to
locate individual aggregates, and (4) implementing pattern
recognition algorithms to the binary map to locate
aggregates and measure specific features (height, vol-
ume, contour length, etc.) of each individual aggregate. To
determine fibril contour length and end-to-end distance, we
used a fast parallel thinning algorithm®” to create a pixel
skeleton of each object present in the AFM image. Once
the pixel skeletons of fibrils were obtained, crossing over
points of slightly entangled fibrils were removed, and the
endpoints of each skeleton was determined.®® Highly
entangled skeletons were removed from the analysis. The
end-to-end length between the endpoints connected by a
pixel skeleton was calculated, and the contour length was
calculated based on the length of the entire pixel skeleton.
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Supplemental Figure 1: Representative in situ tapping mode AFM image of a freshly
cleaved mica surface in PBS buffer. The clean mica surface appears featureless.
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Supplemental Figure 2: Defect free TBLE bilayers have homogenous mechanical
properties. AFM topography, Fi.x, and F.;, images of TBLE bilayer were obtained using

SPAM. Histograms of every tapping event (right of images) for Fn,x and F;, illustrate the
unperturbed bilayer region.



Supplemental Table 1: Summary of the number of replicates and individual aggregates measured under different experimental
conditions and assays

ABrur AB12s AB10.26 AB12.24 ABi6.22 AB22.3s AB1.40

Aggregates formed under free solution conditions (ex situ AFM experiments)

Images analyzed for oligomers 10 6 9 6 6 6 6

# of oligomers analyzed 1280 451 1363 2963 1034 279 693
Time points analyzed for oligomers 24-48h 24h 24-48h 24h 48h 24h 24h
Images analyzed for fibrils 7 9 9 5 3 12 5

# of fibrils analyzed 294 135 55 1806 1182 187 562
Time points analyzed for fibrils 72h 24-48h 24-48h 48h 72h 48h 24h
Replicates 3 7 3 3 7 7 7
Aggregates formed in the presence of TBLE bilayer (in situ AFM experiments)

Images analyzed for oligomers 5 4 4 3 3 3 3

# of oligomers analyzed 104 300 1123 246 888 1028 491
Time points analyzed for oligomers 16-20h 16-20h 16-20h 16-20h 16-20h 16-20h 16-20h
Images analyzed for fibrils n/a n/a 3 n/a 4 4 3

# of fibrils analyzed n/a n/a 620 n/a 553 5477 2858
Time points analyzed for fibrils n/a n/a 16-20h n/a 16-20h 16-20h 16-20h
Replicates 3 4 6 5 11 10 3
PDA Assay

Replicates 3 3 3 3 3 3 3
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