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ABSTRACT: Amyloid β-protein (Aβ) oligomers are emerg-
ing as potent neurotoxic species in Alzheimer’s disease
pathogenesis. Detailed characterization of oligomer struc-
ture and dynamics is necessary to develop oligomer-specific
therapeutic agents. However, oligomers exist transiently,
which complicates their structural analysis. One approach to
mitigate these problems has been photochemical cross-
linking of native oligomers. In these states, the oligomers
can be isolated and purified for physical and chemical
studies. Here we characterized the structure of isolated
cross-linked Aβ42 trimers, pentamers, and heptamers with
atomic force microscopy (AFM) imaging and probed their
dynamics in solution using time-lapse high-speed AFM. This technique enables visualization of the structural dynamics of
the oligomers at nanometer resolution on a millisecond time scale. Results demonstrate that cross-linked pentamers and
heptamers are very dynamic fluctuating between a compact single-globular and multiglobular assemblies. Trimers remain
in their single-globular geometry that elongates adopting an ellipsoidal shape. Biological significance of oligomers
dynamics is discussed.

KEYWORDS: amyloid β-protein, amyloid oligomers, Alzheimer’s disease, single-molecule dynamics, atomic force microscopy,
AFM time lapse

A major pathological hallmark of Alzheimer’s disease
(AD) is the presence of amyloid plaques, which
contains fibrillar aggregates of the amyloid-β protein

(Aβ).1 Numerous studies suggest that Aβ oligomers, rather
than fibrils, are the most important neurotoxic species.2−4 It has
been observed that decreasing oligomer levels by accelerating
fibril formation leads to the reduction of learning and memory
deficits in transgenic mouse model.5 Moreover, it has been
shown that the mere removal of plaques fails to improve
learning and memory deficits in human amyloid precursor
protein (hAPP) transgenic mice due to the presence of Aβ
oligomers.6 Apart from animal models, several studies have
shown the involvement of Aβ oligomers in early stage of
pathogenesis in the human brain.7 All of these findings indicate
that detailed understanding of Aβ oligomer assembly and its
dynamics would benefit efforts to target potential therapeutic
agents. The structures of Aβ within fibrils have been obtained
with solid-state NMR,8,9 but the structures of Aβ within
oligomers appear to be different.10,11 Though assembly of Aβ42

within the fibrils is characterized by the formation of stable,
extended β-sheet structure, oligomers are less structurally
ordered and demonstrate a substantial structural variability
depending on oligomer size.10 Recent computational simu-
lations of Aβ42 dimer did not reveal β-sheet structural motifs.11

Rather, the dimer is stabilized by multiple interactions in the
central hydrophobic core and C-terminal segments, and these
findings are in line with single-molecule studies of Aβ42
dimer.11,12 For oligomers larger than a dimer, β-strand and β-
sheet content has been observed and can be distinguished in
vivo and in vitro by the oligomer-specific antibodies OC and
A11.13

The major difficulty in structural studies of oligomers with
traditional biophysical techniques has been their transient
nature and their propensity to spontaneously aggregate. This
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challenge has been addressed by applying single-molecule
techniques,14−19 including atomic force microscopy (AFM)-
based force spectroscopy approaches,12,20−22 which provided
significant information regarding the stability of Aβ dimers/

trimer and their sites of interaction. Another approach has been
chemical cross-linking of assembled oligomers allowing their
structural characterization with the use of traditional structural
methods.10,23 In one such approach, the oligomers are

Figure 1. Characterization of cross-linked Aβ42 oligomers. (A) AFM topographic images of the oligomers including (i) monomer, (ii) trimer,
(iii) pentamer, (iv) heptamer, and (v) decamer in ambient condition. (B) Plot showing the volume of each oligomer calculated from the AFM
images. The error bars represent standard deviation.

Figure 2. Dynamics of Aβ42 trimer. (A) Time-lapse images of cross-linked Aβ42 [Phe10, Tyr42] trimer visualized by HS-AFM. The numbers
in the images indicate the frame number. (B) Plot showing the changes in length and width of the trimer during the time-lapse experiment.
The frames shown in the inset indicate the corresponding data points which have been measured from those frames.
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photochemically cross-linked, so they can be separated
according to the size and purity.24,25 This method was
successfully applied to isolate Aβ40 oligomers ranging from
dimers to tetramers10 and then study their structures and
neurotoxicity. Further improvement of this methodology made
it possible to isolate Aβ42 oligomers as large as dodeca-
mers.23,26 These Aβ42 oligomers remain neurotoxic even after
the cross-linking, making them an attractive experimental
system for biomedical studies.
Here, we characterized the nanoscale structure and dynamics

of isolated [Phe10, Tyr42]Aβ42 trimers, pentamers, and
heptamers. The major focus was probing of the oligomers
dynamics with the use of time-lapse high-speed AFM (HS-
AFM), which is capable of providing direct visualization of
biomolecules with video rate data acquisition.27−29 Even
though the oligomers are covalently cross-linked, pentamers
and heptamers showed significant intramolecular dynamics.
Transitions between compact globular and multiglobular
assemblies have been observed in the case of pentamers and
heptamers. Trimers remained as a compact globular shape with
transition between spherical and elongated shapes. Structural
organization of Aβ42 oligomers based on these findings is
discussed.

RESULTS

Characterization of Cross-Linked Aβ42 Oligomers.
Aβ42 oligomers were generated by photochemical cross-linking
of [Phe10, Tyr42]Aβ42. Oligomers were mixed with DMSO,
fractionated on a first SDS-PAGE and then extracted from the
gel and fractionated on a second SDS-PAGE to produce pure
oligomers (see Supporting Information, Figure S1 adapted

from ref 26). Each oligomer was dissolved in 10 mM sodium
phosphate buffer (pH 7.4) and then deposited onto 1-(3-
aminopropyl) silatrane (APS)-functionalized mica surfaces for
AFM imaging, as described.30−32 Monomer through decamer
were imaged with AFM at ambient conditions. Representative
images of monomers, trimers, pentamers, heptamers, and
decamers are shown in Figure 1. The oligomers appeared
primarily as particles with globular shape. For quantitative
characterization of the oligomers, we measured the volume of
these features. Figure 1B shows the distribution of volumes of
each oligomer (see Figure S2 for volume histogram of each
oligomer and Figure S3 for cross-section profiles). It is
interesting to note that the increase in volume of the oligomers
is not monotonic relative to oligomer order; rather there are
two linear regions in the plot suggesting that at least two types
of oligomers differing by the monomer packing patterns in
assembly exist. To clarify this issue and to provide additional
information on oligomer dynamics, we performed high-speed
AFM (HS-AFM), acquiring data at a rate of 250 ms per
frame.33

Dynamics of Trimers. Trimers were prepared in 10 mM
sodium phosphate (pH 7.4) and imaged with HS-AFM,
without drying.29,34 Several hundred time-lapse imaging frames
were acquired, which enabled us to characterize the dynamics
of oligomers over a period of ∼80 s. The data were assembled
into a movie, and we analyzed each frame of the data set. Figure
2A shows eight frames of a representative trimer to illustrate
the dynamics of this oligomer (a full set can be seen as a movie
in Supplementary Movie 1A). Frame 2 shows an elongated
globular single-blob shape. By measuring length along each of
the two major axes of the structures, we were able to identify

Figure 3. Dynamics of Aβ42 pentamer (pentamer 1). (A) Time-lapse images of cross-linked Aβ42 [Phe10, Tyr42] pentamer visualized by HS-
AFM. The numbers in the images indicate the frame number. The pentamer remains spherical in initial frames (1−91) except in few frames
where it becomes ellipsoidal as exampled in frame 101. The elongated conformation of the pentamer is shown from frames 210−224. Frames
248−257 show the compact spherical conformation with some protruding feature as shown in frame 254. (B) 3D view of few selected frames
is shown. (C) The cross-section profile of the pentamer along the long-axis of the molecule. The numbers on top of both the 3D view and
cross-section profile represent the corresponding frame numbers.
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some changes in the ellipsoid sizes over time (Figure 2B). The
length values for frames 28−40 vary, indicating the dynamics of
the trimer. This compact single-blob shape of the trimer has
been observed for other trimer molecules (Supplementary
Movies 1B and 1C).
Dynamics of Pentamers. Figure 3A shows a set of 10

representative images from the time-lapse imaging of pentamers
illustrating the nanoscale dynamics of pentamers. A full set of
data can be seen as a movie (Supplementary Movie 2A). The
pentamer displays a spherical shape initially, as shown in frames
1 and 91. The oligomer remains mainly in this structure up to
frame 204, except in a few cases in which the molecule becomes
more elongated (frame 101). Frame 204 illustrates a substantial
structural change that appears to be followed by the
development of a large protrusion (frame 210). This elongated
structure remains stable for a number of frames before
collapsing back into a compact single-blob shape (frame
248). After this, the pentamer showed smaller protrusions
(frame 254), but generally remained in its single-blob form
(frame 257). Figure 3B shows three-dimensional (3D) views of
five of the structures of the pentamer selected from the set in
Figure 3A. The 3D view of frame 1 clearly shows the compact
single-blob structure, whereas the 3D projections of frames 210
and 218 display the elongated structure having the protruded
tail-like feature attached to the initial blob. Two distinct bulges
are noticeable in the 3D view of frame 224. 3D projection of
frame 248 confirms the single-blob structure of the pentamer at
that time. Height measurements along the long-axis of the
pentamer structures show that the pentamer in frame 1
produces a symmetric profile (Figure 3C), whereas the
pentamer in frame 210 yields an asymmetric profile.
Interestingly, the maximum height in this profile is lower
than that shown for frame 1. This is due to extension of a part
of the oligomer from the compact shape to the elongated one,
resulting a drop in the height value. Frames 218 and 224 show
the presence of two peaks, which correspond to the two bulges
present in those two particular structures. The relatively
symmetric profile from frame 248 confirms the return of the
oligomer to the initial single-blob shape (Figure 3C).
The length and width of different pentamer assemblies have

been plotted in Figure 4 to quantitatively follow the pentamer
dynamics throughout the high-speed time-lapse imaging.
Initially, within the first 100 frames, the length and width
values are largely superimposable because the axis ratios of the
structures are ≈1. Fluctuations in these values are due to minor
thermal motions. A structural transition to an elongated or even
dumbbell shape takes place rapidly around frame 206 with this
shape being maintained up to frame 247. This elongated
structure undergoes some dynamics, producing a dumbbell
with two distinct bulges indicated in Figure 4 (see also frames
210−224 in Figure 3C). It is interesting to note that during this
structural transition period of the pentamer (frames 204−225),
the width value showed a slow decrease. This indicates that the
change in width value is not as dramatic as the change in the
length value when the pentamer structure elongates (Figure 4).
After reaching the maximum length at frame 224, the double-
blob (dumbbell) shape remains, but fluctuates in size. A major
structural transition then is observed at frame 247 at which the
dumbbell collapses followed by its rapid recovery (frame 254)
and the same rapid collapse again (frame 267). There was an
additional elongation process prior to the end of the
observation. Similar conformational transitions of the pentamer

are illustrated by Supplementary Movie 2B, and the data are
shown in Figures S4 and S5.

Dynamics of Heptamers. Similar experiments and
analyses were applied to Aβ42 heptamers (Figure 5A and
supplementary Movie 3A). Frame 1 in Figure 5A shows a
single-blob symmetric shape of the heptamer, which elongates
in frame 107 and maintains its shape up to frame 127. This
elongated structure is replaced with a three-blob particle which
is shown in frame 129 but then changes back into a double-blob
shape (frame 139). This particle converts back into a symmetric
single-blob shape by frame 153. Then the heptamer elongates
again by producing a small protrusion as shown in frame 162
and leads to a multiblob assembly as shown in frame 163. This
multiblob assembly is very dynamic and undergoes some
changes within the family of multiblob ensembles. The
heptamer transforms to the triple-blob assembly in frame 178
followed by a rapid transition into the single-blob structure in
frame 179 and again disassembly into a three-blob structure in
frame 183 before going to an ellipsoidal shape in frame 190.
Nonspherical structures were visualized as shown in frames 203
and 299 where a protrusion and an extended elongated shape
were identified, respectively. At the end of the experiment, as
shown in frame 305, the heptamer again displays essentially a
single-blob shape.
The 3D views of selected frames are shown in Figure 5B.

Apart from the 3D view of frame 1, all other 3D projections
show multiblob structures. Three blobs in the 3D view of
frames 178 and 183 are shown by white arrows (Figure 5B).
Graphically the dynamics of the heptamer is illustrated in
Figure 6.
Similar analysis for another heptamer is shown in Figure S6

(see Supplementary Movie 3B for the complete data set). The
heptamer here is very dynamic with a compact single-blob
structure being the minor one. This heptamer mostly fluctuates
between a single-blob and the double-blob assemblies without
showing multiblob assemblies. The 3D view of selected frames
is shown in Figure S6B, and the dynamics of the heptamer is
shown graphically in Figure S7. Almost ∼80% of pentamers and
heptamers exhibited the dynamic structures in the given
scanning time during the time-lapse experiments. The bar

Figure 4. Changes in length and width of the pentamer at different
frames (pentamer 1). The particular frames from which the
dimensions are measured have been shown, and the respective data
point has been indicated by arrow.
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diagram along with a set of additional selected frames from

large-scale movie files are shown in Figure S8.

DISCUSSION

The major conclusion from our results is that Aβ42 oligomers
are dynamic and capable of reassembly in the nanometer range.
Pentamers undergo transitions between compact one-blob
assemblies and extended, two-blob, dumbbell-shaped con-
formers. The ratio of heights of the two blobs (cross-section
profile of frame 218 in Figure 3C) is ∼3:2, which indicates that
these dumbbells are composed of the trimer and dimer. These
dimer and trimer segments move over distances as large as 15
nm as evidenced by the analysis shown in Figure S9. Such a
large separation between the blobs is in line with the large-scale
dynamics of Aβ42 dimers characterized by AFM-based force
spectroscopy experiments12 and computational modeling.11

The monomers in the dimers primarily interact via C-terminal
segments, so the dimer can be stretched a distance as large as
15 nm. It is important to note that computational analysis of
Aβ42 dimers does not reveal highly structured segments of the
monomers within the dimer.11 Though within fibrils, Aβ42
adopts a rather stable conformation due to primarily extended
β-sheet structure, oligomers are less structurally ordered and
show substantial differences depending on oligomer size.
Spontaneous extension of unstructured segments is in line
with recent HS-AFM observations29,35 in which extended
conformation of intrinsically disordered protein was analyzed.
The structural transition of heptamers follows the same

pattern. As shown in Figures 5 and 6, the heptamer can
transiently adopt three-blob structures. In this complex
dynamic process, the initial compact one-blob assembly

Figure 5. Dynamics of Aβ42 heptamer (heptamer 1). (A) Time-lapse images of cross-linked Aβ42 [Phe10, Tyr42] heptamer visualized by HS-
AFM. The numbers in the images indicate the frame number. Frame 1 shows spherical conformation which is elongated in frames 107−127.
Frame 129 shows three-blob structure which becomes spherical in frame 153. Frame 163 shows much more spread out conformation
compared to the previous frames. Frame 178 shows multiple blobs which collapse into spherical one in frame 179. Three blob structure is also
visible in frame 183. Frame 190 shows ellipsoidal shape. The heptamer elongates in frames 203 and 299 before collapsing into spherical
conformation. (B) 3D view of a few selected frames is shown. The numbers at top of the 3D views indicate the corresponding frame number.
White arrows indicate the position of the multiple blobs in 3D views of 178 and 183.

Figure 6. Changes in length and width of the heptamer at different
frames (heptamer 1). The particular frames from which the
dimensions are measured have been shown, and the respective data
point has been indicated by arrow. The numbers in each frame
denote the frame number.
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transitions into the two-blob structure. This assembly is
dynamic and undergoes rearrangements of the three-blob
morphology that occur via the formation of two-blob structures
with unequal blob sizes. In comparison, the compact, elongated,
ellipsoidal morphology of trimers does not change, except for
occasional elongation of the ellipsoid (Figure 2). A comparison
of the dynamics of these three oligomers is shown in Figure
S10, where the plot for heptamer shows a maximum number of
spikes indicating the most dynamic nature of the heptamer,
whereas the plot for trimer shows minimal or almost no spikes
due to its compact globular structure. These observations
suggest that Aβ42 oligomers are dynamic. We hypothesize that
dimers and trimers are the basic units of oligomers and are the
direct products of high-order oligomer dissociation. Therefore,
the entire heptamer is in continuous rearrangement between a
compact shape and multiblob morphologies comprising dimers
or trimers.
Note that the observed dynamics is not due to a potential

effect of the AFM scanning tip. According to refs 28 and 29, the
overall energy transferred to the sample due to the tapping is
negligible and readily distributed in the surrounding environ-
ment, including the water molecules; hence this effect is weak.
The displacement of the sample by the tip is in the
subnanometer range, because of high oscillation frequency of
the tip and consequently low contact time of the tip with the
sample. The support to this interpretation comes from the
experimental data in the paper. First, trimers do not show any
dynamics. Additionally, the dynamics of the oligomers observed
are not always in the direction of scanning. A few examples are
frame 254 in Figure 3A, frames 7, 8, and 43 in Figure S4, and
frames 178, 183, and 203 in Figure 5. Thus, the experimental
data suggest that Aβ42 oligomers are inherently dynamic
systems capable of moving in the nanometer-scale distances.
Oligomers studied in this work were obtained by photo-

chemical cross-linking,24 a process in which Tyr residues are
among the most likely amino acids to form carbon−carbon
bonds. In the peptide studies, a single tyrosine residue is
located at position 42, the far C-terminus of each peptide. It is
possible that the nonglobular structures observed could form
through cross-linking of other amino acids as well as transitions
between disordered and structured segments of the protein.
These observations are consistent with recent discrete
molecular dynamics (DMD) simulations that showed that
tyrosine-tyrosine cross-linking could only generate oligomers as
large as tetramers36 and that cross-linking via lysine and
histidine24 must be involved in the formation of higher order
structures. Our data support this suggestion.
The data we have produced in the Aβ system have relevance

to general mechanisms of asymmetric protein association that
are distinct from simple actin-like polymerization.37 Impor-
tantly, the data also appear relevant to Aβ assembly processes
occurring in vivo in the human body during the initiation and
progression of AD. We base this suggestion on immunochem-
ical studies of oligomer epitopes (Hayden et al., manuscript in
preparation). These studies have shown that cross-linked
[Phe10, Tyr42]Aβ42 oligomers, ranging in size from dimer
through dodecamer, display epitopes recognized by the fibril-
specific monoclonal antibody OC,38 an antibody that reacts
strongly in tissue sections from AD brains. Reactivity with the
oligomer-specific antibody A11 also has been observed. This
reactivity was low and variable. These results indicate that the
structures stabilized by cross-linking contain epitopes on Aβ
found in the human body.

Spontaneous unfolding of higher order Aβ42 oligomers into
the more stable component dimers or trimers has important
biomedical implications. Oligomers are considered to be key
neurotoxic agents in AD, possibly the most toxic,39,40 but they
exist in a large number of sizes. Should all of these be targeted
by therapeutic agents? Our results indicate that oligomers as
large as heptamers are in a dynamic equilibrium with their
dimer and trimer building blocks. This suggests that targeting
these two types of assemblies would be sufficient to block a
higher order assembly. If the therapeutic agents were antibodies
specific for unique epitopes on the dimer and trimer, this
therapy also would allow immune clearance of the resulting
immune complexes.

MATERIALS AND METHODS

Sample Preparation for AFM Imaging in Ambient Con-
ditions. Cross-linked [Phe10, Tyr42]Aβ42 oligomers generated by
photoinduced cross-linking of unmodified proteins (PICUP)23,26 were
diluted in 10 mM sodium phosphate buffer pH 7.4 to a concentration
range of 20−50 nM. A freshly cleaved mica surface was functionalized
with 1-(3-aminopropyl)silatrane (APS) as described earlier.32 A 5 μL
of the oligomer sample was deposited onto APS-mica for 2 min and
then rinsed with deionized water and dried with Ar gas. AFM imaging
was carried out in air in tapping mode using Nanoscope Multimode V
system (Bruker, Santa Barbara, CA). TESPA probes (Bruker) with a
resonance frequency of 320 kHz and spring constant of 42 N/m were
used for air imaging.

Sample Preparation for High-Speed AFM (HS-AFM) Imag-
ing. A thin piece of mica was punched into 2 mm diameter circular
pieces, which were glued onto the sample stage of HS-AFM (RIBM,
Japan). For functionalization of this mica surface, 2.5 μL of 500 μM
APS solution was deposited onto the mica and incubated for 30 min
by covering with a wet cap. Then the mica surface was rinsed with 20
μL of deionized water. 2.5 μL of the oligomer sample was deposited
onto the APS functionalized mica surface and incubated for 2 min.
Then the sample was rinsed and put into the fluid cell containing 10
mM sodium phosphate buffer (pH 7.4). During the whole process, the
mica surface was not allowed to become dry. Imaging was carried out
by HS-AFM using electron beam deposition (EBD) tips. Typical scan
size was 70 × 70 nm with a scan rate of 250 ms.

Data Analysis. AFM images obtained in air were analyzed by
Femtoscan online software package (Advanced Technologies Center,
Moscow, Russia). The volume of the oligomers has been measured
from the “enum feature” tool. The volume data were exported into the
Origin 2015 (OriginLab Corporation), and the histograms were
generated. Standard deviation of the mean value was calculated from
the histograms. For HS-AFM data, frames have been extracted using
IgorPro software from the movie files. Each frame has been exported
to Gwyddion software v2.45 for further analysis. 3D views and cross-
section profiles have been generated using Gwyddion, whereas
Femtoscan software was used for measuring length and width values.
The length and width values were measured by taking cross-section
profiles and measuring the full width at half maxima. The width value
of the elongated structures was calculated by taking three cross-section
profiles and averaging the width values obtained from each cross-
section. Length and width values are exported to the Origin software
to generate the plots.
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*S Supporting Information
Movie files showing the dynamics of trimer (Mov S1A-C),
pentamer (Mov S2A, B) and heptamer (Mov S3A, B) are also
available as supporting movie files. The Supporting Information
is available free of charge on the ACS Publications website at
DOI: 10.1021/acsnano.7b05434.

Characterization of Aβ42 oligomers by SDS gel (Figure
S1); statistical data for oligomer volume and cross
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sections (Figure S2 and S3); examples of pentamer
dynamics (Figure S4) and its quantitative analysis
(Figure S5) along with other example of heptamer
dynamics (Figure S6) and analysis (Figure S7); more
examples of pentamer and heptamer dynamics from
larger scan range with statistics (Figure S8); the
distribution of distance between the two blobs in
pentamer (Figure S9); and the comparison of dynamics
among trimer, pentamer and heptamer (Figure S10)
(PDF)
Movie S1A: HS-AFM time-lapse imaging of the Aβ42
trimer (AVI)
Movie S1B: HS-AFM time-lapse imaging of the Aβ42
trimer (AVI)
Movie S1C: HS-AFM time-lapse imaging of the Aβ42
trimer (AVI)
Movie S2A: HS-AFM time-lapse imaging of the Aβ42
pentamer (AVI)
Movie S2B: HS-AFM time-lapse imaging of the Aβ42
pentamer (AVI)
Movie S3A: HS-AFM time-lapse imaging of the Aβ42
heptmer (AVI)
Movie S3B: HS-AFM time-lapse imaging of the Aβ42
heptmer (AVI)
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