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Abstract

The assembly of amyloid B (AB) proteins into nanostructures is currently considered a major
pathway of Alzheimer’s disease development, but the molecular mechanisms of this self-assembly
process remains unclear. Recently, we showed that single-molecule AFM force spectroscopy
(SMFS) is capable of probing the dynamics and interaction between ApP40 peptides, and these
studies allowed us to shed new light on transiently existing AB40 misfolding states. In this study,
we applied the same SMFS approach to characterize the misfolding of Ap42 peptide, the most
toxic Ap alloform. The quantitative analysis of SMFS data demonstrated that Ap interaction leads
to the formation of dimers with a lifetime in the range of a second. Interaction via C-terminal
segments prevailed at pH 7, but interaction within the peptide center prevailed at acidic pH levels.
The difference in the misfolding properties for Ap40 and Ap42 peptides and the mechanisms of
amyloid nanoassembly are discussed.
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Aberrant folding, misfolding, and aggregation of amyloid proteins are pathological
hallmarks of a large class of neurodegenerative diseases.l 2 The assembly of amyloid B
(AP) proteins in nanoaggeragtes is a ubiquitous phenomenon for a number of
neurodegenerative disorders, including Alzheimer’s disease (AD) (reviewed in 3 4). AR
proteins containing 42 and 40 residues (Ap42 and AB40, respectively) are the major species,
and AB42, which differs from Ap40 by two extra C terminal residues (141 and A42), has an
elevated aggregation propensity and neurotoxicity compared to A40.: © Traditional
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structural techniques, such as solid-state NMR, AFM, and electron microscopy, are widely
used for their characterization of large aggregates, such as amyloid fibrils. However, these
powerful techniques are not amenable to studies of oligomers that exist transiently and
convert from one species to another, so novel approaches are needed for oligomers studies.
The photocrosslinking method, developed for the stabilization of oligomers in Teplow lab ’
was instrumental in the spectroscopic characterization of Ap42 oligomers 8. It was shown
that the transition from the monomer to the dimer is rapid and then proceeds gradually for
higher oligomers. The application of ionization mass spectrometry led to the conclusion that
tetramers and hexamers of Ap40 and Ap42 were potential nuclei for peptide
oligomerization, but they follow different assembly pathways. 2

We have developed a single-molecule AFM force spectroscopy (SMFS) approach to
characterize the interactions of amyloidogenic proteins.1%-13 In this approach, the protein is
end-immobilized covalently on the AFM tip and the substrate, and the interaction between
the proteins is the measure of their propensity to form dimers, the smallest nanoaggregate.
The correlation of the interaction forces with the protein aggregation propensity validated
the application of the SMFs methodology to the probing of protein transient misfolded
states.13 The combination of this methodology with the dynamics force spectroscopy (DFS)
approach of a number of amyloid proteins and peptides revealed that misfolded dimers are
extremely stable compared to highly dynamic monomeric states of the same proteins.14
Specifically, the recent application of the developed approach to Ap40 interaction showed
that misfolded AB40 dimers have a lifetime as long as 0.1 s.10 This value is almost 106 times
higher than the monomer dynamics leading us to hypothesize that dimerization Ap40 is the
means by which the misfolded state is stabilized.

Here, we have applied a similar approach to Ap42 peptide, attempting to identify features of
this protein upon its misfolding and dimerization processes. We found that Ap42, similarly
to Ap40, forms stable dimers, but its lifetime is higher than that of AB40. The contour length
analysis revealed a set of transients conformational of the dimers, but the patterns of their
formation for AB40 and AB42 are different, suggesting that both peptides can form
oligomers with different structures.

Materials and Methods
Cysteine modified AB42

The Ap42 terminated with cysteine at N-terminus (AnaSpec, Inc., Fremont, CA) was
dissolved in TFA (2 mg/ml) with sonication for 5 min to destroy the peptide oligomeric
forms and then instantly dried under a vacuum (Vacufuge, Eppendorf). The white film of
AB42 was dissolved in DMSO (2 mg/ml) as a stock solution and then diluted to 1 UM in
DMSO before being used. The monomer state of AB42 diluted in different pH buffers from
the stock solution was confirmed by SDS-page gel experiment (Fig. S1).

Tip and mica surface modification

The process for the cleaning and modification of the tip and mica surfaces was similar to a
previously reported protocol.10: 12. 15 Briefly, the tips (MLCT, Veeco, Santa Barbara, CA)
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were cleaned by ethylene alcohol followed by UV irradiation for 30 min and were modified
by maleimide polyethylene glycol silatrane (MAS). The freshly cleaved mica surface was
modified by 1-(3-aminopropyl) silatrane (APS), after which N-hydroxysuccinimide-
polyethylene glycol-maleimide (NHS-PEG-MAL) (MW = 3400 g/mol, Laysan Bio
Incorporation, Arab, AL) was coupled to the amine group of APS; the reaction was
performed in DMSO. The functionalized tip and mica were incubated with ~20 nM of Ap42
diluted in HEPES buffer (pH 7) with TCEP (~100 nM) for 30 min and then mildly rinsed
with HEPES buffer. The surface density of the AB42 peptide was estimated using a-

Syn 10.11 and the 42 base-pair of dsSDNA (See SM, Fig. S2-4). The prepared tips and mica
were kept in HEPES buffer within 24 hours.

Single-molecule AFM force spectroscopy

The single-molecule interactions of AB42 terminated with cysteine at N-terminus were
measured using the AFM force spectroscopy method. The force—distance (F-D) curve of Ap
was measured at two different pH values (pH 2.7; 20 mM glycine-HCI, and pH 7; 20 mM
HEPES) at room temperature using MFP 3D AFM (Asylum Research, Santa Barbara, CA).
In both buffers, ionic strength was adjusted to 150 mM by addition of NaCl. The spring
constant of the tips (MSNL, Veeco) was 70-120 pN/nm, which was calibrated by the
thermal noise analysis method. The triggering contact force was in the range 100~150 pN.
At high retracting velocities (1 um/s and above), the tip remained at the surface for 0.3 s
(dwell time) after making contact. The retracting velocity varied from 100 nm/s to 4 um/s
with 7~8 discrete steps, corresponding to an apparent loading rate (ALR) of 1,000~200,000
pN/s. The F-D curves were collected more than 2,000 times for each retracting velocity. The
selected F-D curves were analyzed using the worm-like chain (WLC) model with Igor Pro
6.01 software. The persistence length was an adjustable parameter with mean values (x SD)
of 0.14 (x0.07) nm and 0.2 (£0.1) nm at pH 7 and 2.7, respectively (Fig. S5). The
probability density function (p(F)) was used for fitting the histogram to find the most
probable rupture force 10 11:
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where koft(0) is the off-rate constant of the complex at zero force, Xg is the distance of the
transition state to be bound state, kg is Boltzman constant, and T is the absolute temperature.
The r is the loading rate (dF/dt) given by the formula:
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Where, Fﬁz%p, ke is the spring constant (pN/nm), v is the tip velocity (nm/s), L. and L
are the parameters from the worm-like chain model (WLC) fitting, L. is the contour length
(nm) and Ly, is the persistence length (nm). F is rupture force (pN) and r is the apparent
loading rate (pN/s).
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A contour length analysis was also performed with a protocol described in previous
publications.10 The distribution shape of the contour length in the histograms was
approximated by four Gaussian peaks. All Gaussian peaks had similar full-width at half-
maximum (4.5-5 nm) values, and each Gaussian curve was integrated to calculate the area
under the curve for the estimation of the each conformer population. The correlation
between rupture force and retraction velocity was revealed by the DFS methods.14 Based on
the parameters of the DFS result, the energy landscape along the reaction coordinate was
constructed.16

RESULTS

1. Interactions between ApP42 peptides

Figure 1 schematically illustrates the experimental approach. The peptide with N-terminated
Cys was immobilized on the surface and the tip via tethers (MAS and PEG respectively)
through coupling of thiol groups of Cys to maleimide termini of the tethers.1” The use of N-
termini for immobilization is justified by the NMR data of AB42 oligomers demonstrating
that the N-terminal segment as opposed to the C-terminus is not involved in the assembly of
peptides into oligomers.> The interactions between the immobilized AB42 peptides were
measured by multiple approach-retraction cycles of the AFM tip. The buffer condition of
measurement was pH 7 and 2.7. Acidic pH was used, as this condition is widely used for in
vitro AB aggregation.18-20

Fig. 2A shows a representative force-distance (F-D) curve measured from the interaction
between AB42 at pH 7. The main signature of this curve is the appearance of the rupture
peak located at a certain distance indicated by the arrow on the F-D curve. The
approximated contour length and rupture force with the WLC model are ~58 nm and ~83
pN, respectively. Multiple measurements over several hundred rupture events for pH 7 and
2.7 collected from independent experiments with different batches of tip and substrate
produced the histograms shown in Figs. 2B and C. The most probable rupture force (F,) at a
constant retracting velocity corresponding to the apparent loading rate (ALR) ~4000 pN/s
was calculated by approximating the histograms with a probability density function. 10- 11
The F; values measured at pH 7 and 2.7 were 81 (£3) pN and 82 (+£0.6) pN, respectively.
Typical force curves illustrating the variability of the rupture forces depending on the
loading rate as shown in Fig. S6. In the control experiment shown in Fig. S7, non-specific
rupture forces were distributed in a broad range (20 pN~1.3 nN), characterized by the
rupture lengths less than 30 nm with a yield < 1%. The yield of specific events was ~5%.

2. Dynamic force spectroscopy

Dynamic force spectroscopy (DFS) analysis was performed in a pulling rate range of 0.1
um/s and 4 um/s much lower speed than ~5x10% pm/s at which hydrodynamic interactions
possibly start to affect the rupture forces of proteins.2! Note that the tip was kept at the
surface for 0.3 s (dwell time) when the pulling speed was over 1 um/s. Implementation of
dwell time provided the protein with sufficient time for multiple refolding and minimized
the fluidic flow effect. 21 22 Typically, this methodology led to the yield of the rupture
events of ~5 % enabling us to obtain sufficient statistics for the data analysis.
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The F, values obtained for various pulling rates were plotted against the logarithm of the
apparent loading rate (ALR), and the Bell-Evans model was used for an analysis. 14 Fig. 3A
shows a plot of F; vs. ALR measured at pH 7. The data set was approximated by a single
linear line indicating to the one-barrier landscape for the AB42 dissociation. Two major
parameters, the intercept and the slope, were used to obtain the position of the barrier (xp)
relative to the stable state and off-rate constant for the dimer dissociation (kqf), respectively.
The barrier height (AG) in the energy landscape and the dimer lifetime were calculated by
using the kof values.14 The AG and lifetime for the dissociation of the AB42 dimer at pH 7
were ~28.3 kgT and 0.46 (+0.25) s, respectively. Using the values of AG and xg, the energy
landscape profile for the dimer dissociation was reconstructed as shown in Fig. 3B. A
similar DFS plot for the data obtained at pH 2.7 is also represented by a single line (Fig.
3C). The corresponding energy landscape profiles are shown in Fig. 3D. The lifetime and xg
are 2.5 (£0.7) s and 1.3 (+0.5) A, respectively. The major difference between the data for pH
2.7 and that for pH 7 is about a 5-fold increase of the lifetime, which can be responsible for
the aggregation acceleration at acidic pH levels,18-20

3. Patterns of interpeptide interactions in Ap42 dimers

The force curves in the AFM force spectroscopy experiments provide another important
characteristic for peptide structure within the dimer: the contour length (L). According to
Fig. 1, the contour length primarily comprises the length of the flexible linker and the N-
terminal segments of the peptide not involved in dimer formation. Therefore, subtracting the
lengths of the linkers from the experimentally measured contour length yields the length of
the N-terminal segments preceding the structured segments of AB42 involved in the
interpeptide interaction. This approach was verified in our recent work on misfolded Ap40
and a-synuclein.10: 12 23 However, the rupture position in different force curves varies. This
is illustrated by Fig. 4A, in which four different force curves obtained with similar ALR are
shown. They have very close rupture forces (150+20 pN) but different rupture positions
between ~30 nm (Lp) and ~50 nm (L3) (Fig. 4A). Figures 4B and C show histograms of
hundreds of contour lengths with relatively lower ALR between 100 pN/s and 20,000 pN/s
measured at pH 7 and 2.7. The contour lengths varied between 28 nm and 62 nm. The
histograms at both pH levels showed broadly distributed contour lengths with different
overall profiles. At pH 7 (Fig. 4B), the most probable lengths (L3) are located at the right of
the distribution, but these events localized around the center of the distribution for pH 2.7
(Fig. 4C). The variability of the contour lengths could be attributed to the polydispersity of
the PEG linkers and the dependence of the contour lengths on the rupture force. However,
the analysis shown in supplemental Fig. S8 demonstrates that these contributions are
considerably less than contour length variability observed in the experiments (see also

ref. 10).

DISCUSSION

The strength of the interpeptide interaction within Ap42 dimers

The rupture force of Ap42 dimers was in the range of 80 ~120 pN at a loading rate of 4~20
nN/s (200 nm/s ~ 1 yum/s) at pH 7. This value is comparable to the unfolding force of titin Ig
domains (170~180 pN) which mainly consists of B-sheet structures 25, suggesting that
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sheets of shorter sizes are formed in Ap42 monomers and the interactions between them
stabilized the dimer. This conclusion is consistent with our very recent MD simulations for
AB13-23 peptide showing that antiparallel B-sheet structure stabilized the peptide.2
Interestingly, considerably less force (~60 pN) is applied for unfolding of the a-helical
structure of T4 lysozyme?2” suggesting that AB42 dimers are more stable than dimers formed
by misfolded a-helical structures of T4 lysozyme. The rupture forces for AB40 dimers are
quite similar to those for Ap42, indicating that the forces stabilizing both types of peptides
are rather close. However, some difference exists, and other characteristics of SMFS as
described below provide the explanation.

Dynamics of misfolded dimers

Although rupture forces characterize directly the interpeptide interactions, DFS provide such
an important property to the dimers as the stability defined by the lifetimes. At a neutral pH
level, this value is 0.46 (£0.25) s. Compared to the monomer’s time scale (1076 — 1079s) 28,
the dimers of Ap42 show extremely high stability, suggesting that the dimerization of the
peptide is the mechanism by which the misfolded state of Ap42 acquires advantages
compared to other conformations that may not be disease-prone. The AB40 peptide,
similarly to Ap42 peptide, also forms stable dimmers, but its lifetime is four times shorter.10
The dimers are the smallest oligomers of AP peptides that are further involved in
aggregation, so the elevated stability of Ap42 dimers gives the advantage of these species
compared to those for AR40 peptides in the formation of oligomers and other species. The
aggregation process of Ap peptides accelerates at acidic pH levels 1820, and the elevated
stability of Ap42 dimers at pH 2.7 measured in this paper (t=2.5+0.7 s) is fully in line with
this observations. Note that a similar high stability of dimers was observed for another
amyloid protein, a-synuclein 12 and the peptide of Sup35 prion 2, lending further support to
our hypothesis on the critical role of dimers in the amyloid aggregation phenomenon 14,

Structures of misfolded A dimers

Probing interactions of Ap42 within a dimer by SMFS provides a pattern of peptide
interactions within the dimers. According to the immobilization procedure (Fig. 1), the
peptide is covalently bound at its N-terminal cysteine. The experimentally measured contour
length consists of two major components, the lengths of the flexible tethers used for peptide
immobilization and the length of the peptide segment between the N-terminus and the
segment of the peptide involved in interpeptide interactions. Therefore, the position of the
peak on the force distance curve is defined by the peptide length between the N-terminus
and the interacting segment. If Ap peptide adopts various conformations in these transient
states, the positions of interacting segments, and hence the length of the nonstructural
segments, will vary. The closer the structured segment is to the N-terminus, the shorter the
contour length will be when measured by AFM. The variable contour length measurements
for Ap42 at both pH values are broad (Fig. 4) suggesting that the monomers in the dimer
adopt various conformations, but the patterns are pH dependent. We propose the following
model explaining the AB42 folding in dimers shown schematically in Fig. 5.

The initially structurally disordered AB42 peptides (scheme in the middle) at pH 7 assemble
into a dimer that is stabilized primarily by C-terminal interaction (38%; model L3) or middle
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segments (29%; model L;) rupture, which leads to contour lengths L3 and L1, respectively.
Based on our force values estimates, we hypothesize that these are interactions between the
B sheets indicated in the schemes with arrows. The interactions very close to N-termini and
in the middle of the peptide are minor (13% for model Ly and 20% for model Ly). Similar
folding models can be found at the acidic pH of 2.7, but the distributions of the conformers’
populations are very different. The primary folding is model L, in which the dimers are
stabilized by the interaction of the central regions of the peptide. There is a three-fold drop
in the interaction between the C-termini (model L3) and essentially the same populations of
models Lg and L1. Given the difference in the fibrillization kinetics of AB42 at acidic and
neutral pH levels, we speculate that conformers stabilized by the interpeptide interactions
within the central and C-terminal segments of Ap42 (Model L, and Lz in Fig. 5B) are
primarily involved in the formation of fibrils.

It is instructive to compare the folding models of AB42 and AB40 presented in our previous
paper 10, which also showed broad distributions for the contour lengths. The results are
shown schematically in Fig. 5A as histograms, in which the populations of each conformer
are shown in different colors. The most dramatic differences were observed at pH 7. If the
interpeptide interactions for Ap42 primarily involve C-terminal segments, the major
interactions (L and L1; 74% in Fig. 5A) for AB40 occur within the N-terminal segment
corresponding to Model Lg and L in Fig. 5B. This is a surprising observation as AB42
differs from Ap40 by two extra peptides at C terminus. Therefore, these findings suggest
that misfolding conformations of the peptides involve long-range interactions within the
peptide chain, so the extra two residues at the C-terminus of Ap42 change the peptide
folding in such a way that interactions of the N-termini for AB40 are replaced by the C-
termini interactions for Ap42. Given the difference in neurotoxic activities of the oligomers
formed by these peptides, we speculate that the conformations involving N-terminal
interactions for Ap40 lead to less toxic oligomers compared assembly which involves the C-
terminal segments of the AB42 peptide.

Structure and aggregation propensity of Ap dimers

As we described above, the common feature of AP peptides is their ability to form different
conformers and different conformer occurrence frequency distributions. However, the
structures of the amyloid fibrils formed by Ap40 and Ap42 peptides have similar features.
Solid-state NMR studies of AB40, combined with X-ray fiber diffraction analyses, and
electron microscopy have produced a model in which the first ~10 residues of the peptide
are structurally disordered in the fibril.30 Residues 12—24 and 30-40 adopt p-strand
conformations and form parallel B-sheets through intermolecular hydrogen bonding.
Similarly, Ap42 fibrils are also stabilized by the in-register B-strand arrangement of residues
18-42, with residues 1-17 being disordered.3! The common feature of these structures is an
unstructured N-terminal segment of the peptide. However, the conformers with interactions
between the N-termini are highly represented in AB40 dimers. Moreover, the conformations
of this peptide that could give rise to fibrils are minor, thus explaining the low aggregation
propensity of the AB40 peptide.
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There are two primary models for amyloid fibril formation.> 9 14.32 |n one model, the
fibrils are formed from oligomers after their conformational transition to the fibril-prone
conformation. In the second model, oligomers of different types are formed, and the fibrils
are formed from those that have the necessary conformation. Our data (Fig. 4) show that
dimers with different conformations are formed, and those with the fibril-type conformation
are present in the pool. Therefore, our combined data supports the second model. Note that
the dimers are dynamic. The most stable of these are the conformers at acidic pH values
with a lifetime of 2.5 s, suggesting that conformational change at the dimer level can occur.
However, compared to dimer dynamics, the conformational dynamics of monomers are
significantly faster and take place at the nanosecond time-scale.

The major effect of the contour length measurements is that the profile is not smooth and
characterized by a set peak on the histograms that can be seen without any additional
analysis. Moreover, the contour length profile changes with the pH (Fig. 4 B, C). This effect
reflects the pattern of interactions within the dimer and we used fitting of the overall contour
lengths distribution profiles with a set of peaks to facilitate the data interpretation. The
positions of Gaussians were selected by the positions of peaks on the histograms. The
correlation of this position with available structural properties of amyloid fibrils led us to the
conclusion that observed interactions within dimers are due to the formation of the beta-
sheet structures. This assumption is confirmed by our recent MD simulation results
performed for 14-23 segments of AB42 peptide.33

It is instructive to evaluate the effect of the position of the molecule on the tip on the contour
length value as farther the molecule from the apex, the smaller the contour length value. The
effect is stronger for sharp tips compared to blunt ones. Note however, that the molecule
position factor lead to a smooth distribution of the contour lengths and did not produce
nonuniform profiles observed in the experiment. The estimates of potential effects of non-
apical peptide positions on the contour length distributions can be obtained from the data in
Fig. 4. The distribution is asymmetric with the maximum shifted to large contour lengths ~
55 nm for histogram (B). If the sample coats the tip uniformly with the same density, the
contribution of non-apical location should be larger than for the apical one as the number of
molecules along the perimeter increases with the height, so the overall distribution should be
shifted to short values rather then large ones as observed in the experiment. Additionally, the
population of the short-range events (Lo) is very low compared to longer values with almost
no events with L values below 30 nm. This value corresponds to the overall length of
tethers, so one should be able to expect events below 30 nm if they appear from non-apical
locations of the peptides. Thus this analysis suggests that an apical location is preferential in
these probing experiments. A plausible explanation for this finding is that the density of the
peptide coverage is very low, so non-apically located peptides are not able to interact
efficiently with the counterpart on the substrate. This conclusion is confirmed by our very
recent results obtained with DNA pulling experiments in which fully homogeneous PA
tether was used 24. The experiments produced the contour length distribution as narrow as 3
nm. The contribution from non-apical location of the DNA molecules would broaden the
contour length distribution well beyond 3 nm. Therefore, we attribute the variability of
contour lengths to the ability of Ap42 to adopt different conformations in the dimers.
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Given the long lifetimes of dimers, we hypothesize that the dimers can be building blocks
for amyloid aggregation. Indeed the analysis of the kinetics of Ap42 aggregation revealed
the pathway by which oligomers with even numbers are formed.? We also cannot exclude
that trimers and the higher-order oligomers can be even more stable than dimers, so the
association of small oligomers into larger ones can be another pathway for the aggregation
process. However, the high stability even dimers is the most important property, suggesting
that careful attention is needed in the development of new approaches to the prevention and
treatment of AD, PD and other neurodegenerative protein misfolding diseases. This
assumption is also supported by the findings that AB42 dimers isolated from AD brains are
stable and neurotoxic.34

Conclusions

A number of novel features of the misfolding and self-assembly process of Ap42 peptides
were determined using single-molecule force spectroscopy. The dynamic force spectroscopy
analysis revealed strong interpeptide interactions for AB42 with elevated stability at acidic
pH levels. A complementary single-molecule force spectroscopy approach, in which contour
lengths were analyzed, revealed an unexpected long-range interaction effect in Ap42
misfolding. The comparison of dissociation patterns of Ap42 and Ap40 peptides revealed
differences in the misfolding pathways of these two amyloid species, suggesting that
treatment research can be focused on preventing the disease-prone misfolding pathways.
This is a novel direction for the development of treatments for AD with the prospect for
novel diagnostic and prevention means. Progress in these areas requires techniques capable
of analyzing the transient species present during the processes of AR peptide misfolding,
interaction and self-assembly, as exemplified by the use of AFM force spectroscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the experimental setup. The peptide was covalently attached at the Cys

terminus at the N-end to the functionalized AFM tip and the substrate surfaces via PEG
tethers. As the AFM tip approaches the mica surface, two monomers interact with each other
forming a misfolded dimer.
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A representative force-distance curve and histograms for the rupture force distribution: (A)
A typical force-distance curve measured at pH 7 with ALR~4,000 pN/s. Rupture peak fitted
by the WLC model shows a contour length of ~58 nm and a rupture force of ~83 pN. (B and
C) Histograms of the multiple measured rupture forces at pH 7 (B) and 2.7 (C) with ALR
lower than 20,000 pN/s. Each histogram was fitted by probability density function, and the
estimated most probable rupture force was ~81 (x3) pN (C) and ~82 (+0.6) pN (D),

respectively.
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Figure 3.
Semi-logarithmic plots of the rupture force (F;) vs. apparent loading rate (ALR; A and C)

and the corresponding energy landscape profiles (B and D). The data sets of F, vs. ALR are
fitted with a linear plot according to the Bell-Evans model.3® The parameters extracted from
these plots for the generation of the energy landscapes (B and D) are shown in Table 1.
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Figure 4.
Representative rupture force curves with various contour lengths and histograms of the

contour length. (A) The representative rupture force curves with various rupture lengths
obtained at pH 7. The force curves were obtained in the same pulling regime (~20,000 pN/s)
and have rupture forces of ~150 pN. (B and C) Histograms for the contour length
distribution measured at pH 7 (B) and 2.7 (C). The overall profile of each histogram was
approximated by four Gaussians with centers located around 35 nm (Lg), 41 nm (L3), 47 nm
(L), and 53 nm (Ly3).
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Figure 5.

Schematics for dimer structures. (A) Models for AB42 dimers. The monomer in intrinsically
disordered conformation is shown in the middle. Four different folding models
corresponding to specific contour lengths are shown. The populations of each conformer
calculated from histograms in Fig. 4 are indicated. The data for pH 2.7 are shown in
parentheses. (B) The stacked histograms for the populations of each conformer for Ap42
dimers are shown on the left. The right histogram is taken from ref. 10,
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Table 1
The DFS parameters for the force spectroscopy data calculated from the DFS plot in Fig. 3A. Here, xg and kot

are the potential barrier location and dissociation ratio, respectively. The lifetime was calculated by k™14, and
the standard deviation (SD) was calculated from five independent experiments for pH 7 and pH 2.7.

pH | xg (R) (SD) | Ko (S8 (+SD) | Lifetime (s)

7 1.3 (x0.2) 3.1 (+1.7) 0.46 (+0.25)
27 | 36(@05) 0.43 (£0.12) 2.5 (0.7)
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