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Aggregation of amyloidogenic proteins into insoluble amyloid fibrils
is implicated in various neurodegenerative diseases. This process
involves protein assembly into oligomeric intermediates and fibrils
with highly polymorphic molecular structures. These structural
differences may be responsible for different disease presentations.
For this reason, elucidation of the structural features and assembly
kinetics of amyloidogenic proteins has been an area of intense study.
We report here the results of high-speed atomic force microscopy
(HS-AFM) studies of fibril formation and elongation by the 42-residue
form of the amyloid g-protein (Af4_4,), a key pathogenetic agent of
Alzheimer's disease. Our data demonstrate two different growth
modes of AB,_4,, one producing straight fibrils and the other pro-
ducing spiral fibrils. Each mode depends on initial fibril nucleus
structure, but switching from one growth mode to another was
occasionally observed, suggesting that fibril end structure fluctuated
between the two growth modes. This switching phenomenon was
affected by buffer salt composition. Our findings indicate that poly-
morphism in fibril structure can occur after fibril nucleation and is
affected by relatively modest changes in environmental conditions.

Alzheimer's disease | amyloidogenic proteins | kinetics | atomic force microscopy

myloid fibril accumulation is associated with numerous neu-
rodegenerative diseases, including Alzheimer’s (AD) (1-3),
prionoses (4-7), Parkinson’s (8-11), and Huntington’s (12).
Nonhomologous genes encode the proteins involved in each dis-
ease, namely the amyloid B-protein (Af), prions (e.g., PrP, Sup35,
Het-s), a-synuclein, and huntingtin, respectively. Each of these
proteins assembles from a monomer state through a variety of
intermediates to form insoluble amyloid fibrils that accumulate
in brain tissues. The suggestion that brain Ap accumulation and
neurodegeneration are correlated remains an area of contention.
Studies of human brain extracts and transgenic mice suggest such
a correlation does not exist (13, 14), whereas other studies support
this relationship (15). Amyloid deposition in the brain does cor-
relate with progress from mild cognitive impairment to AD (16).
The amount of brain amyloid in asymptomatic elderly people
generally is less than in AD patients (17). Historically, amyloid
fibrils have been regarded as the key pathologic agents in AD.
This idea has been supplanted by theories in which oligomers are
central (18, 19). A variety of studies support this view (20-23). In
addition, oligomers appear to be more toxic to cultured cells than
are fibrils (24, 25). Nevertheless, Ap40 fibrils are neurotoxic (24,
26-28) and fibrillar Ap appears to be associated with inflammation
(29, 30) and oxidative damage (31, 32) in the brain. We believe
that an unbiased assessment of working theories of disease cau-
sation does not allow one to conclude that the two theories are
mutually exclusive. It is more likely that both types of assemblies
are involved in AD pathogenesis. In fact, Lu et al. have provided
support for this more inclusive theory by arguing that oligomers
and fibrils exist in equilibrium (33). Such an equilibrium is thought
to include, in addition, monomers and protofibrils (34).
Although specific intermediates and fibrils have been studied
in isolation at particular stages of AP assembly, it has been more
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difficult to observe structural transitions that may occur among
assembly types. Techniques such as thioflavin-T (ThT) fluores-
cence, circular dichroism spectroscopy, and Fourier transform
infrared spectroscopy are widely used to monitor development of
B-sheet structure, but these methods do not provide information
on aggregate tertiary or quaternary structure. Structural studies
using X-ray crystallography or solid-state NMR have provided
useful information on protein structure at the atomic level, but
this information is static in nature and does not reveal aspects of
the gross structural transitions among assembly states. Electron
microscopy also is a static method.

The process of fibril formation itself has been shown to be
more complicated than originally thought. One reason is the huge
conformational space of the intrinsically disordered Ap monomer,
which gives rise to many different oligomer structures, some of
which are on-pathway for fibril formation and some of which are
not. This diversity of prefibrillar structures is reflected in the
structures of the fibrils that then form. Fibrils are polymorphic—
AP forms fibrils with distinct structures depending on experi-
mental conditions (35, 36). Additionally, different fibril types
have different impacts on neurodegeneration (26, 33, 37-39).
Thus, characterization of the structural dynamics of the fibril
formation process is an important endeavor. Real-time visu-
alization of monomer aggregation and fibril formation offers
the possibility of understanding the dynamics of the system,
developing hypotheses about assembly mechanisms, and elu-
cidating aggregation mechanisms.

Significance

Amyloid fibril formation underlies the pathogenesis of a large
number of diseases. Among the neurodegenerative diseases,
the process is prominent in Alzheimer’s disease. Fibril elonga-
tion has been thought to be a nucleation-dependent process
that faithfully duplicates nucleus structure as each monomer
adds to the fibril end. Polymorphism in fibril structure thus has
been postulated to depend on initial nucleus structure. How-
ever, there is little direct observation of growing amyloid fibril
structure. Here, using high-speed atomic force microscopy, we
observed that Apq_4, fibril formation produced two distinct
morphomers, “straight” and “spiral.” Surprisingly, we observed
switching between these structures after the initiation of fibril
elongation. Our results provide previously unidentified insights
into the process of nucleation-dependent Af4_4; fibril formation.
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In the present study, we used high-speed atomic force mi-
croscopy (HS-AFM) (40, 41) to study the dynamics of APj_s»
assembly. We were able to visualize initial fibril nucleation and
subsequent fibril elongation. We observed two distinct growth
modes for AP, 4, fibrils—one producing straight fibrils and
one producing spiral fibrils—and, unexpectedly, morphological
switching between these two modes.

Results

HS-AFM Imaging of Temporal Changes in Low- and High-Molecular-
Weight AB4_4, Fractions. In preparation for HS-AFM observation,
we separated AP;_4, peptides into low- and high-molecular-
weight populations (LMW and HMW, respectively) and con-
firmed that their structure and assembly properties were con-
sistent with previous studies (Supporting Information and Figs. S1
and S2) (28, 42-49). The LMW population comprised mono-
meric and low-order oligomeric Ap;_4> (28). The HMW pop-
ulation contained higher-order oligomers (Fig. S1).

We then used HS-AFM to monitor the assembly of LMW (Fig. 1)
and HMW (Fig. S3). Time 0 corresponds to the time when 100 mM
NaCl was added to accelerate the assembly process. We observed
nonfibrous particles with LMW initially (~1,800 s), as shown
in Fig. 1B (Movie S1). Subsequently, objects with fibrillar mor-
phologies began to accumulate. These objects elongated during
observation. Assembly height fluctuated between ~5 and 10 nm
with a periodicity of ~100 nm, corresponding to a spiral structure
(Fig. 1 B and C). Fibril growth stopped when one fibril end
reached another fibril. This observation was consistent with time-
lapse AFM imaging of AB;_49 (50). During HMW incubation, we
observed that nonfibrous particles accumulated more extensively
than seen with LMW (Fig. S34 and Movie S2). Fibrous objects
were also observed (Fig. S34), although they were small in num-
ber, and their structural features were consistent with the fibrils
seen with LMW (Fig. S3 B and C). These observations were
comparable to electron microscope images and bulk phase assays
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Fig. 1. HS-AFM imaging of LMW AB;_4,. (A) Schematic representation of

HS-AFM experiments. Af;_4, was introduced into the HS-AFM chamber.
Aggregation was accelerated by addition of 100 mM NaCl. ABy_4, aggre-
gates float in the chamber, and some of them attached on mica and were
visualized. (B) HS-AFM images during incubation of LMW. (Scale bar, 300 nm.
Z scale, 15 nm.) (C) Height profile of the selected dashed line (A to B) at
1,800 s in B (Top), and occurrence frequency of the length of the spiral pitch
of ABy_y; fibrils with a normal distribution fit, giving a mean pitch length of
99 + 20 nm for the fibrils from LMW (Bottom). Black arrows correspond to
the white arrows in B at 900 s.
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Fig. 2. HS-AFM imaging of fibrils emanating from LMW Ap4_4,. (A-C) Rep-
resentative kymographs (Top) and time evolution of fast- (red) and slow-
(green) growing fibril ends (Bottom) of single spiral (A), straight (B), and hybrid
(C) types of LMW Ap4_4; fibril elongation. Open and closed circles in C indicate
the spiral and straight regions in the hybrid fibril. The insets in time evolution:
enlarged time courses show representative stepwise growth at fast ends.
Starts and ends of individual steps are indicated by closed and open triangles.
(D) Polarity of ABj_4, fibril growth. Kymograph of fibril growth before frag-
mentation (Left), indicating polarized elongation in which top and bottom
ends of the kymograph indicate fast- and slow-growing ends. Kymograph of
fibril growth from exogenous ends of the fibril after fragmentation at the
region indicated as a closed triangle (Right).

(Supporting Information and Fig. S2). We found no significant
difference in fibril length between LMW and HMW samples due
to the broad distribution of fibril length in the LMW sample (Fig.
S3D). However, there were significant differences between LMW
and HMW samples in the times at which fibril seeds appeared.
HMW seeds formed most frequently 20-30 min after the addition
of 100 mM NaCl, whereas LMW formed seeds over a much wider
time range (Fig. S3 E and F). We found no significant differences
in the nucleation rate or in the fibril seed size between LMW and
HMW samples (Fig. S3 G and H). In addition, some HMW olig-
omers dissociated during early phases of incubation (Supporting
Information, Fig. S4, and Movies S3 and S4), after which fibrils
formed (Fig. S2C). These results suggest that LMW A produced
fibril seeds at various time through primary and secondary nucle-
ation events. This suggestion is consistent with previous studies (51,
52). In contrast, HMW Ap did not directly develop fibril seeds, but
first dissociated to LMW A that then formed seeds. Furthermore,
these analyses also indicated that the results from HS-AFM ob-
servation corresponded to the conventional transmission electron
microscope (TEM) images and bulk phase assays. This corre-
spondence was also found in the correlation between the time
courses of the total aggregate volume on mica and ThT binding
assays (Supporting Information and Figs. S24 and S3I) and sup-
ported by observation of fibril growth inhibition in the presence
of a natural polyphenolic compound, myricetin (Fig. S5).

Video Imaging of Growth of Ap,_, Fibrils with Distinct Structures.
We next analyzed how individual fibrils formed. We identified three
structurally distinct types of fibrils: (i) spiral structures of ~100-nm
periodicity that varied in height between 5 and 10 nm (Figs. 1 and
24 and Movie S5); (i) thin, straight structures of ~5 nm in height
(Fig. 2B and Movie S6); and (iif) hybrid structure in which the spiral
and straight structures coexisted (Fig. 2C and Movie S7). The
growing processes of these fibrils are represented as kymographs
and time courses of fibril end positions (Fig. 2 A-C). The growth
mode is characterized by bidirectional growth, but at different
rates at each end (polarization). The polarized bidirectional growth
was observed in all of the types of fibrils (“fast and slow ends”

Watanabe-Nakayama et al.
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Fig. 3. Statistical analysis of stepwise ABi_4, fibril growth from LMW in-
cubation. Distributions (circles) of dwell time between steps (A), time for a
single step (B), and single step size (C) with exponential fits (lines) giving
mean values shown in Table 1, for spiral (open circles with solid lines) and
straight (closed circles with dashed lines) fibrils from LMW Ap;_4, incubation.

correspond in Fig. 2 A-C to the upper and lower ends in the ky-
mographs and to the red and green lines). Many of the fibrils
exhibited stop and go behavior (Fig. 2 A-C, Insets), as observed for
APBj_40 and other amyloid fibrils (53-56). For example, the fibril
growth at the fast end stopped during ~2,488-2,496 s, ~2,502-2,506 s
in Fig. 24, ~1,410-1,418 s in Fig. 2B, and ~1,420-1,450 s, ~1,460—
1,480 s in Fig. 2C. We confirmed that the orientation of Af_4,
fibrils was retained in the interior of the fibrils as follows: (i) we
broke the fibrils by increasing tapping force, which created new
fibril ends; (ii) we then observed that at the breakage sites, each
of the ends behaved as if it were the original fast or slow end, i.e.,
the fibril growth rates were consistent with the polarity of the
original fibrils (Fig. 2D). Fig. 2 A and B also shows that the
structure of growing region was the same as that of the template
region. This structural feature in the fibril growth indicates that
template structure can determine fibril morphology, which is
consistent with a dock-lock mechanism (57). In the hybrid-type
fibrils, the structure of the growing region was determined pri-
marily by the template, but sometimes switched to another type
(spiral to straight at 1,440 s (145th frame) or straight to spiral at
1,520 s (153rd frame) in Fig. 2C).

To quantitatively compare fibril growth kinetics between fibril
types, we analyzed stepwise growth of individual fibrils. “Step-
wise growth” was considered to comprise two phases: dwell
(during which no growth was observed and fibril end position
was constant) and step (during which continuous growth was

Watanabe-Nakayama et al.

observed and fibril end position increased). Step could further be
characterized by step time (each period of continuous growth)
and step size (the increase in fibril length occurring during each
such period). We observed that the frequency distributions for
these three metrics could be described by simply decreasing ex-
ponential functions of the type F = A-e~", where ¢ is time (s™),
A is a constant, and 7 is the mean dwell or mean step time (Fig.
3). In the case of step size, ¢ is instantaneous step size and 7 is
mean step size. The given parameters are shown in Table 1 with
the number of analyzed fibrils and steps.

A fast end of spiral fibrils had shorter dwell times and longer
step sizes than did those of straight-type fibrils, although their
step times are similar. In contrast, the number of steps at a fast
end of straight fibrils was larger than that of the spiral fibril. The
estimated mean growth length of spiral and straight fibrils was
essentially the same (~200 nm). The difference in fibril growth
kinetics between LMW and HMW A4, was described in
Supporting Information, Fig. S6, and Table S1.

Modulation of Structural Dynamics in A4, Fibril Growth. To de-
termine whether the switching of fibril structure growing could
be modulated by changes in buffer salt, we substituted 100 mM
KCl for NaCl. Potassium ions reduce the interactions between
proteins and mica surfaces more than do sodium ions (58). Fig.
44 shows HS-AFM imaging of Ap;_y4; fibrils ~1 h after addition
of KCI. Whereas most fibrils grown in NaCl have the spiral
structures, the number of hybrid-type fibrils increased in the
presence of KCl (Fig. 4B). This increase could occur due to (i)
increase in switching frequency or (if) increase in speed of fibril
growth without change in switching frequency. To determine
which of these possibilities was true, we analyzed distributions of
the full fibril length, the number of partial fibril segments grown
with each growth mode (appearance frequency of growth mode),
and the length of those segments (length of growth in a single
mode). As shown in Fig. 4C, the distribution of the full fibril
length was not significantly altered by the alteration of buffer
salt, which suggests that the fibril growth speed was not affected.
Meanwhile, the appearance frequency of spiral and straight
modes, respectively, decreased and increased with the re-
placement of NaCl with KCI (Fig. 4D). Consistent with this, the
average length of growth in spiral or straight modes decreased or
increased, respectively, in the presence of KCI (Fig. 4F). This
trend was observed in the different preparation of LMW although
we found no statistically significant difference in the length of
growth in spiral mode in the preparation (Fig. S7). In conclusion,
the switching frequency increased in the KCl buffer whereas the
fibril growth mode was constrained to the spiral mode in the
NaCl buffer.

Table 1. Parameters for stepwise growth kinetics at fast ends of
spiral and straight fibrils from LMW

Fibril types Spiral Straight
Number of analyzed fibrils 38 10
Number of total analyzed steps* 124 54
Number of steps per one fast end* 3.3 5.4
Dwell time before stepwise growth, s 29 59
Time required for one step, s 42 45
Step size, nm" 62 36
Mean growth length, nm* 204 197

*Steps for 1 h from incubation start, except 15 steps in fibrils from LMW
incubation.

*Fitting parameters from Fig. 3.

*Values obtained from the product of number of steps and step size at
fast end.
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Discussion

We used HS-AFM to monitor the structural dynamics of Ap;_4
fibril formation. This approach allowed us to determine morphological
and temporal features of this process for specific Ap;_4, assem-
blies, including HMW and fibrils. An important finding was a
switch in fibril growth mode between “spiral” and “straight”
morphomers, even though initial morphologies matched those of
the fibril seeds. The frequency of switching was altered by
changes in buffer salt. These finding are not consistent with a
“dock-lock” model of fibril growth. Switching between mor-
phologies is thought to be extremely rare (essentially non-
existent) when Ap40 or AB42 fibril formation has been studied by
TEM. It is possible, therefore, that fibril growth on a mica sur-
face may lead to phenomena that are not observed when fibrils
grow freely in solution. However, this finding means that fibril
morphology is not absolutely determined by fibril seed structure
(nucleus). An implication of this idea is that toxic types of fibrils
(seeds) could be converted into nontoxic forms by changes in
their cellular or extracellular microenvironments. The converse
might also be true.

Our results suggest the following model of Af,_4, aggregation
(Fig. 5). The Apy_4, aggregation pathway begins with LMW,
including monomeric and low-order oligomer states. It then
branches into two distinct pathways: (i) HMW (off-pathway) and
(i) fibril formation via nucleation (on-pathway). Evidence for
the first pathway comes from size-exclusion chromatography
(SEC) results showing an increase in HMW concentration during
LMW incubation (Supporting Information and Fig. S4) and from
HS-AFM results revealing that some aggregates do not grow into
fibrils (Fig. 1B). Furthermore, HMW incubation did not sustain
fibril growth at early phases (~30 min of incubation) despite
rapid production of LMW AB;_4, and nucleation rate similar to
that of LMW. This difference may be caused by differences in
the time when fibril seeds (nuclei) appeared. HMW thus do not
appear to be immediate precursors of fibrils, but rather foster
fibril formation by dissociation into LMW (Supporting In-
formation and Fig. S4). The nuclei and the fibril seeds grow,
incorporating LMW Af;_4, monomers or small assemblies
formed by LMW AB; 45, and the growth rates are different be-
tween “fast” and “slow” ends (Fig. 2). This asymmetrical fibril
growth is consistent with structural models of Ap fibrils based
on solid-state NMR, in which the two ends of each fibril have
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different residues available for hydrogen bonding (33). The
structure of growing fibrils is typically determined by their seeds
[in the context of this discussion, the term “seeds” corresponds to

A HMW LMW B
’ - <= Fast end of “spiral” fibril
<«
X
Fibril nucleus Fibril nucleus AG
(spiral) (straight) NaCl
Slow end Fast end Slow end Fast end
KCI
straight

spiral

- Fast end of “straight” fibril
I
1 \
Growth mode swi!che_
l /
NG
\3
“Hybrid” type- straight
fibrils

Fig. 5. Models for ABi_s> aggregation. (A) Monomers give rise to at least
three assembly pathways for HMW, straight fibrils and spiral fibrils. HMW is
not directly linked to fibril formation. HMW dissociates into LMW. The latter
two pathways lead to form nuclei, but the nuclei are different in structure
between the pathways. The nuclei incorporate LMW A;_4, and grow into
spiral or straight fibrils with the same type as nuclei in the seed-dependent
manner. Switching of fibril growth mode sometimes occurs due to dynamic
polymorphism of fibril ends, and thus hybrid fibrils are produced. (B) Models
of energy profiles for fast ends of spiral- (Top) and straight- (Bottom) type
fibrils. For the end of spiral-type fibril, the energy level of spiral state is much
lower than the straight state. Thus, the spiral-type fibril grows in the spiral
in accordance with the template-dependent manner, and the switching to
straight mode rarely occurs in the NaCl buffer (Top, solid line). In the KCl
buffer, the energy level of straight state and the activation energy is re-
duced, which leads to increase in the frequency of switching growth modes
(Top, dashed line). For the end of straight-type fibril, the energy level of
straight is lower than the spiral state, but the difference in the level between
the two states may be smaller than that in the spiral fibril end in the Nacl
buffer (Bottom, solid line). Thus, the straight growth mode is short-lived. In the
KCl buffer, the energy level of spiral state and the activation energy is shifted
up, which leads to retain the growth with straight mode (Bottom, dashed line).

spiral
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fibril fragments or fibrils themselves. The term “nuclei” refers to
the classical thermodynamic structures necessary to initiate a poly-
merization reaction—in this case by the low-frequency coassociation
of LMW Ap molecules] or nuclei (dock-lock mechanism: the
structure of incorporated amyloid proteins is determined by the
structure of mother fibril ends). The finding that spiral and
straight fibril seeds initially give rise to fibrils of equivalent mor-
phology (Fig. 2 A and B) supports this idea. Ap;_4> thus produces
at least two types of structurally distinct nuclei. The existence of
multiple nucleation pathways for one amyloidogenic protein has
been reported as described above. Sometimes the growth mode
can be switched, which results in the production of “hybrid” fibrils
(Fig. 20).

Fibril structural “switching” was an interesting phenomenon
that we initially had not expected to observe. It is possible that this
occurred due to structural fluctuations at the ends of growing fi-
brils (59). These spontaneous changes in fibril end structure can
be perpetuated by incoming A monomers because these mono-
mers are intrinsically disordered, populate a large volume of
conformational space, and thus do not experience substantial
energy barriers for binding to fibril ends (60-62). In contrast, the
enthalpic and entropic constraints on fibril end structure likely
preclude extensive exploration of alternative conformational
states, explaining why only two fibril morphologies were observed
in our experiment. We note that this fact does not mean other
morphologies could not form, only that we did not observe them
in the specific experimental system we used. Following our ex-
periments, we learned that dynamic conformational changes in
actin filaments also have been observed, supporting the explana-
tion of fibrils switching presented above (63). Additionally, the
energy landscape of fibril ends may be altered by the microenvi-
ronment (e.g., salt) (Fig. 5B).

Goldsbury et al. reported the results of time-lapse AFM im-
aging of Apy_4 fibril formation (50). We found similarities and
differences in structural dynamics between AP;_49 and AP;_4o.
APBy_40 protofibrils (PF) and mature fibrils (MF) both exhibited
straight and spiral (80-130-nm pitch) morphologies (50), similar
to AP;_4; fibril structures that we observed in the work reported
here. MF A;_49 formation through lateral interaction between
PFs is not a primary assembly pathway (50). We also did not
observe lateral interactions among fibrils. In contrast, AB;_49 and
Apy_4 differed in that formation of spiral and straight AP, 49
fibrils occurred at different times, whereas both morphologies
were observed concurrently in studies of Ap;_4;. In addition, our
finding of bidirectional switching between spiral and straight
growth modes of Af;_4, has not been reported in any other
amyloidogenic protein aggregation.
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Preparation of Ap. ABi_4, peptides were synthesized, purified, and charac-
terized as described previously (49). Briefly, the peptide synthesis was
performed on an automated peptide synthesizer (model 433A, Applied
Biosystems) using 9-fluorenylmethoxycarbonyl-based methods on preloaded
Wang resins. The peptides were purified using reverse-phase high-performance
liguid chromatography (HPLC). Quantitative amino acid analysis and mass
spectrometry of the yielded peptides confirmed the expected compositions
and molecular weights, respectively. The purified peptides were stored as
lyophilizates at —20 °C. LMW and HMW AB were prepared by SEC (49). To
prepare LMW and HMW, 200 pL of a 2 mg/mL peptide solution in dimethyl
sulfoxide was sonicated for 1 min using a bath sonicator and then centri-
fuged for 10 min at 16,000 x g. The resulting supernatant was fractionated
on a Superdex 75 HR column using 10 mM phosphate buffer, pH 7.4, at a
flow rate of 0.5 mL/min. SEC of AB;_4, reveals an HMW peak at 16-17 min
(occurring just after the column void volume) followed by an LMW peak at
28-29 min. The middles of the HMW and LMW peaks were separately col-
lected during 60 s and stored at —-80 °C (Fig. S1A). The peptide concentration
in each preparation was determined by Bradford protein assay. Typically, the
concentrations of LMW and HMW were 25 and 10 pM, respectively.

HS-AFM Imaging. Tapping mode HS-AFM (64) was performed at room tem-
perature in liquid with a small cantilever (BL-AC10-DS, Olympus) with a spring
constant k ~ 0.1 N/m and a resonance frequency f = 400-500 kHz. An amor-
phous carbon tip was grown on the top of each of the cantilevers by electron-
beam deposition using a field emission scanning electron microscope
(ERA8000-FE, Elionix). The free oscillation amplitude was ~1.5 nm and the set-
point amplitude was 80-90% of the free amplitude. LMW or HMW solutions
(2.5 uM peptide concentration in 10 mM phosphate, pH 7.4) were introduced
into a sample chamber. AB;_4, aggregation reactions were accelerated by
addition of NaCl (final concentration of 100 mM). For observation of electro-
lyte effects, the reactions were accelerated by addition of KCl (final concen-
tration of 100 mM) instead of NaCl. For observation of myricetin effects,
2.5 uM AB4_4; [fibril seeds (fAB1_42):LMW = 1:19] containing 100 mM NacCl and
10 pM myricetin was introduced into the chamber. The HS-AFM image se-
quences were processed using Image) software (imagej.nih.gov/ij/). The total
volume of all of the aggregates in each frame was estimated as the total
volume of all of the pixels in the frame except background (mica surface). To
assess individual fibril growth, the fibrils were computationally straightened
and then their structural features, including length and spiral pitch, were
measured and analyzed by ImageJ plugins.
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S| Materials and Methods

ThT Binding Assay. The f-sheet content in Af; 4, aggregates was
measured by ThT fluorescence assay (65). LMW and HMW solu-
tions prepared as described in the main text were diluted in 10 mM
phosphate, pH 7.4, containing 100 mM NaCl (phosphate buffer), to
a final concentration of 2.5 pM (in terms of monomeric AB;_4).
Fibril seeds (fAp;_4,) were prepared by sonication of 2.5 pM ABy_4»
fibrils in phosphate buffer. For the seeding assays, fAfB, 4 or HMW
were added to LMW A at a ratio of 0.05 (vol/vol). The mixtures
were incubated at 25 °C for 0-5 h without agitation. The reaction
mixture contained 5 pM ThT (Wako Chemical Industries Ltd.) and
50 mM glycine-NaOH buffer, pH 8.5. After vortexing briefly, three
fluorescence intensity measurements were made every 10 s using a
Hitachi F-2500 fluorometer. The excitation and emission wave-
lengths were 445 and 490 nm, respectively. Fluorescence intensity is
presented as the averages of each of the three measurements at
each time point, after subtraction of the fluorescence of a blank (no
peptide) sample. ThT fluorescence is presented as mean fluores-
cence units (FU) + SD.

TEM. A 10-pL aliquot from each of the aggregation mixtures was
spotted onto a glow-discharged, carbon-coated formvar grid
(Okenshoji Co. Ltd.) and incubated for 20 min. The droplet was
displaced with an equal volume of 2.5% (vol/vol) glutaraldehyde
in water followed by incubation for 5 min. Finally, the peptide
was stained with 8 pL of 1% (vol/vol) uranyl acetate in water
(Wako Chemical Industries Ltd.). This solution was wicked off,
and then the grid was air-dried. The samples were observed by a
JEM-1210 transmission electron microscope.

Circular Dichroism Spectroscopy. Circular dichroism (CD) spectra of
HMW and LMW were acquired immediately after sample prep-
aration. A 200-pL aliquot from each of the fractions was in-
troduced to a 1-mm-path-length CD cuvette (World Precision
Instruments). The CD spectra were measured by a J-805 spec-
tropolarimeter (JASCO). The CD cuvettes were maintained on ice
before introduction into the spectrometer. Following temperature
equilibration (22 °C), measurement of CD spectra was conducted
over a wavelength range of 190-260 nm at 0.2-nm resolution and a
scan rate of 100 nm/min. Ten spectra were acquired and averaged
for each sample. Raw data were processed by smoothing and
subtraction of buffer spectra according to the manufacturer’s
instructions.

S| Results

Structural and Assembly Properties of Af,_4,. In preparation for
HS-AFM studies, we first determined the structural and assembly
properties of ABy_4, using orthogonal classical methods, includ-
ing CD spectroscopy, SDS/PAGE, ThT fluorescence, and TEM.
To do so, we used SEC to separate Af;_4, into LMW and HMW
fractions (Fig. S14). CD studies showed that LMW displayed
statistical coil secondary structure, as evidenced by a large mag-
nitude minimum in molar ellipticity centered at ~198 nm (Fig.
S1B). HMW, in contrast, possessed substantial p-sheet structure,
the major feature of which was a large magnitude minimum molar
ellipticity centered at ~218 nm. This result was consistent with
solid-state NMR studies showing that AP assemblies have
pB-strand-like structures even before protofibrils formed (66). Ad-
ditionally, in SDS/PAGE and silver staining, LMW showed Af{_4,
monomer and trimer bands (Fig. S1C). The A4, trimer band
has been shown to be an SDS-induced artifact (42). HMW existed
as mixed bands corresponding in mass to monomeric through

Watanabe-Nakayama et al. www.pnas.org/cgi/content/short/1524807113

pentameric Af (Fig. S1C). The SEC, CD, and SDS/PAGE results
all were consistent with prior published work (28, 43). The mor-
phologies of the assemblies within the LMW and HMW SEC
fractions also were consistent with previously reported structures
(Figs. S1 D and E and S2 B and C) (42-44), namely LMW dis-
played irregular, globular structures that sometimes had thread-
like components (Figs. S1D and S2B) and the average diameter of
the globular components were 3.7 + 0.62 nm (r = 20) (45, 46).
HMW produced some of short, relatively narrow (~5 nm) struc-
tures displaying periodic substructure reminiscent of beaded
strings, consistent with protofibril morphology (Figs. SIE and
S2C) (43, 47).

We then used ThT fluorescence to monitor temporal changes in
B-sheet content. When fresh LMW, which comprises monomers
and low-order oligomers (28), was incubated at 25 °C, fluores-
cence intensity described a sigmoidal curve that was characterized
by a lag time of ~20 min, a growth phase of ~160 min, and a
plateau phase occurring at ~180 min (Fig. S24). When fresh
LMW was incubated with fAB;_4, seeds, the fluorescence in-
creased hyperbolically without a lag phase, reaching a plateau
level at ~90 min (Fig. S24). The rate of increase in fluorescence
was ~17.5 FU/h. This feature is consistent with a first-order kinetic
model (48). In contrast, when fresh LMW was coincubated with
HMW instead of fAB;_4, seeds, the fluorescence intensity curve
was similar to that for the incubation of LMW alone (Fig. S24).
These results indicated that HMW did not act as fibril seeds.
However, when fresh HMW were incubated alone at 25 °C, the
time course of fluorescence intensity resembled that of fresh
LMW incubated with fAB; 4, seeds (Fig. S24).

Morphological changes in Af;_4, aggregates were evident when
TEM was used to sample the reactions at different times. LMW
formed nonbranched filaments of width ~8 nm and with varying
degrees of helicity after 1 h of incubation (Fig. S2B) (48, 49). In
addition, thicker, straight, nonbranched filaments of width ~12 nm
were observed (Fig. S2B). In HMW incubation, we observed small
amounts of short fibrils of width ~5 nm at 1 h (Fig. S2C). HMW
appeared to yield fewer fibrils, although the level of fluorescence
intensity in ThT binding assay during HMW incubation was higher
than that during LMW incubation. However, after 3 h of in-
cubation, the numbers and lengths of fibrils formed from HMW
were similar to those observed in LMW (Fig. S2C).

Difference in Fibril Growth and Accumulation Between LMW and
HMW AB,_4,. Here, we analyzed differences in HS-AFM image
sequences of LMW incubation and HMW incubation. As described
in the main text, LMW produced fibrils much more than HMW
incubation (Fig. 1B and Fig. S34, and Movies S1 and S2). Instead,
HMW mainly accumulated nonfibrillar aggregates (Fig. S34 and
Movie S2). Although HMW produced fibrils less than LMW,
there were no significant differences in proportion of each fibril
morph and in distribution of spiral pitch in the fibrils with spiral
structure between LMW and HMW (Fig. S3 B and C). The fibril
length of LMW incubation showed a broad distribution, and thus
there was no significant difference in fibril lengths between LMW
incubation and HMW incubation (Fig. S3D). This situation can be
explained by the time when fibril seeds (nuclei) formed. The time
course of accumulation of fibril seeds (Fig. S3E) and distribution
of the time when fibril seeds appeared (Fig. S3F) show that LMW
developed fibril seeds at various times while HMW did from 20 to
30 min onward. Meanwhile, there were no significant differences
in the nucleated-fibril accumulation speed and in the seed size
between LMW and HMW (Fig. S3 G and H). These analyses

10f 13


www.pnas.org/cgi/content/short/1524807113

L T

/

1\

=y

suggest that LMW produced fibril nuclei at various times
through primary and secondary nucleation reaction to exhibit
the broad distributions of fibril length and time when fibril
seeds appeared, whereas HMW did not directly develop fibril
seeds, first dissociated to LMW, and then produced them. This
scheme was supported by observation of HMW dissociation as
described below.

We next verified the difference in the stepwise growth between
LMW and HMW incubation through statistical analysis of in-
dividual fibril growth (Fig. S6 and Table S1). A fast end of fibrils
from LMW A thus dwells for ~36 s before growing 51 nm in
length ~50 s. A fast end of fibrils from HMW dwells for less
time, ~18 s, and then grows at a faster rate (~33 nm over ~20 s).
We point out, however, that the average number of steps during
the first hour of observation of HMW is less than that for LMW
because the HMW often have long dwell times, especially at the
stages of initial attachment to the substrate and at the end of the
observation period. We do not consider these two stages because
the dwell start and end times could not be determined. From the
product of number of steps and step size, estimated mean growth
lengths at fast ends during LMW and HMW incubation, esti-
mated by calculating the product of mean number of steps and
mean step size, were 185 and 98 nm, respectively. These values
are consistent with the actual mean fibril length during LMW
and HMW incubation (Fig. S3D).

Video Imaging of Dissociation of Ap;_4, Aggregates in HMW Incubation.
To reveal the dynamics of the aggregates in the HMW in-
cubation, we performed a macroscopic assay using SEC and
a microscopic analysis of the single aggregates observed in
HS-AFM videos. Fig. S4 A and B shows the chromatograms for
SEC of the HMW and LMW solutions at the indicated in-
cubation time. During the first hour of HMW incubation, the
HMW peak (at ~16 min) decreases and the LMW peak in-
creases, which was followed by decrease in the LMW peak and
a slight increase in the HMW peak (Fig. S44). This result
suggests, as would be predicted (28, 43), that immediately after
their isolation in an SEC fraction, HMW dissociate to rees-
tablish equilibrium with monomers and low-order oligomers.
This process then is followed by fibril formation, which is not
detected by SEC. Incubation of the isolated LMW fraction
produced a monotonic decrease in monomer peak size and a
corresponding increase in HMW peak size (Fig. S4B). The SEC
analysis (Fig. S4 A and B) and HS-AFM observation of LMW
and HMW incubation reactions (Fig. 1 and Fig. S3) suggests
that LMW aggregates into HMW and fibrils, but HMW do not
directly form fibrils.

In the HS-AFM videos, three types of assemblies were ob-
served during HMW incubation: type I, which gradually de-
creased in height, reaching constant heights (Fig. S4 C and D and
Movie S3); type II, which maintained constant sizes (Fig. S4 E
and F and Movie S4); and type III, which showed abrupt
(stepwise) decreases in their size, possibly due to mechanical
damage by the HS-AFM tip (Fig. S4G). We found that aggregate
dissociation would be fitted to a single exponential function:

Watanabe-Nakayama et al. www.pnas.org/cgi/content/short/1524807113

h(t)=h?-exp(~k-t) +h,,

where A(t), hC, k, and h, correspond to the height of each aggre-
gate at time ¢, the initial height of the dissociating region of each
aggregate, the apparent dissociation constant for the dissociating
region, and the height of the stable region of each aggregate (Fig.
S4D), respectively. In this model, the aggregates are assumed to be
composed of at least two parts with distinct dissociation constants.
One part dissociates within 1 h (fast part), but another is relatively
stable and maintains a constant height for 1 h (slow part). By fitting
the individual time courses with the equation, we obtained the
median value of £ = 0.042/min and /4. = 7.70 nm (dashed line in
Fig. S4D). There are at least two possibilities for the relationship
between type I and II aggregates: (i) type I and II are distinct or
(if) type II corresponds to the slow dissociating part of type I. The
part corresponding to the fast dissociating region of type I may
have already dissociated before the aggregates appeared on the
observation field, which may be classified as type II.

The type | HMW Ap;_4, produces LMW by rapid dissociation
of the fast dissociating part. The slow dissociating part may also
produce LMW in the long run. Therefore, in the HMW, the
fibril formation is delayed compared with LMW incubation.

Assessment of Correlation of Conventional Bulk Phase Assays with
HS-AFM Observation. We analyzed the time evolution of the to-
tal volume of all aggregates (Fig. S3I). The total aggregate vol-
ume increased during HMW incubation more than during LMW
incubation. This feature was consistent with the result of ThT
binding assay (Fig. S24), which suggests the cross-p-sheet con-
tent corresponds to the total volume of the aggregates. In ad-
dition, HS-AFM visualized that reversible inhibition of the fibril
growth by a polyphenolic compound, myricetin as described
below (Fig. S5). These results indicated that the events in
HS-AFM observation corresponded to the bulk phase assays.

Video Imaging of Effects of Myricetin on Ap,_4, Fibril Assembly. We
previously used ThT fluorescence assays and TEM to demon-
strate that the polyphenol myricetin could destabilize Ap fibrils
(48). Here, to directly visualize the dynamics of this process, we
used HS-AFM to monitor AB;_4, fibril formation in the absence
or presence of myricetin. The experiment was performed under
conditions identical to those used for ThT assays. A solution of
seeded 2.5 pM AB;_4> (LMW:fAB; 4, seed ratio = 19:1), con-
taining 100 mM NaCl, was prepared with or without 10 pM
myricetin and then was introduced into the HS-AFM instrument.
We observed that the rapid, fibril seed-dependent increase in
B-sheet content observed in the absence of myrcetin was in-
hibited in its presence (Fig. S54). As shown in Fig. S5B, short
fibrils accumulated on the mica, but very few fibrils elongated.
However, when the solution bathing the mica was replaced with
a solution containing fresh Ap;_4, and no myricetin, rapid
elongation of the preexistent fibrils was observed (Fig. S5C).
These results show that myricetin can inhibit fibril growth and
that this effect is reversible.
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Fig. S1. Preparation of HMW and LMW AB,_4, fraction. (A) SEC of ABy_s2. The synthesized AB,_4, was applied on a gel filtration column (Superdex 75 HR, GE
Healthcare) as described in Materials and Methods. HMW peak was eluted at 16-17 min followed by LMW peak eluted at 28-29 min. (B) CD spectra of LMW
and HMW. (C) SDS/PAGE analysis of LMW and HMW fraction (silver staining). (D and E) TEM images of LMW (D) and HMW (E). (Scale bars, 100 nm.)
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Fig. S2. Aggregation time course of AB;_4, by ThT (A) and TEM images during AB4_4, incubation (B and C). (A) LMW (blue lines) or HMW (red lines) at 2.5 pM
was incubated at 25 °C in the presence (dashed lines, Bottom) or absence (circles and solid lines, Top) of 5% (vol/vol) AB_4; seeds (boxes) or 5% (vol/vol) HMW
(triangles). (B and C) TEM images of ABy_4> aggregates in LMW (B) or HMW (C) incubation at the indicated times. (Scale bars, 100 nm.)
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Fig. $3. HS-AFM imaging of HMW AB;_4, and comparison with LMW incubation. (A) HS-AFM images during incubation of HMW. The region highlighted by
the dashed box in the image frame for 2,700 s is enlarged (Inset). A representative short fibril in HMW incubation is indicated by a closed triangle (/nset). (Scale
bar, 300 nm. Z scale, 15 nm.) (B) Proportion of number of spiral, straight, and hybrid fibril from LMW (open) or HMW (closed) AB1_4> incubation. Fibrils whose
length is shorter than spiral pitch are classified as ND (not determined). (C) Occurrence frequency of the length of the spiral pitch of AB;_4; fibrils with a normal
distribution fit, giving a mean pitch length of 99 + 20 nm for the fibrils from LMW (blue) and 101 + 17 nm from HMW (red). (D) Ap1_4 fibril length before
growth stop during LMW or HMW incubation of between 30 and 60 min [n = 41 (LMW), 10 (HMW)]. (E) Cumulative number of attached growing fibrils on
observed area in LMW (blue) and HMW (red) AB1_4,. Different lines correspond to distinct experiments. (F-H) Distributions of time when fibril seeds appeared
(F), fibril accumulation rates (G), and fibril seed length during LMW incubation or HMW incubation (H). Fibril accumulation rates were calculated by linear
regression on the linear portions of the growth curves in E. There was no significant difference in the rate between LMW and HMW incubation (Brunner—
Munzel test). The variance difference in F was tested by F test, giving Pvalue =5 x 10~'2. (/) Time evolution of total Ap;_4, aggregate density during LMW (blue)
and HMW (red) ABq_4> incubation. Different lines correspond to distinct experiments. Individual traces are shown as smoothed lines (dark) with raw data (light).
The raw traces are smoothed by finding median of 15 values. Boxes (D and F-H) extend from the 25th to 75th percentiles. The line in the box signifies the
median. The whiskers are drawn from the minimum to 25th percentile value and from 75th percentile value to the maximum. They do not represent SEs.
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Fig. S4. Kinetics of AB;_4, aggregates in HMW incubation. (A and B) Size-exclusion chromatograms for HMW (A) and LMW (B) fractions after incubation for
0 h (black), 1 h (blue), or 3 h (red). (A and B, Insets) Time evolution of SEC peak area for HMW (open circles) and LMW (closed circles) in the HMW incubation (A)
and the LMW incubation (B). (C-G) HS-AFM imaging and analysis of individual aggregates in HMW incubation. (C and E) HS-AFM images of representative two
types of aggregates: type | gradually decreased in its height (C); type Il retained its height (E). The indicated time corresponds to the elapsed time after the
addition of 100 mM Nacl. (Scale bars, 50 nm.) (D, F, and G) Five representative time courses of the type | (D), type Il (F), and type lll (G) aggregates. The
horizontal axis shows the elapsed time after the addition of 100 mM NaCl. Each of the time courses for type | aggregates is shown with the fitting curve (dark
colored line) described in the Supporting Information. The fitting curve with the median of the best-fit values is represented as a dashed line. (D, Inset) Box
plots showing distributions of the best-fit values of dissociation rate of fast part, k (Top), and height of slow part, h. (Bottom). Boxes extend from the 25th to
75th percentiles. The line in the box signifies the median. The whiskers are drawn from the minimum to 25th percentile value and from 75th percentile value to
the maximum. They do not represent SEs. The height of type Ill was maintained at a constant level, but suddenly decreased at the time indicated as closed
triangles, and then the height was retained at a lower level. Different lines correspond to the distinct aggregates.
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Fig. S5. Inhibition of the Ap_4; fibril growth by myricetin. (A) Aggregation time course of ABy_4, by ThT in the presence or absence of myricetin. LMW ABq_4;
at 2.5 uM, and 5% (vol/vol) AB4_y4; fibril seeds were incubated with (red) or without (blue) 10 uM myricetin at 25 °C. ThT binding is expressed as mean fluo-
rescence (FU) + SD. To perform aggregation inhibition assays, the polyphenol myricetin (Myr) was dissolved in ethanol to 2.5 mM and then further diluted with
10 mM phosphate, pH 7.4, to a final concentration of 20 pM. The Myr solution was added to the AB;_4, reaction mixture to yield a molar ratio of 1:4 peptide:
Myr and a final Myr concentration of 10 pM. The sample tubes were incubated at 25 °C for 0-4 h without agitation. (B and C) Reversible inhibition of the AB;_4,
fibril growth by myricetin. (B) Serial images of the HS-AFM stage on which reaction mixtures containing 2.5 pM LMW, 5% (vol/vol) AB;_s; fibril seeds, and 10 pM
myricetin. The indicated time in the images corresponds to the elapsed time after the addition of salt for acceleration of fibril growth. (C) Serial images of the
same surface after the removal of myricetin. The frame rate was 0.2 frames per second and the pixel size was 400 x 400. (Scale bar, 300 nm.)
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Fig. S6. Statistical analysis of stepwise AB1_4 fibril growth from LMW or HMW incubation. Distributions (symbols) of dwell time between steps (A), time for a
single step (B), and single step size (C) with exponential fits (lines) giving mean values shown in Table S1, for fibrils from LMW (blue) or HMW (red).
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Fig. S7. Electrolyte-dependent kinetics of growth mode switching in a different sample preparation. (A) HS-AFM image of AB_4, fibrils from LMW incubation
incubated in 10 mM phosphate, pH 7.4, 100 mM KCl for ~1 h. Open and closed circles indicate the spiral and straight regions in fibrils. (Scale bar, 200 nm.
Z scale, 15 nm.) (B) Proportion of number of spiral, straight, and hybrid fibril from LMW Ap;_4; incubation in 10 mM phosphate, pH 7.4 containing 100 mM Nacl
(gray) or KCl (black). (C) Distribution of full lengths of fibrils grown in 10 mM phosphate, pH 7.4, 100 mM NaCl or KCI for ~1 h. (D) Appearance frequencies of
spiral and straight growth modes in 10 mM phosphate, pH 7.4 containing 100 mM NaCl (gray) or KCl (black). The numbers of indicated fibrils in the observed
area (5.7 x 5.7 um) are shown on the bars. (E) Distribution of lengths of spiral and straight regions in fibrils grown in the presence of 100 mM KCl or NaCl. The
straight regions whose ends did not reach other fibrils were not observed in the NaCl buffer although the regions whose ends reached other fibrils were
counted in D. Boxes extend from the 25th to 75th percentiles. The line in the box signifies the median. The whiskers are drawn from the minimum to 25th
percentile value and from 75th percentile value to the maximum. They do not represent SEs. Asterisks indicate statistical significance between the two groups
indicated by brackets (***P < 0.001, Brunner-Munzel test).

Watanabe-Nakayama et al. www.pnas.org/cgi/content/short/1524807113 7 of 13


www.pnas.org/cgi/content/short/1524807113

Table S1. Parameters for stepwise growth kinetics at fast ends
of fibrils from LMW and HMW

Fibril types From LMW From HMW
Number of analyzed fibrils 66 20
Number of total analyzed steps* 238 60
Number of steps per one fast end* 3.6 2
Dwell time before stepwise growth (s)" 36 18
Time required for one step (s)* 50 20
Step size (nm)’ 51 33
Mean growth length (nm)* 185 98

*Steps for 1 h from incubation start, except 15 steps in fibrils from LMW
incubation.

*Fitting parameters from Fig. S6.

*Values obtained from the product of number of steps and step size at
fast end.

Movie S1. HS-AFM images during incubation of 2.5-uM LMW A;_4, after addition of 100 mM NaCl.

Movie S1
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Movie S2. HS-AFM images during incubation of 2.5-uM HMW AB,_4, after addition of 100 mM NaCl.

Movie S2

Movie S3. HS-AFM images of type | aggregate in HMW incubation. x/y = 98.89/98.89 nm. Indicated times correspond to elapsed time after addition of
100 mM Nacl. Height lookup table of the images are shown in Fig. S4C.

Movie S3

Watanabe-Nakayama et al. www.pnas.org/cgi/content/short/1524807113 9 of 13


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1524807113/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1524807113/video-3
www.pnas.org/cgi/content/short/1524807113

L T

\

BN AS PN AN D

4345 s

Movie S4. HS-AFM images of type Il aggregate in HMW incubation. x/y = 119.94/119.94 nm. Indicated times correspond to elapsed time after addition of
100 mM NacCl. Height lookup table of the images are shown in Fig. S4E.

Movie S4
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Movie S5. HS-AFM images of a growing spiral-type fibril. x/y = 14.98/395.56 nm. 20x speed up, total time 7 s.
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Movie S6. HS-AFM images of a growing straight-type fibril. x/y = 29.97/872.03 nm. 240x speed up, total time 15.9 s.
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Movie S7. HS-AFM images of a growing hybrid-type fibril. x/y = 54/1,446 nm. 20x speed up, total time 20 s.

Movie S7
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