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Abstract

Amyloid oligomers are considered the most neurotoxic species of amyloid aggregates.
Spontaneous assembly of amyloids into aggregates is recognized as a major molecular mechanism
behind Alzheimer’s disease and other neurodegenerative disorders involving protein aggregation.
Characterization of such oligomers is extremely challenging, but complicated by their transient
nature. Previously, we introduced a flexible nano-array (FNA) method enabling us to probe dimers
assembled by the amyloid B (14-23) [Ap (14-23)] peptide. The study presented herein modifies
and enhances this approach to assemble and probe trimers of Ap (14-23). A metal-free click
chemistry approach was used, in which dibenzocyclooctyne (DBCO) groups were incorporated at
selected sites within the FNA template to click Ap (14-23) monomers at their terminal azide
groups. Atomic force microscopy (AFM) force spectroscopy was employed to characterize the
assemblies. The force measurement data demonstrate that the dissociation of the trimer undergoes
a step-wise pattern, in which the first monomer dissociates at the rupture force ~ 48 £ 2.4 pN. The
remaining dimer ruptures at the second step at a slightly larger rupture force (~ 53 = 3.2 pN). The
assembled trimer was found to be quite dynamic, and transient species of this inherently dynamic
process were identified.
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INTRODUCTION

Alzheimer’s disease (AD) is associated with the formation of neurotoxic amyloid aggregates
of amyloid B (AP) peptides in the extracellular space of the cerebral cortex of individuals
affected by this disease.1~3 Amyloid plaques are mainly composed of fibrillar aggregates
from the AB protein, primarily Ap42 and AB40.* > While characterization of Ap fibrils is
well established, knowledge on the structures of oligomers is quite limited. Accumulated
evidences suggest that soluble oligomers, specifically dimers and trimers of Ap, are the
neurotoxic components, rather than amyloid fibrils.6-8 For example, Younkin £7 AL.
showed, using a Tg2576 mouse model that dimers of AR accumulated in the lipid raft in an
age-dependent manner result in memory deficits, which strongly suggested that Ap42
dimers are involved in the development of Alzheimer’s disease.® Likewise, Selkoe and
colleagues indicated that soluble AP dimers extracted from the cerebral cortex of patients
with Alzheimer’s disease can interrupt the memory of a learned behavior in normal rats.10
Moreover, they also found that insoluble amyloid plaque cores from the cerebral cortex of
persons with Alzheimer’s disease do not prevent long-term potentiation unless they
dissociate to AP dimers, further suggesting Ap dimers are neurotoxic. These early outcomes
in animal models are consistent with recent findings that the human brain contains Ap
oligomers up to two decades prior to the onset of Alzheimer’s disease.1! Further, by using
immuno-electron microscopy with oligomer-specific polyclonal antibodies, Ap oligomers
have been identified in amyloid precursor protein in transgenic mice as well as the brains of
individuals with Alzheimer’s disease.1213 Moreover, Ap oligomers have also been shown to
directly interact with cellular membranes, which results in the formation of pores and
disrupts the proper permeability of the membranes.1* Taken together, these studies suggest
that soluble amyloid oligomers play an important role in the pathogeneses of Alzheimer’s
disease. Hence, characterizing and understanding the mechanism of the formation and
dissociation of AB oligomers are essential in developing potential therapeutic drugs for
Alzheimer’s disease. Given the transient nature of oligomers, /N VITRO characterization
requires the development of non-traditional approaches. Fortunately, photo cross-linking of
unmodified protein (PICUP) has made it possible to prepare Ap oligomers of pre-defined
sizes that remain neurotoxic regardless of crosslinking.1® 16 Time-lapse high-speed AFM
imaging has also been recently applied to directly demonstrate that Ap42 oligomers are
extremely dynamic and capable of transient dissociation/assembly into dimers and trimers.1’
In addition, recently we showed that the hairpin conformation plays an important role in
defining amyloid aggregation pathways.18 19 Previously, we developed AFM-based single-
molecule force spectroscopy to characterize assemblies (mainly dimers) from different
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amyloidogenic proteins such as Ap42, Ap40, and a-synuclein; major findings were that
those dimers are highly stable.20-22 The lifetime of the dimers was further measured using a
tethered approach for probing intermolecular interactions (TAPIN), based on the use of
single-molecule fluorescence.23 24 Importantly, our group recently developed a flexible
nano-array approach (FNA) in which Ap monomers were covalently tethered to a FNA
polymer at defined positions.2> 26 The FNA tether was synthesized using phosphoramidite
chemistry.2” As a result, the monomers are capable of assembling into a dimer that can be
probed by stretching the FNA tether.26

In this work, the FNA approach was modified and thus enabled the assembly of Ap (14-23)
monomers into trimers. A click chemistry was developed to end-tether Ap (14-23)
monomers to selected sites within the FNA template. The interaction within the trimer was
probed by AFM force experiments by pulling the FNA at the ends of the polymer. These
studies revealed a stepwise pattern for the dissociation of the timer. The strengths of the
interactions upon the trimer stretching were also measured.

Experimental design and FNA assembly

Figure 1A schematically shows the strategy for immobilization of peptides with the FNA
tether. The polymer was synthesized with the Mermade 12 DNA synthesizer
(Bioautomation, Irving, TX) using non-nucleotide phosphoramidite chemistry. The FNA
was designed in such a way that it contained terminal thiol and biotin groups, along with
three internal dibenzocyclooctyne (DBCO) units for covalent linkage of Ap peptides. Three
DBCO groups were placed at a contour length distance of ~12 nm; whereas distances of
terminal groups (thiol and biotin) to closest DBCO groups was ~8 nm each. Using metal-
free click chemistry, three molecules of azide-Af (14-23) were attached to the FNA tether
(Figure 1A). The product was purified and characterized by analytical HPLC and mass
spectroscopy (Supporting information, Figure S1). The flexibility of the tether allows for
three Ap (14-23) monomers to form a trimer. The FNA was stretched in the AFM force
spectroscopy experiment to probe the interactions within the trimer.

Force spectroscopy experiments

As shown in Figure 1B, the FNA construct was immaobilized at the maleimide-functionalized
AFM tip by a covalent bond between the maleimide moiety and the FNA terminal thiol
group. In the AFM force-probing experiment, the AFM probe terminated with the FNA
construct was approached to a mica surface functionalized with streptavidin. To ensure
single-molecule probing without contribution from adjacent streptavidin molecules
conditions for the sparse coating of mica with streptavidin was developed. The density of the
surface coating by streptavidin was controlled with AFM imaging prior to force
measurements. The AFM image in Figure S2B shows a low density of streptavidin proteins
on the surface. Additionally, the volume measurement (Figure S2C) show that majority of
streptavidin are in tetrameric form (volume ~93 nm3), which further ensures that the
suitability of the functionalized substrate for force measurements.
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During the approach step, a strong intermolecular bond is formed between the biotin moiety
on the FNA end and streptavidin on the surface.?> As a result, the FNA is anchored between
the tip and the surface; therefore, the interaction between the monomers of the trimer is
probed during the retraction step. Biotin-streptavidin is a robust and stable complex that
requires a large force for its rupture and is used in numerous force spectroscopy experiments
that utilize AFM force spectroscopy,8: 29 optical3%: 31 and magnetic tweezers,2? and single-
molecule fluorescence spectroscopy.32: 33 Notably, the unbinding peak for this complex
plays a role of the internal reference used for characterizing other peaks that correspond to
peptide-peptide interactions. To assign peaks for biotin-streptavidin complexes in force-
distance (FD) curves, control experiments with the FNA containing no peptides were
performed (Supporting information, Figure S3). A nice overlap of FD curves (Figure S3B)
indicates a high reproducibility of rupture of biotin-streptavidin complexes, with an average
force of 86 + 2.1 pN and contour length value of 41 £+ 0.3 nm. A similar force was reported
in other studies for biotin-streptavidin complexes.34: 35

Rupture of Ap (14-23) trimer

Figure 2A shows a typical FD curve that contains three peaks. Similarly, such a fingerprint
may arise if monomers are assembled into a trimer, and dissociation of this trimer follows a
step-wise mechanism. To characterize those peaks, individual peaks in force-distance curves
were fitted using the worm-like chain model36, which resulted in force values of 48 pN, 51
pN, and 86 pN, and contour lengths 19 nm, 29 nm, and 43 nm for first, second, and third
peaks, respectively (Figure 2A). Based on our design, the third peak is expected to be the
biotin-streptavidin dissociation. To confirm, the force and contour length values for the third
peaks were compared with a control experiments (Figure S3) where no peptide was attached.
The force and contour length (Lc) values were similar to control experiments (87 + 7.4 pN
vs. 86 + 2.1 pN, and 42 £ 0.6 nm vs. 41 £ 0.3 nm). Therefore, the third peak represents the
biotin-streptavidin bond rupture. Notably, force values for first and second peak (~50 pN)
were similar to the A (14-23) dimer rupture force value found in references.25: 26, 37

The force-distance curves containing three peaks were found in approximately one-fourth of
all successful rupture events, and these force-distance curves were analyzed similarly to that
discussed above. An overlay of such force-distance curves is shown in Figure S4. The
contour length values for each peak were assembled into histograms, and the most probable
values were calculated by fitting the histograms with Gaussian functions (Figure 2B). These
histograms separated well into three peaks, with rupture distances of 18 + 0.6 nm, 30 £ 0.4
nm, and 42 + 0.6 nm for peaks 1, 2 and 3, respectively. To assign the three events to the
trimer dissociation pathway, the distances between the peaks Lc were measured. Lcl was
calculated by subtracting the Lc of the second peak from Lc of third peak or Lc of first peak
from Lc of second peak. Similarly, Lc2 was determined by subtracting Lc of first peak from
Lc of third peak. According to this design (Figure 1A), Lcl and Lc2 are expected to be ~12
nm (one loop distance) and 24 nm (two-loop distance), respectively. Experimentally
obtained Lc1 and Lc2 histograms (Figure 2C) show these values to be 13 + 0.3 nm and 24
+ 0.2 nm, which resemble the expected values.
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Figure 2D shows the force distributions for each type of rupture event. In these histograms,
F=48 + 2.4 pN corresponds to the dissociation of the monomer within the trimer (red, peak
1); F=53 %+ 3.2 pN corresponds to the dissociation of another monomer from the dimer
(blue, peak 2), and F= 87 + 7.4 pN denotes biotin-streptavidin (green, peak 3).
Reproducibility of the data was examined by performing two individual experiments; results
are listed in Table S1. In the second experiments, mean force values of 44 + 1.2 pN, 50 + 1.0
pN, and 84 + 3.6 pN were obtained for first, second, and third type of events. These values
resemble those for the first experiment shown in the top row.

Characterization of Ap(14-23) dimers

In the pulling experiments, force-distance curves were observed that had only two peaks
(found in approximately half of all successful force-rupture events). There were two types of
such two-peak events in force-distance data, described below.

Figure 3A shows a typical force curve for the pattern in which two events are close to each
other, and they correspond to the schematic in insets (i) and (ii). The contour lengths
measurements were used to prove these events. Indeed, the contour length for the last peak
corresponded to the biotin-streptavidin rupture (Lc= 41 nm), and the first peak ruptured at
the contour length 32 nm, which corresponds to the dissociation of the peptide-peptide
interaction [Figure 3A, insets (i) and (ii)]. Figure S5 shows an overlay of such force-distance
curves. All force-distance curves that fall under this category were fitted with the worm-like
chain (WLC) model, and data were assembled into force and contour histograms. The
contour length analysis (Figure 3B) demonstrates that such types of dimers dissociate at a
distance of 28 + 0.5 nm (blue), and subsequent biotin-streptavidin unbinding events occur at
42 + 0.8 nm (green). For the two peaks obtained in the related force-distance curves, Lc has
been calculated to obtain the distance between the rupture events. Figure 3C shows that the
Lcis 12 + 0.3 nm, which is the same as expected value. Force histograms, as shown in
Figure 3D, suggest the dimer rupture force is ~44 £+ 2.0 pN (blue), whereas biotin-
streptavidin requires a force of 74 + 5.7 pN (green) to dissociate.

Figure 4A schematically shows another type of two-peak containing force-distance curves
for which two events are far. To characterize those peaks, again WLC approximation was
done. The contour length measurements produce Lc = 17 nm for the first peak, which
corresponds to the dimer dissociation. The second peak (Lc= 43 nm) corresponds to biotin-
streptavidin unbinding events. Figure S6A shows the overlay of such force-distance curves.
Analysis over a set of such events was performed; the data were assembled as histograms, as
shown in Figures 4B-D.

Contour length distributions for those two events show that Ap (14-23) dimers dissociate at
an average distance of Lc = 18 + 0.6 nm (Figure 4B, upper, red), suggesting that the dimer is
formed by peptides 1 and 3 (Iengths 8 nm + 8 nm; see Figure 1A). This assignment is
supported by measuring the distances between the two peaks, Lc. The data are shown in
Figure 4C, and Gaussian fitting produces a value of Lc =25 £ 0.6 nm, which is
approximately the expected value of 24 nm according to the design (Figure 1A). For the
dimer dissociation, the force distributions, as shown in Figure 4D (top, red), resulted in a
mean value of 37 £ 2.8 pN. Again, rupture events for biotin-streptavidin occur at an Lc value
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of ~44 + 0.6 nm (Fig. 4B, bottom, green), and the rupture force is ~ 84 + 4.8 pN (Figure 4D,
bottom, green), which aligns with control experiments (Figure S3). The reproducibility of
the data was confirmed by performing another set of experiments under similar experimental
conditions (Table S2). The results from two independent experiments showed very similar
values in terms of force and contour lengths.

Force curves with no peptide-peptide interactions

In the data set for this study, ~24% of force-distance curves were found to have only one
peak, as shown in Figure S7A. These rupture curves were fitted with the WLC model; force
and contour length values were assembled into histograms. Figures S7B and S7C show that
the average force = 84 £ 4.7 pN and Lc = 41 £ 0.4 nm, which is similar to control
experiments (Figure S3), indicating that this peak corresponds to the dissociation of the
biotin-streptavidin complex. Note that these events correspond to situations in which the
dimers and trimers dissociated prior to probing, suggesting that the complexes are quite
dynamic.

DISCUSSION

The results for this study demonstrate that AR monomers being tethered to FNA can
assemble into trimers. Force-distance curves contain three peaks, suggesting that
dissociation of the trimer occurs in a step-wise pattern. The analysis of force spectroscopy
data shows that the trimer dissociates initially into a dimer and monomer followed by the
dissociation of the remaining dimers into monomers. Given the ability of the force
spectroscopy experiments to measure the contour lengths, each peak of the force curves was
identified. Various combinations of oligomerization possibilities and the results are
summarized schematically in Figure 5, in which all possible dimers are shown.

Rupture forces for the initial trimer dissociation steps and dimer dissociation were measured
(Table S1). Although the values for the first and second steps were similar (48+ 2.4 pN and
53 + 3.2 pN), the rupture force for the first step, the monomer dissociation within the trimer
was slightly smaller compared with the second step. A similar trend was confirmed by an
independent experiment (44 £ 1.2 pN and 50 = 1.0 pN for peaks 1 and 2, respectively; Table
S1). The force values for dissociation of the dimers were very similar to our previous
experiments in which the Ap (14-23) dimer was tethered to FNA with the use of a different
coupling method (48 + 6 pN).25 Importantly, a very similar value (49 + 5.8 pN) was
obtained during AFM force spectroscopy experiments performed by probing Ap (14-23)
monomers immobilized onto the AFM tip and surface.3 This suggests that FNA
immobilization does not change the dimers structure and stability.

The assembled trimer is very dynamic and capable of spontaneous dissociation into dimer
plus monomer assemblies (Figure 5B), followed by the full dissociation of the monomers
(Figure 5C). These states correspond to the force spectroscopy experiments with three-peak
and two-peak events, respectively. The yield of the two-peak events (50%) is two-fold
greater than the three-peak events (25%), which is consistent with lower rupture forces for
the first peak compared with the second peak (see Table S1 and the paragraph above). The
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increased stability of dimers compared with trimers is consistent with findings for the
highest yield of dimers among oligomers extracted from the brain.38

Monomers in oligomers can be arranged in parallel or antiparallel orientations. We have
shown previously that these arrangements can be distinguished by rupture forces. For
example, Ap (14-23) monomers arranged in an anti-parallel fashion rupture at forces of 48
+ 8 pN, whereas the rupture force for the parallel dimer is considerably lower, 30 £+ 4 pN.
37,39 Using this criterion and rupture force values of 48 + 2.4 pN and 53 + 3.2 pN for the
first and second peaks, respectively, it can be concluded that the monomers in the FNA-
tethered trimers are arranged in an antiparallel fashion.2> 26 A similar type of anti-parallel
monomer arrangement has been observed within Ap dimers and trimers in a number of
computer simulation studies.#0-42

CONCLUSIONS

In conclusion, this study shows that the FNA platform can be extended to the assembly AB
trimers. Though evidence suggests that small oligomers such as dimers or trimers are
neurotoxic, preparing defined sizes of oligomers is difficult task because they spontaneously
assemble into a large population of different sizes of oligomers. Previously, we hypothesized
that the use of the FNA platform can allow for the assembly of oligomers larger than dimers;
trimers were assembled for the current paper. By applying AFM force spectroscopy, we
found that assembly of three monomers arranged in an anti-parallel fashion form a trimer,
and during rupture, the trimer follows a step-wise dissociation pathway. Moreover, our
results suggest this trimer is highly dynamic when dissociating into dimers and monomers.
Given that the FNA platform is created using DNA synthesis chemistry, much longer FNA
polymers capable of assembly into large oligomers can be synthesized using a regular DNA
synthesizer. In addition to structural and dynamic studies of the FNA-tethered oligomers,
these assemblies have the potential for use in numerous translational studies, such as the use
them as antigens for producing oligomer-specific antibodies for Alzheimer’s disease.

MATERIALS AND METHODS

For synthesis of FNA tether following reagents were purchased from Glen Research
(Sterling, VA): biotin-linked CPG (3-PROTECTED Biotin Serinol CPG; 20-2993), Spacer
18 phosphoramidite (18-O Dimethoxytritylhexaethyleneglycol, 1-[(2-cyanoethyl)-(N,N-
diisopropyl)]-phosphoramidite, 10-1918), DBCO-dT-CE phosphoramidite (5'-
Dimethoxytrityl-5-[(6-0x0-6-(dibenzo[b,f]lazacyclooct-4-yn-1-yl)-capramido-N-hex-6-yl)-3-
acrylimido]-2’-deoxy-Uridine, 3’-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite,
10-1539), Thiol-Modifier C6 S-S, (1-O-Dimethoxytrityl-hexyl-disulfide,1’-[(2-cyanoethyl)-
(N,N-diisopropyl)]-phosphoramidite, 10-1936).

The azide-labeled AR (14-23) peptide [K(N3)HQKLVFFVAED] was synthesized and
purified by Peptide 2.0 Inc. (Chantilly, VVA). Tris (2-carboxyethyl) phosphine (TCEP)
hydrochloride was from Hampton Research (Aliso Viejo, CA). N-(y-
Maleimidobutyryloxysuccinimide ester) GMBS was from Pierce Biotechnology (Grand
Island, NY). Streptavidin protein was purchased from Sigma-Aldrich (St. Louis, MO). 1-(3-
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aminopropyl) silatrane (APS) was synthesized as previously described.*3 All other reagents
or solvents were purchased from Sigma Aldrich (St. Louis, MO).

Synthesis of Ap (14—-23) conjugated FNA polymer

The polymer was synthesized in a DNA synthesizer (MerMade 12, Bioautomation; Irving,
TX), using phosphoramidite chemistry as described in our previous papers.28: 27 44 Briefly,
synthesis was started with biotin-linked controlled porous glass (CPG), and then following
units were added to the sequence: 6 units of spacer S18, 1 unit DBCO, 6 units spacer S18, 1
unit DBCO, 6 units spacer S18, 1 unit DBCO, 4 units spacer S18, and then 1 unit 5 thiol
modifier. To conjugate AR (14-23) peptides with FNA, CPG was dispersed in azide
terminated A (14-23) solution in 10 mM sodium phosphate buffer (pH 7.4) at a molar ratio
of peptide:FNA of 6:1 and stirred for 4 hours in the dark. The unreacted peptide was filtered.
The construct was then cleaved from CPG, purified by reverse phase-high performance
liquid chromatography (RV-HPLC) (Figure S1), and characterized by mass spectroscopy.
Details of the synthesis are described in the supporting information.

Functionalization of AFM tip

The construct was covalently attached to the AFM tip using similar protocol as discussed in
references 26: 45, Briefly, AFM tips (MSNL10, Bruker Corporation, Camarillo, CA) were
cleaned with ethanol and water, and dried in gentle flow of argon gas. They were further
cleaned and oxidized by treatment with UV light (A =366 nm) for 45 minutes. Tips were
functionalized with amine by treatment with 10 YM APS solution for 30 minutes and
followed by multiple rinses with DI water. Tip surfaces were then converted to maleimide
functionalities by treatment with 100 YM GMBS solution in DMSO for 1 hour, followed by
washing with DMSO and DI water. A solution containing 10 nM of FNA construct was
prepared in sodium phosphate buffer (10 mM, pH 7.4) containing 10 uM TCEP 30 minutes
before applying to the surface to ensure that the S-S bond in FNA was cleaved. A droplet of
the FNA solution was placed on a piece of parafilm; the tip was covered with the FNA
droplet and kept at 4°C overnight. The parafilm was placed on a wet tissue paper in a closed
petri dish to minimize evaporation of solution. After the reaction, the tips were washed with
DI water, and unreacted maleimide groups were quenched with 10 mM of -
mercaptoethanol. Finally, the tips were washed with DI water and stored in 10 mM sodium
phosphate buffer (pH 7.4) until use.

Mica surface modification with streptavidin

For force measurements, streptavidin was covalently attached to the mica surface. A small
piece of mica (1.5 cm x 1.5 cm approx.) was glued to a glass slide using epoxy glue EPO-
TEK-301 (Epoxy Technology; Billerica, MA), and upper surface of mica was cleaved with
scotch tape. The surface was covered with 167 YM APS solution and incubated for 30
minutes in humidified chamber, followed by washing with DI water. The surface was then
treated with 0.05% of aqueous glutaraldehyde for 30 minutes and rinsed with DI water. Then
the solution of streptavidin (0.001 pg/mL) was applied to the surface for 2 hours, and finally,
the surface was washed with DI water.
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To check the surface coverage of streptavidin proteins on the surface, similar
functionalization steps were performed on a small piece of mica. After functionalization, the
surface was dried with argon gas. The surface was imaged with Nanoscope 11 (Bruker
Corporation, Camarillo, CA ) in a tapping mode using AFM probes (TESPA, nominal spring
constant 42\N/m; Bruker Corporation, USA). The images were processed with Femtoscan
Online AFM software (Advanced Technologies Center; Lomonosov Moscow State
University, Moscow) (see details in supporting information and Figure S2).

Force measurement and data analysis

Force measurements were performed in 10 mM sodium phosphate buffer at pH 7.4
containing 0.1 mM ethylene-diamine-tetraacitic acid (EDTA) at room temperature with the
MFP-3D AFM instrument (MFP-3D, Asylum Research; Santa Barbara, CA). Silicon nitride
(SigN4) AFM tips (MSNL10, Bruker Corporation, USA) with a nominal spring constant of
0.02-0.03 N/m were used for force measurements. The actual spring constants of the AFM
tips were calculated by using a thermal method (Igor Pro 6.37). To maximize probability of
oligomer formation, a 100 pN trigger force and 1s dwell time were set. The probe was
retracted at a speed of 500 nm/s each time. Several thousand force-extension curves were
acquired to obtain a dataset with several hundred rupture events. Force curves were
estimated with the worm-like-chain3® method using the following equation: F(x)= kg T/
Lp[1/4(1—x/Lc)‘2—1/4+x/Lc], where F(x) is the force at the distance of x, kg is the
Boltzmann constant, T is absolute temperature, and Lp and Lc are the persistence length and
contour length, respectively. The data were assembled into histograms and fitted with the
Gaussian function to estimate the most probable force and contour length for the specific
rupture events. The mean values (maxima in the Gaussians) + SEM were calculated from the
datasets. The reproducibility of the data was demonstrated by performing two independent
experiments (see Table S1 and S2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic of the FNA-based approach for probing oligomers. (A) The scheme showing the

peptide-conjugated FNA construct. The polymer had a thiol group and biotin (red blob) at
the terminals; also, three DBCO groups were located at specified distances. Three Ap (14—
23) molecules were attached using a metal-free click reaction. The distances are shown
according to the experimental design. (B) Force spectroscopy set up. The AFM tip was
functionalized with an FNA construct and the surface with streptavidin. The AB(14-23)
trimer is formed by association of three monomers. Note, schemes are not to scale.
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Probing of the Ap (14-23) trimer. (A) An illustration of trimer formation is schematically
shown in the inset; a typical force-distance trace (retract) showing stepwise dissociation of
three events is numbered as 1, 2, and 3. The contour values of three individual peaks were
estimated by fitting the peaks with the worm-like chain model6 (red curves). (B) Contour
length histograms for three individual events. Red and blue histograms correspond to
peptide-peptide interactions (events 1 and 2), whereas green represents biotin-streptavidin
complexes (event 3). (C) Representative histograms for ALc1 (black) and ALc2 (grey). (D)
Force histograms for three events. Histograms were fitted with Gaussian functions. Values
are shown as mean + S.E.M. The number of data points is 56.
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Figure 3.
Identification of Ap (14-23) dimers within trimer. (A) A typical force-distance curve

showing two peaks close to each other; possible interaction patterns are shown in the inset.
Individual peaks were fitted with the worm-like chain model36 (red line), and corresponding
Lc values are shown. (B) Contour length histograms for two separate events. (C) ALc
histogram related to two events. (D) Force histograms corresponding to peptide-peptide
(upper, blue) and biotin-streptavidin interactions (below, green). Histograms were fitted with
Gaussian functions, and values are shown as mean + S.E.M. The number of data points is

68.
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Characterization of Ap (14-23) dimers. (A) A typical force-distance curve showing two
peaks far from each other; Lc values for each individual peaks were estimated by the worm-
like chain model (red lines). (B) Contour length histograms for two different events; red =
AP (14-23) dimer and green = Biotin-streptavidin interaction. (C) ALc distribution
corresponding to a long distance between two peaks. (D) Force histograms corresponding to
peptide-peptide (upper, red) and biotin-streptavidin interactions (below, green). Histograms
are fitted with Gaussian function, and values are presented as mean + S.E.M. The number of
data points is 44.
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Figure5.
Scheme showing the dissociation pathway for the Ap (14-23) trimer. The trimer (A) first

dissociates into dimers and monomers (B), and subsequently, the dimer dissociates into
monomers (C). Schemes are not to scale.
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