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Abstract

Within the amyloid hypothesis in Alzheimer's disease, current focus has shifted to earlier stages of amyloid
beta (AB) peptide assembly, involving soluble oligomers and smaller aggregates, which are more toxic to cells
compared to their morphological distinct fibril forms. Critical to the AB field is unlocking the molecular-level
kinetic pathways of oligomerization, leading to the culprit subset or specific species of A oligomer populations
responsible for the disease etiology. Here, we apply high-speed atomic force microscopy to enable direct
visualization of dynamic interactions between single AB4» oligomers and aggregate forms, with combined
nanometre structural and millisecond temporal resolution in liquid. Analysis of dimensions revealed up to three
main AB42 species distributions, in addition to the appearance of monomers that showed fast surface diffusion
compared to the larger AB4o species. Significantly, we devised a new single-molecule analysis based on
image contrast in high-speed atomic force microscopy movies to quantify rate determining kinetic constants
for interactions between the different AB,4, species. The findings revealed that smaller AB4. species show an
exponential decay of lifetime distribution, indicating that all molecules undergo the same process with a single
well-defined energy barrier. In contrast, larger aggregates show randomized lifetimes, indicating a distribution
of interactions energies/barriers that must be overcome in order to dissociate. We interpret the latter as being
due to “permissive” binding, arising from different conformation states of the aggregates, along with a variety
of accessible interacting groups. Inevitably, this may lead to the formation of different complexes or alloforms,
which is known to contribute to difficulties in identifying AB oligomer toxicity and has implications for
mechanisms underlying neuronal death accompanying Alzheimer's disease.

© 2019 Published by Elsevier Ltd.

Introduction

Recent theory for pathogenies in Alzheimer's
disease (AD) implicate the accumulation of soluble
amyloid beta (AB) oligomers [1,2], generally consist-
ing of low-molecular-weight monomeric, dimeric,
tetrameric AR peptides [3], or higher-molecular-weight
(~20 to 40 monomers) oligomers [4]. Due to their
small size, high diffusion rate and permissivity to
biological interactions, they are more highly toxic,

0022-2836/© 2019 Published by Elsevier Ltd.

particularly with high affinity for cellular ligands [5]
such as neurosynapses. They are defined as basic
proteins transformed into toxic forms that are struc-
turally very distinct from their insoluble amyloid fibril
successors found in plaques synonymous with AD
[6,7]. Their increasing discovery in patients [8], along
with a growing number of in vitro and animal studies
demonstrating their toxicity [9,10], has seen a shift
from earlier amyloid “cascade” hypotheses [11,12],
based on plague and fibril neurodegeneration, toward
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understanding the protagonists of Ap oligomer toxicity
[7], including effects of size, morphology, homeostasis
and biodistribution, leading to emergence of AR
immunotherapies in clinical trials [13]. A fundamental
challenge is identifying which subset or specific
species of AP oligomers, among the apparent
structural diversity and polymorphism with transient
states, are responsible for AD. Equally as important to
more broadly elucidate potential targets for AD
therapies will be understanding the molecular inter-
action kinetics that ultimately define the oligomeriza-
tion pathway(s) leading to the toxic populations.
Thioflavin T-based fluorescence kinetic studies on
AB revealing classical sigmoid growth kinetics
[14—16], including initial lag, followed by nucleation
and fibril formation phases, enable quick interroga-
tion of amyloid or fibrillation blockers, for example,
antibodies, or the effects of amyloidogenic biological
conditions such metal ion concentration [17,18] and
pH [18,19]. The lag phase and slope of the
nucleation phase partially indicates the rate at
which oligomerization proceed; however, the kinetic
contribution from specific, individual oligomer spe-
cies is not discerned. From a structural perspective,
x-ray crystallography, electron microscopy and
atomic force microscopy (AFM) show that the
oligomer species range from 2 to 50 nm in size
[18,20], displaying diverse structures and assem-
blies. Emerging techniques such as ion mobility
coupled with mass spectroscopy enable measure-
ment of AR oligomer population distributions, reveal-
ing potential assembly pathways and specifically
dodecamers as terminal species that are yet to
rearrange into a B-sheet structures and thus may
represent toxic forms in AD [20—22]. Single-molecule
fluorescence measurements can probe oligomers
present during the lag phase, showing they consti-
tute a highly heterogeneous ensemble of species
(~40 molecules) indicative of having undergone a
stochastic polymer-like assembly process [23]. Up
until now, only single-molecule force spectroscopy
(SMFS) based on AFM is used to experimentally
determine single molecule kinetics parameters (e.g.,
dissociation constants) of intra-molecular AR inter-
actions [24]. Peptide functionalization of the AFM
probe is currently only configured for the interaction
between two monomers [25,26], effectively limiting
measurements to dimerization kinetics. Exploring
kinetics of very early stages of oligomerization, with
seemingly fast transition states, are investigated by
theoretical and computational simulations [27—29] in
the absence of molecular-level experimental data.
To date, a significant mismatch exists between
high-resolution structural imaging with poor temporal
resolution versus inherently fast dynamic spectros-
copy without the ability to directly visualize molecular
structure. This is where the use of high-speed AFM
(HS-AFM) provides a unique opportunity to study
the molecular structural determinants of kinetics by

decreasing structural imaging times of single mole-
cules from minutes to milliseconds, that is, ~15-20
images per second [30-32]. Related to amyloid
peptides, HS-AFM studies report on the structural
flexibility of a-synuclein monomers and dimers
associated with Parkinson's disease [33], dynamic
formation of AP protofibrils [34], and structural
dynamics of AB oligomers, including specified
trimers, pentamers and heptamers [35]. Here, we
develop a new analysis based on HS-AFM movies to
produce lifetime traces, enabling the first extraction
of kinetics assigned to inter-molecular interactions
between different types of single-molecule AB42
oligomers and aggregate forms. In doing so, we
discover interesting kinetic phenomenon once the
AB4o species reach dimensions associated with
larger aggregate species.

Results/Discussion

Structural dimensions of different A4, species

HS-AFM with scan sizes of 500 nm taken at imaging
rates of 2 frames/s were used to characterize
the structure and dimensions of the AR, peptide.
A representative snapshot of a single frame at time t=
10 s revealed adsorbed peptides with a surface
density of ~30—40 molecules/um?, primarily compris-
ing small, globular-like structures of different sizes
(Fig. 1a). Corresponding movies with duration of 500 s
show the differently sized peptide species with varying
surface diffusion speeds (Supplementary Movie S1).
For statistical analysis of structural dimensions,
MATLAB programs were developed to firstly separate
the imported AVI movies into individual frames, then
segment the objects in each frame via automatic
thresholding, and lastly obtain the object parameters
such as area (nm?), width (nm), length (nm) and
height (average pixel intensity; see the Methods
section). Histogram analysis of the area showed
three distinct peak distributions at 177 + 60, 385 +
94 and 670 + 80 nm? (Fig. 1b), indicating the
existence of at least three different forms of AB4»
peptide(s). From the width and length histograms
(Fig. 1d and e), the main peak distributions occurred at
15.4 £ 3.2 and 19.6 + 5.1 nm, respectively, indicating
the size of the most abundant AB4, peptide species.
In addition, a second peak distribution occurred at
higher values of 37.8 + 2.1 nm, particularly for the
width (Fig. 1d), and a similar distribution of values
(36.9 £ 7.6 nm) is observed in skewed (non-normal;
right tail) histogram of length (Fig. 1e). Two other
main observations included a much smaller peak
distribution between 6 and 12 nm (Fig. 1e, arrow)
specifically for length and sampling of higher values
of up to ~100 nm but with no clear distribution
(Supplementary Fig. 1). For the height, two peak
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distributions are observed at 2.85 + 0.7 nm and
another at 9.2 + 2.5 nm (Fig. 1c).

The existence of these different AB4> peptide
species based on their size distributions indicates
that the preparation of samples from lyophilized solid
peptides dissolved in 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFIP) does not result in pure monomers but
instead leads to associated oligomers and larger
aggregates [36,37]. This is somewhat contrary to the
use of HFIP that constitutes a method typically used to
minimize peptide aggregation. Once the peptides are
resuspended in phosphate-buffered saline, they are
immediately deposited onto the mica substrate for HS-
AFM imaging (approximately after 20-30 min) and
subsequently rinsed to remove excess free peptide. As
mentioned the different AB4» species do not form on
the mica during imaging (they are pre-formed species
in the sample solution) and the sample preparation
also does not allow sufficient time for the formation of
amyloid fibrils [38]. The latter enabled a focus on the
interactions and dynamics of AB4» monomers, oligo-
mers and larger aggregates as opposed to the
processes of fibril formation as done by several others
in AFM studies [39,40].

Similar rounded structures of A4, peptide species
with dimensions on the order of a few nanometres up
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to tens of nanometres are routinely observed in AB4q
and AB4> samples in AFM studies [41,42]. Without
the use of any solvent in the sample preparation,
Prabhu et al. [43] similarly reveal a height range of
1.5-2.5 nm for AR, to explain the presence of either
monomers or small oligomers. Using super sharp
tips for AFM imaging, Mastrangelo et al. [4] refer to
low-molecular-weight soluble AB4» oligomers mostly
with a height of ~1-2 nm and diameters ranging
from 5 to 15 nm attributed to monomers or dimers
(5-7 nm) and tetramers (~10-15 nm). In the same
study based on the HFIP method, higher-molecular-
weight (HMW) oligomers of 1525 nm in diameter
(reduced value after tip correction) with heights
ranging from 3 to 6 nm indicated stacking of 2-3
monomers/dimers units. The HMW oligomers could
also retain heights of 2 nm, suggesting the formation
of planar structures [4]. More recently, Banerjee et al.
[35] using HS-AFM show similar AR oligomer
structures and distribution of sizes, including com-
pact (5—7 nm), bilobed (20 nm) and larger aggregate
structures, although they are differently assigned
to specific trimers, pentamers and heptamers,
respectively. A point of difference in this study is
that a photochemical cross-linking method is used
to enable isolation of AB according to their size
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Fig. 1. Morphology and dimensions of AB,,. (a) Representative HS-AFM image frame at t= 10 s of A species on mica
surface in PBS (scan size: 500 nm, imaging rate: 2 frames/s). (b—e) Histograms of dimensions: area (b), height (c), width
(d) and length (e). Peak values are from multi-peak fitting (Igor Pro, Wavemtrics). (f) Region of HS-AFM image frames
showing representatives (from left to right) of AB1s_20 nm, ABas nm, ABagg @nd disordered or unstructured AR species.
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Fig. 2. Scatter plots of width (a), length (b), and height
(c) versus area of AB species.

and purity, giving a priori knowledge of the sample
distribution.

Theoretical and experimental measurements give a
size of ~1-1.5 nm for single AR monomers [28,44,45];
thus, our HS-AFM observations show what appear to
be mostly oligomers and larger aggregates. Previous
AFM studies have shown that the lateral dimensions
of AB, often up to tens of nanometers, exceed the most
probable height of 2 nm and which is also the case in
this study. Specifically, the lateral dimensions were
shown to vary linearly with the height, suggesting that
the latter is actually a true representation, that is, the
AB is not perfectly spherical but more closely
resemble oblate spheroids [46,47]. Despite this, tip
broadening effects are expected to occur when the
object's size is below the radius of tip curvature, and
therefore, the lateral dimensions still represent an
overestimation [42]. As mentioned above, similar
sizes of AB4, measured by AFM have previously
been attributed to various forms, including pentamers,
tetramers and HMW oligomers. Here, we refer to the
most abundant distribution of A species with an area
of 180 nm?, 15-20 nm (length—width) and height of 2.8

nm, as AB1s_20 nm; Since defining an exact number of
monomer units is difficult. For example, in this
compact structure (Fig. 1f, far left image), the
individual monomers cannot be resolved due to
insufficient AFM tip resolution. The next largest
species correlating to an area of 385 nm? effectively
relates to a doubling of size compared to AB15-20 nm-
Despite the length—width histogram showing a second
peak distribution at ~36—-38 nm in Fig. 1d and e, its
correlation to the distribution at 385 nm? could not be
clearly determined. Therefore, additional histogram
analysis was performed on length—width values
categorized by only the 385-nm? distribution (Supple-
mentary Fig. 2). Histograms show peak distributions
of 34.4 + 6.8 nm for length but only 16.5 + 4.6 nm for
width, indicating that this species had an elongated
morphology as opposed to the rounded conformation
of AB15_20 nm- The dimensions of this species, referred
to as ABss nms iS in accord with images showing a
bilobed structure, consisting of two rounded, compact
structures lying planar on the mica surface (Fig. 1f,
middle leftimage). Interestingly, similar 20-nm bilobed
structures were recently observed by Banerjee et al.
[35] using HS-AFM and identified as pentamers
produced using a photochemical cross-linking meth-
od. We interpret ABss nm @s consisting of significantly
more monomers, which also retain a height of 2.8 nm,
indicating a planar structural configuration. The
largest species giving a peak area distribution of 670
nm? and height distribution at 9.2 nm are clearly larger
aggregates. Similarly to the above, histogram analysis
performed on values categorized by only the 670-nm?
area indicated that these species, referred to as ABagg
(Fig. 1f, middle right image), had length and width
dimensions of 34.1 + 10.7 and 35.7 + 3.8 nm,
respectively (Supplementary Fig. 2). Similar length—
width dimensions were also confirmed by categorizing
values by only the height distribution of 9.2 nm
(Supplementary Fig. 2). Hence, it was evident that
each of the species had overlapping distributions in
their length—width dimensions. Furthermore, a small
peak between 6 and 12 nm for length (Fig. 1e, arrow)
combined with heights of ~1 nm is more closely
indicative of dimensions equivalent to lower-molecu-
lar-weight oligomers such as dimers, trimers or
tetramers, as described in previous AFM studies
[48,49]. To date, a range of AB4o oligomer structures,
generally referred to as amyloid-beta derived diffus-
ible ligands (ADDLs), globulomers and protofibrils, are
described in several reviews [50-52]. Contrary to
early theories on A4 existing in only stable
monomeric or dimeric states, Teplow et al. and others
[53,54] reveal a mixture of monomers, dimers,
tetramers and HMW oligomers, specifically “paranu-
clei” (planar hexamers), stacked hexamers and
dodecamers.

Additional less well, structurally defined AB4s spe-
cies, as opposed to the rounded conformations of
AB15-20 nm, ABss nm » ABagg , are observed transiently
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appearing in the HS-AFM movies (Supplementary
Movie S1), and a representative snapshot is given in
Fig. 1f (far right image). However, due to their
significantly lower heights of ~1 nm, they were not
easily identified by automated threshold detection for
analysis. In fact, they were most noticeable when
observing movies as they appeared transiently, for
example, flickering of the height contrast, in a scan
area for <1-2 s, indicating their fast surface diffusion
(Supplementary Movie S1). Supplementary Movie S2
indicates the appearance of these species by freezing
the relevant frames. Separate AFM cross-sectional
analysis show these AR, forms to be ~25.5 + 4.4 nm
in length and 1.1 £ 0.3 nm in height (Supplementary
Fig. 3). We suggest that these forms are associated
with significantly smaller, soluble A4, monomers that
are known to be largely disordered or unstructured in
solution [4], although the exact details of their transient
conformational states or dynamics are unclear. Recent
studies using FRET analysis show that both A4, and
AB4> comprise an ensemble of rapidly reconfiguring
unfolded states, with no long-lived conformational
states [55]. Molecular dynamic simulations support
that the peptides have configurations consistent with
random polymer chains, with the vast majority of
conformations lacking significant secondary structure
[45,56]. When considering tip broadening effects, the
measured size of 25 nm correlates to an estimated
contour length of an unfolded AB4> monomer (i.e., 42
amino acids ~20 nm).

The relationship between the dimensional param-
eters (length, width, height, area) is shown in Fig. 2
to better understand the structural configurations of
the different AB42 species. Importantly, it is empha-
sized that Fig. 2 represents preformed AB,4, species
arising from the sample preparation, that is, lyoph-
ilized peptide from HFIP followed by resuspension in
PBS, as opposed to their formation after deposition
on the mica surface. Two different linear trends for
width (or length) versus area values are observed
(Fig. 2a and b); the first trend (i) shows that as
expected a change in width (or length) is proportional
to the area. In contrast, the second trend (ii) shows a
significantly smaller, or negligible increase in width
(length) as a function of increasing area. This is due
to the analysis method whereby the width and length
are defined as increasing in value in the y-scan and
x-scan directions, respectively. Thus, the effective
width or length approaches zero if measured in the
opposing scan direction. A height versus area plot
reveals a region (i) where the height remains
constant at just below ~2 nm with increasing area
up to 800 nm? (Fig. 2c). This indicates that
preformed aggregates can exist as planar structures
with constant height and presumably form by the
lateral addition of monomers. In contrast, regions
(i) and (ii) show an increase in height, firstly to
~3.5 nm and then ~9 nm, respectively (Fig. 2c).
Specifically, the increase to 3.5 nm, while retaining

the area of ~200 nm?, suggests that this may be
related to perpendicular reorientation of the larger
AB42 species, for example, ABss nm, ON the mica
surface. At heights of 3.5 nm, further increases in the
area to ~400 nm? indicate that the preformed
aggregates can increase in size in both lateral and
stacking directions. However, no further height
increases are observed for areas of 200 and 400
nm?2. This interestingly leads to a “jump” in height
and area of ~9 and ~600-800 nm?, respectively, for
the ABagg (Fig. 2c). These changes in height as a
function of area suggest that there is a formation of
discrete, preformed AB4»> species, as opposed to
randomly sized oligomers and aggregates, during
the sample preparation of peptides.

Surface diffusion and interactions of different
AB42 species

MATLAB software was used to automatically track
the motion of the different AB4o species in movies
(2 frames/s) for a duration of 20 s. In addition to
MATLAB software analysis, representative filmstrips
showing their diffusion are given in Fig. 3 and further
corresponding movies in Supplementary Movies
S3-S5. In each filmstrip, the solid colored circle
delineates the current frame position of the individ-
ually tracked AB4o species, while dashed circles
denote the series of positions from the previous
frames. Quantitative analysis of the mean square
displacement (MSD) as a function of time for each
ApB species is plotted in Fig. 4a. Fitting to the slopes
gives diffusion coefficients of 8.7 + 0.44 nm? s
(AB15-20 qm), 1.1 £0.06 nm? s™" (ABsg nm) and 0.4
0.01 nm?® s™" (ABagg) (Fig. 4b), indicating that the
AB1s5-20 nm diffuses at a significantly greater speed
than ABse nm and APagg. Interestingly, “steps” are
found in the slopes of AB15_20 nm and this occurs to a
lesser extent for ABss nm but is not observed for
ABagg (Fig. 4a). The steps are due to a significant
increase in the MSD of the ABi5_20 nm, Within the
period of a few frames. Following these steps, the
ABi5-20 nm resumes its normal rate of diffusion.
Reasons for the sudden bursts in diffusion speed are
not fully clear, although they may relate to changes
in surface absorption [57]. Further analysis of the
fast diffusing monomers in Fig. 1f (far right image)
and Supplementary Movie S2 was not undertaken
because these peptides only existed in the scan
area for a period of 1~2 frames, as mentioned
above. In this case, the monomers are able to
traverse an entire scan area of 500 nm within a
few seconds, giving an estimated speed of >100 nm
s~ and diffusion coefficient of >2500 nm? s~ (see
Table 1)

Representative filmstrips show examples of com-
monly observed dynamic interactions between the
different preformed AB species after having been
deposited on the mica surface. i.e. Namely, where
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Fig. 3. Filmstrip from HS-AFM movies (imaging rate: 2 frames/s) showing the diffusion of individual AB15_20 nm (2), ABse
nm (D) and ABagg (c) molecules. In each filmstrip, the solid colored circle delineates the current frame position of the
individually tracked AB4» species, while dashed circles denote the series of positions from the previous frames. Right-hand
dashed circles show all positions from the corresponding filmstrip.

there was either 2D formation of elongated structures
or addition of species in the z-direction giving
increases in height (Fig. 5). For example, after 0.8 s,
an AB1s20 nm (2) moves closer to an ABagg (3) until
they undergo binding at 1.4 s and remain as a complex
(2 + 3) for the remainder of the filmstrip (Fig. 5a). In this
case, the complex (2 + 3) increases in width—length
(and area). At 1.6 and 3.4 s, further interactions within
the complex (2 + 3) show the AB5_29 nm “rebinding” to
the top of the ABagg, Causing an increase in height
(stacking in Fig. 5a) but no significant change in the
area. Following this in Fig. 5b, AB1s_20 nm (1) and a
new ABi5-20 nm (4) enter the scan area and both
interact with complex (2 + 3) (4.0 s), resulting in
elongation and formation a small, protofibril-like
structure. To visualize the dynamics of the entire

process, see Supplementary Movie S6. These col-
lective interactions involve interactions occurring in
the z-direction (2 < 3) and x—y direction (1 <+ complex
(2 + 3) « 4), demonstrating a combined growth
process to form new AR species. In general, these
types of interactions are dynamic and qualitatively
could be either short-lived or long-lived; for
example, the proto-fibril structures were only
transient compared to newly formed, more stable
oligomer and aggregate complexes.

Kinetic parameters of single-molecule A42 binding
The ability to directly “watch” single-molecule

interactions in action between the different ABa4o
species provides a unique opportunity to quantify
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kinetics underlying the process of oligomerization.
Here, we quantify the binding kinetics by measuring
the amount of time two molecules spend in physical
contact, which is defined by the formation of image
contrast between the two molecules. Significantly,
we extract kinetic parameters, including, mean
lifetime <t> and dissociation rate constant, ks (1/
< t>), for specific interactions between the AB15-20 nm
© AB15-20 nms AB15-20 nm © AB3s nm,» and AB15_20 nm <
ABagg (Fig. 6a—c). An important distinction for this
type of HS-AFM-based analysis is involvement of
the peptide—mica surface interaction and its role in
diffusion-limited effects on the intrinsic association
and dissociation rates of the AP species. For
instance, the AB species can come in contact via
diffusion, after which they undergo binding at a rate
governed by their intrinsic association rate constant.
Conversely, the AB species dissociate with an
intrinsic rate constant, after which they move apart
via diffusion. Therefore, the time spent in contact
between two species may be influenced by diffusion,
which as shown in Fig. 3 differs depending on the
size of the AR species.

For this analysis, the binding is directly visualized
as being “on” or “off” (Fig. 6a—c) to produce single-
molecule lifetime traces (Fig. 6d—f) that are analo-
gous to those commonly obtained using fluores-
cence techniques, for example, single-molecule
FRET [57,58]. Supplementary Movies S7-S9
show corresponding movies of the different AR
interactions represented in filmstrips in Fig. 6a—c.
Lifetime distributions for the bound state show a
single exponential decay law for the AB1s5_20 nm <
AB15-20 nm and ABis_20 nm < ABss nm (Fig. 6h—i),
indicating a single-step binding process that yields
one characteristic lifetime for these types of inter-
actions. A mean lifetime <t> = 0.55 + 0.22 s,
with dissociation rate constant ky (1/<t>) =2.17 +
0.87 s7', for the AB15-20 nm < AB15-20 nm COMpared
to the AB15 20 nm < ABss nm With @ mean lifetime =
0.72 £ 0.28 s (ko = 1.64 = 0.64 s~'), indicating the
latter to some extent forms more tightly bound
complexes due to its slower dissociation rate. It
could also be that the slower dissociation rate is
partially governed by diffusion, whereby with the
order of the magnitude slower diffusing ABzg nm ON
the mica surface, even weaker interactions are
sufficient to keep them in contact for measurable
periods of time. In contrast, lifetime distributions for
the ABis-20 nm < ABagg Show a randomized
histogram of shorter-lived through to longer-lived
complexes (Fig. 69g), indicating a distribution of
interactions energies or barriers that the AB15-20 nm
< ABagg complex must overcome in order to
dissociate. When considering the effects of diffu-
sion, the ABagyg is also an order of magnitude slower
compared to the AB15_20 nm and effectively static on
the mica surface, with the AB15_50 nm acting as a
faster diffusing ligand. Under these conditions, the
AB15-20 nm diffusion may influence the dissociation
rate; however, it is not expected to significantly alter
the energy landscape of the unbinding pathway(s).
Thus, the randomized histogram is suggested to be
intrinsic to the AB1s_20 nm < ABagg interaction. This is
different from an exponential decay of lifetimes,
indicating that all molecules undergo the same
process with a single well-defined energy barrier,
as the case for the ABi5-20 nm < AB15-20 nm and
AB15-20 nm < ABzsn cCOMplexes in Fig. 6h—i.

Kinetic parameters for single-molecule AR peptide
interactions have only previously been determined
by another AFM-based technique, SMFS. For the
SMFS, a monomeric peptide is attached to a
substrate, for example, via a heterobifunctional
cross-linker molecule such as N-
hydroxysuccinimide-polyethylene glycol-maleimide
[59], and the opposing monomer is bound to the
AFM cantilever tip [60]. By bringing the peptide
functionalized tip into contact with the substrate, the
measurement of single-molecule unbinding forces
as a function of the loading rate, referred to as
dynamic force spectroscopy (DFS), enables kinetic
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25 nm

elongation

Fig. 5. Filmstrip from HS-AFM movies showing (a) sequence of interactions between AB 520 nm (1 and 2) and ABagq (3)
involving binding of AB15_20 nm (2) on top of ABagg (3) (Stacking to form complex 2 + 3). (b) Continuation of sequence in
panel a showing formation of elongated structure due to interactions of AB15_20 nm (1 @and 4) with complex (2 + 3). The scale

bar represents 25 nm. Imaging rate: 5 frames/s.

and thermodynamic parameters to be extracted,
yielding a useful comparison of k. and bond lifetimes.
Yu et al. [26] carried out DFS measurements to
understand the amyloid-related misfolding and aggre-
gation of a-synulein in Parkinson's disease. At pH 5, a
single energy barrier to unbinding of single a-synuclein
monomers, or dimer dissociation, gave K of ~3.74 +
1.99 s with lifetimes of 0.27 s. More weakly bound
AB4o monomer—monomer interactions give ko Of
~9.4 + 1.50 s~ with shorter lifetimes of 0.1 + 0.01 s

Table 1. Summary of properties of different AR species

at pH 7 [61]. Lv et al. [24] compared both AB4o and
AB42, giving ko0f9.0+2.4571(0.11+£0.03s)and 5.7 +
0.3s7 (0.18 £0.01 s), respectively, revealing stronger
inter-peptide interactions for AB4. than for AB4o [62].
Specifically for ABs> monomer—-monomer unbinding,
Hane et al. [63] tested multiple DFS models (Bell-
Evans and Friddle-De Yoreo), giving ko of ~7-12 87"
with lifetimes of 0.14—0.09 s, while comparable Kk
of ~12.5 + 9.62 s~' and lifetimes of 0.09 + 0.7 s were
obtained in a further study on the effect of copper ions

Summary of AR properties AB15-20 nm ABss nm ABagg Unstructured AR
Width (nm) 15.4 + 3.2 16.5 £ 4.6 357+ 3.8 -

Length (nm) 19.0 + 5.1 34.4+68 34.1+10.7 255+ 4.42
Height (nm) 28+0.7 28+0.7 92+25 1.1 +0.32
Area (nm?) 177 + 60.4 385 + 93.8 670 + 80.4 -

Diffusion coefficient (hm? s~") 8.7 + 0.44 1.1+ 0.06 0.4 + 0.01 >25002
Lifetime (s) 0.55 + 0.22° 0.72 + 0.28° d -

Koit (s7) 217 +0.87° 1.64 + 0.64° d -

Width, length and height values of AB15_20 nm, ABas nm, @nd ABagg Obtained from histograms in Fig. 1 and Supplementary Fig. 2. Extraction
of values from HS-AFM videos using MATLAB algorithm of automated threshold detection. Peak values and error (fit width) are obtained

from multi-peak fitting (Igor Pro, Wavemtrics).

2 For the unstructured AR, length and height values obtained by cross-sectional analysis in HS-AFM software (Wavemetrics, Igor Pro).
Diffusion coefficient estimated from diffusion speed of 100 nm/s; therefore, MSD > 100 nm?2. For diffusion coefficient, D = MSD/4t,

then D > 10%/4 = 2500 nm? s~". Errors are standard deviation.

b Lifetime and ks for interactions between AB1s_o0 nm < AB15-20 nm-
¢ Lifetime and ko for interactions between ABgzg nm < AB1s-20 nm- Efrors from fitting exponential decay in Fig. 6h and i.
d ABss nm Show randomized lifetime histograms; thus, no lifetime and k. is obtained.
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Fig. 6. Single-molecule kinetics data analysis based on HS-AFM. (a—c) HS-AFM filmstrips showing interactions
between (a) AB1s-20 nm—ABAagg, (0) AB15-20 nm—ABzs nm and (€) AB1s-20 nm—AB1s5-20 nm- Molecules in contact are in the
bound state (green ‘on). Imaging rate: 5 frames/s. (d—e) Representative traces of single-molecule lifetimes for (d) ABagg,
(e) ABgze nm and (f) AB15—20 nm- (g—i) Lifetime distributions for the bound state of (9) AB15-20 nm—ABAggs (h) AB15-20 nm—AB36 nm
and (i) AB1s-20 nm—AB15-20 nm- Distributions in panels h and i are fit to a single exponential decay.

[64]. From these SMFS studies, it is now understood
that AB dimeric complexes have high stability, disso-
ciating over a period of seconds, thatis, ~5-12s~", due
to the monomers adopting antiparallel binding struc-
tures as shown in MD simulations [65]. This is very
different from intramolecular interactions of monomers
that occur on much shorter micro-to-nanoseconds
timescales [66], suggesting that the dimerization
process measured in SMFS may be an important
protagonist in the early aggregation process. To date,
the peptide functionalization in SMFS studies is only
configured for the interaction between two monomers
[25,26] such as in dimerization, although it is expected
that clever functionalization strategies in the future will
enable SMFS on a range of AB oligomer structures.
Using our HS-AFM-based analysis theoretically allows
for kinetic information on a multitude of combinatorial
AB interactions, including those consisting of multiple
monomer units.

Conclusions

HS-AFM analysis suggests that the formation of
aggregates such as APagg is driven by kinetic
heterogeneity, indicating a shift in the mechanism of
oligomerization. We liken this to “opportunistic” or
permissive binding, arising from different conformation

states of the ABagyg, along with a variety of accessible
interacting groups. Inevitably, this will likely lead to the
formation of different complexes or alloforms, which is
known to contribute to the complexity and challenges
inidentifying AB oligomer toxicity. Equally for ensemble
kinetic measurements, nucleation-limited aggregation
of AB(1-40) peptide is shown to be controlled by a
stochastic factor inherent in the nucleation process,
leading to substantial macroscopic heterogeneity [67].
More recently, Nag et al. [68] refer to “metastable” AB4o
oligomers that are thermodynamically unstable but
show a large kinetic barrier, which is mostly entropic in
origin. The monomers are said to be entangled in the
initial oligomeric state, with multiple intra- and intermo-
lecular hydrophobic interactions aiding in their entan-
glement. At the single-molecule level, Orte et al. [69]
recently report on stochastic behavior in early stages of
oligomer fibril formation by the SH3 domain from
bovine phosphatidylinositol-3-kinase (PI13—SHS3).
Using two-color single-molecule fluorescence, they
show that, although the size distribution of detected
SH3 oligomers remains virtually constant with increas-
ing aggregation time, they constitute a highly hetero-
geneous ensemble of species, which is explained by
a stochastic polymer-like assembly process [69].
Molecular dynamics simulations of the early steps of
aggregation provide evidence that the associating and
initially monomeric polypeptide chains can sample and
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stabilize early aggregates of considerably different
structures [70], with considerable conformational
flexibility, thereby enabling the formation of very
different conformational arrangements [71]. Such
observations are a testament to oligomers possessing
a high degree of polymorphism, as a result of
stochastic fluctuations in polypeptide chain dynamics.
Evidence is increasingly pointing to heterogeneity as a
protagonist in aggregation. For example, variations in
oligomer conformation and associated interactions,
and not just specificity in oligomer size, may be
responsible for biological toxicity, as demonstrated
for HypF-N protein [72]. Our study contributes to this
emerging narrative by quantifying the kinetic parame-
ters of different AR species consisting of oligomers and
aggregate forms, in particular confirming a distinct
change in the energy (binding) landscape occurring at
the onset of interactions with larger aggregate species.

In conclusion, single-molecule kinetic data can
make significant contributions to “kinetic” distribution
models that depict aggregation pathways, but which
still lack the assignment of fully quantitative kinetic
constants to their various pathways. Table 1 shows a
summary of properties of the different AR, species,
and their dimensions can now be correlated to the
dynamic properties such as diffusion and interaction
kinetics. In particular, HS-AFM movies emphasize
the dynamic, transient states that exist within and
between the different species. In assimilating to
current models, the findings show that interactions
between smaller AR species (AB15-20 nm and ABasg
nm) present a single exponential decay of lifetimes,
while interactions with larger aggregates are driven
by a type of kinetic heterogeneity. The latter enables
the formation of long-lived, stable AR aggregates. It
is necessary in future HS-AFM studies to investigate
the influence of peptide-surface interactions and
diffusion parameters on quantitative analysis of
kinetic parameters, although such studies are also
relevant to the effects of cell membrane surfaces and
other intracellular substrates that may play a role in
the formation of AR oligomers/aggregates. In addi-
tion, implementing well-defined AR peptides, for
example, comprising recombinant peptides or
those with structures known a priori, will assist in
rationalizing AFM characterization of peptide dimen-
sions and together with new insights on A dynamics
from HS-AFM, exciting advances in understanding
AB42 interactions can be explored.

Methods

Preparation of AB solutions and reagents

Amyloid-beta protein fragment 1-42 (AB42 peptide)
was purchased as a lyophilized solid, and more than
95% purity was guaranteed by HPLC from Sigma-

Aldrich (High Performance Liquid Chromatography).
ADDL's from A4, peptide were prepared according to
previous methods of Refs. [4,73]. Firstly, 1-mg
lyophilized solid peptides were dissolved in HFIP to
prevent aggregation and then aliquoted into 50 small
microcentrifuge tubes. After 30-min incubation at
room temperature in a chemical fume hood, the
HFIP was allowed to evaporate for 60 min and the re-
lyophilized peptides stored at “20 °C. Aqueous
solutions were prepared by dissolving peptides into
PBS (pH 7.4) at concentration of 20 pyg/ml and then
vortex mixing for 20 s prior to use.

Remodification of HS-AFM cantilever tips

High-resonance frequency (0.8—1.2 MHz) cantile-
vers with low spring constants (0.1-0.2 Nm™')
specially designed for HS-AFM imaging were ob-
tained from Olympus (BL-AC10DS). The silicon
cantilevers consisted of a beak-like tip upon which
we further deposited a carbon-based tip by electron-
beam deposition. The carbon tip was sharpened by
argon or oxygen plasma etching to produce a
significantly smaller tip radius of ~3 nm compared
to the original tip (25—-100 nm) of the commercial
cantilever, which enabled improved imaging stability
and resolution [74,75]. After imaging, the carbon tip
could be completely removed by plasma etching and
the cantilever remodified for reuse.

HS-AFM imaging in liquid

To prepare samples for imaging, 2 pl of 20 pg/ml
AB42 peptide in PBS was pipetted onto a 1.5-mm-
diameter freshly cleaved mica disc (Cat. No. 7101)
and incubated for 2 min. Two microliters of fresh
PBS was then added and pipetted in/out of the
sample solution, and this was repeated several
times to exchange the sample solution in order
remove excess A4, peptides that had not adsorbed
onto the mica surface. The sample was then placed
into the liquid cell for HS-AFM imaging. HS-AFM
imaging was performed using an ANDO-model
(Research Institute of Biomolecule Metrology Co.,
Ltd., Japan) in tapping mode with high-frequency,
small cantilevers (BL-AC10, Olympus) remodified
with the carbon tip, as described above. During
imaging, the free oscillation amplitude of the
cantilever was set to ~2 nm and the set point
amplitude was kept to ~90% of the free amplitude.
An XY scanner with a range of 4 ym x 4 ym and z
scanner (700 nm) with scan speeds of normally 2—-4
frames/s for 500-nm scans was used. For higher-
resolution scans of 200 nm, a scan speed of 5-10
frames/s was applied. During imaging, a relatively
large gain force can be applied without affecting the
interactions to improve the image quality owing to
the short time of force action (~ 100 ns). Thus, in the
experiment, different types of dynamic events
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occurring in the biological environment can be
visualized.

Data analysis of HS-AFM movies

A MATLAB computer program was developed to
segment molecules in HS-AFM images. The pro-
gram had four main stages: (1) background image
estimation, (2) background subtraction and contrast
enhancement, (3) image segmentation using the
Otsu's algorithm, (4) connected component labeling
and object measurement.

In stage 1, the background image was estimated by
applying image erosion followed by image dilation. Let
I(x, y) be an input HS-AFM image, where x and y are
the horizontal and vertical coordinate, respectively. To
compute the eroded image /., the pixel at location
(x, y) was set as the minimum of all pixels in a local
neighborhood of image /:

le(x,y) = min/(R(x,y))

In our experiments, the local neighborhood R was
selected as a circular region of radius 15 centred at
pixel location (x,y). Next, to compute the dilated
image I, the pixel at location (x, y) was set as the
maximum of all pixels in a local neighborhood of
image /g

Io(x,y) = minls(R(x,y))

The dilated image /y(x,y) was considered as
estimation of the image background.

In stage 2, the background image was subtracted
from the input image: Iy= /- Il,. The difference
image Iy contained mostly the foreground (i.e., the
molecules). To improve the contrast of the fore-
ground and consequently the segmentation accu-
racy, the difference image I, was scaled linearly to
the full intensity range [0, 255]. In stage 3, the
enhanced difference image was segmented using
the Otsu's algorithm. In this algorithm, a threshold is
applied to separate the image into two classes:
foreground and the image background. This thresh-
old is selected to minimize the intra-class variance
and maximize the inter-class variance and. In other
words, this algorithm increases the similarity be-
tween pixels belonging to the same class while
decreases the similarity between pixels belonging to
different classes. In stage 4, connected component
labeling was applied to each group of connected
pixels into a single region (molecule). For each
region, several properties were measured, including
width, height, bounding-box coordinates, centroid,
perimeter, area and eccentricity. In addition, the
length and width of peptides were validated using
the cross-section analysis in the Igor Pro software.
Using the above properties, molecules were
also tracked across multiple frames of a HS-AFM
video sequence.

We also appliedfilters to some videos, especially for
the height measurement, to better observe the
individual molecules and their dynamic interactions.
As a result, some darker regions may appear in these
snapshot images and slightly affect the real height
value of peptides that are adsorbed in these darker
areas. We then performed analysis manually using
line height profile in Igor Pro with the filter on versus off
to calculate a correction factor for the height data.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2019.04.044.
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