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ABSTRACT

Amyloid fibrils form through nucleation and growth. To clarify the
mechanism involved, direct observations of both processes are
important. First, seed-dependent fibril growth of 52-microglobulin
(f2-m) and amyloid f peptide was visualized in real time at the
single fibril level using total internal reflection fluorescence mi-
croscopy combined with the binding of thioflavin T, an amyloid-
specific fluorescence dye. Second, using atomic force microscopy,
ultrasonication-induced formation of $2-m fibrils was shown,
indicating that ultrasonication is useful to accelerate the nucleation
process. Third, with the proteolytic fragment of 52-m, propagation
and a transformation of fibril morphology was demonstrated. These
direct observations indicate that template-dependent growth and
structural diversity are key factors determining the structure and
function of amyloid fibrils.

1. Introduction

Amyloid fibrils have been a critical subject in recent
studies of proteins since they were recognized to be
associated with the pathology of more than 20 serious
human diseases.!™® Although no sequence or structural
similarity has been found among the amyloid precursor
proteins, amyloid fibrils share several common structural
and spectroscopic properties. Irrespective of protein spe-
cies, electron microscopy (EM) and X-ray fiber diffraction
indicate that amyloid fibrils are relatively rigid and straight
with a diameter of 10—15 nm and several layers of cross-$
sheets. Amyloid fibrils form via a nucleation-dependent
process in which non-native forms of precursor proteins
or peptides slowly associate to form a nucleus, which is
followed by an extension reaction, where the nucleus
grows by the sequential incorporation of precursor
molecules.!™> Structural studies using solid-state NMR
have shown that amyloid fibrils are stabilized by juxtapos-
ing hydrophobic segments minimizing electrostatic repul-
sion.%” From the hydrogen/deuterium exchange of amide
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protons, amyloid fibrils are shown to be stabilized by an
extensive network of hydrogen bonds substantiating
p-sheets.®? On the basis of various approaches, increas-
ingly convincing structural models of amyloid fibrils are
emerging.

The heterogeneity of amyloid fibrils has been a focus
recently. It has been shown that amyloid g (Af) amyloid
fibrils with different morphological features have dif-
ferent underlying side-chain structures as revealed by
solid-state  NMR measurements and that both the
morphology and the molecular structure are self-prop-
agated by seeding.” A similar observation of the tem-
plate-dependent propagation of distinct fibrils was made
with insulin.!® More recently, mammalian prion amyloids
from different species were shown to differ distinctly in
secondary structure and morphology as measured by
Fourier transform infrared (FTIR) and atomic force mi-
croscopy (AFM), respectively.!! Importantly, cross-seeding
of prion monomers from one species with preformed
fibrils from another species produced a new amyloid
strain that inherited the secondary structure and mor-
phology of the template fibrils. Strain-specific conforma-
tional differences were also found for yeast Sup35 prion
amyloid fibrils.!? These findings may explain the structural
basis underlying conformational memory as suggested for
prion diseases.!3"15

To obtain further insight into the structure and het-
erogeneity of amyloid fibrils, direct observation of indi-
vidual fibrils is important. Here, we characterize each
process of nucleation, growth, propagation, and adapta-
tion by direct observation at the single fibrillar level. On
the basis of these observations, we propose free energy
landscapes illustrating the formation, stability, and trans-
formation of amyloid fibrils.

2. Seed-Dependent Amyloid Fibril Growth

Dialysis-related amyloidosis is a serious problem among
patients who have been receiving hemodialysis for more
than 10 years.'®!7 It is caused by the deposition of amyloid
fibrils of f2-microglobulin (2-m) in the synovia of the
carpal tunnel. In its native state, 52-m adopts a typical
immunoglobulin fold, consisting of seven j-strands and
one intrachain disulfide bond'® (Figure 1a). In patients
suffering from dialysis-related amyloidosis, f2-m is con-
verted into the amyloid fibrils, as usually seen in other
amyloidoses. Although an increase in the concentration
of 52-m in blood over a long period is the most important
risk factor for amyloidosis, the molecular mechanism
involved remains unclear.

Because of its suitable protein size useful for various
physicochemical approaches and relatively simple char-
acteristics revealed in in vitro analyses, 2-m is becoming
a target of extensive study for addressing the mechanism
by which amyloid fibrils form.!*=?4 52-m can be converted
to amyloid fibrils in vitro under acidic conditions through
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FIGURE 1. Formation of amyloid fibrils of 52-m (a) and Aj3(1—40) (b). In panel a, a three-dimensional representation of monomeric 52-m in
the native state (PDB entry THSB) is shown on the left. The location of the K3 peptide is indicated in red. The time course of seed-dependent
growth of amyloid fibrils of 52-m at pH 2.5 as monitored by the increase in ThT fluorescence is presented in the center. The standard
conditions described in ref 30 were used. Electron microscopic images of 52-m fibrils obtained by the seed-dependent extension are shown
on the right. In panel b, a three-dimensional representation of monomeric AS(1—40) in a water-micelle environment (PDB entry 1BA4) is
shown on the left. The time course of seed-dependent growth of amyloid fibrils of A5(1—40) at pH 7.5 is presented in the center. Electron
microscopic images of AS(1—40) fibrils prepared by the seed-dependent extension are shown on the right. Adapted from ref 26 with permission.
The three-dimensional representation was drawn by MOLSCRIPT.*2 Scale bars represent 200 nm.

seed-dependent fibril growth using seed fibrils originally
purified from patients* (Figure 1a). Although acidic fibrils
are different from the fibrils in patients formed at neutral
pH, they have a fairly homogeneous needle-like mor-
phology, which is an advantage when analyzing the
biochemical and biophysical properties of f2-m amyloid
fibrils. Seed-dependent fibril growth was also established
for Af(1—40) under physiological conditions at pH 7.5
(Figure 1b).5

3. Total Internal Reflection Fluorescence
Microscopy

We developed a new technique for the direct observation
of amyloid fibrils using total internal reflection fluores-
cence microscopy (TIRFM) combined with thioflavin T
(ThT) fluorescence (Figure 2).2526 TIRFM has been useful
for monitoring single molecules by effectively reducing the
background fluorescence under the evanescent field formed
on the surface of a quartz slide.?”~?° When a laser is
incident on the interface between a quartz slide (high
reflection index) and an aqueous solution (low reflection
index) at the critical angle for total internal reflection, the
evanescent field is produced beyond the interface in the
solution. Because the evanescent field is produced with a
penetration depth of about 150 nm, the illumination is
restricted to fluorophores either bound to the quartz slide
surface or located close by, resulting in highly reduced
background fluorescence. Furthermore, with the careful
selection of optical elements, the background fluorescence
can be reduced by 2000-fold compared with ordinary epi-
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FIGURE 2. Schematic representation of amyloid fibrils revealed by
total internal reflection fluorescence microscopy. In panel a, the
penetration depth of the evanescent field formed by the total internal
reflection of laser light is ~150 nm for a laser light at 455 nm, so
only amyloid fibrils lying in parallel with the slide glass surface were
observed. Panel b shows a schematic diagram of a prism-type
TIRFM system on an inverted microscope. ISIT denotes image-
intensifier-coupled silicone intensified target camera; CCD denotes
charge-coupled device camera.

fluorescence microscopy. On the other hand, ThT is a
reagent known to become strongly fluorescent upon
binding to amyloid fibrils,* so one can detect the fibrils
specifically without covalent modification. Importantly,
because the evanescent field formed by the total internal
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FIGURE 3. Direct observation of 52-m amyloid fibril growth obtained by TIRFM. Adapted from ref 25 with permission. Incubation times are
0, 30, 60, and 90 min. The scale bars are 10 um. In panel d, ThT fluorescence at 0 min was overlaid in red to identify the locations of seed

fibrils.

reflection of laser light penetrates to a depth of 150 nm,
one can selectively monitor fibrils lying along the slide
glass within 150 nm and so can obtain the exact length of
the fibrils. By a combination of amyloid fibril-specific ThT
fluorescence and TIRFM, it would be possible to observe
the amyloid fibrils and the process by which they form
without introducing any fluorescence reagent covalently
bound to the protein molecule.?>26

4. Real-Time Ohservation of Fibril Growth

Real-time observation of the growth of individual f2-m
fibrils was carried out on the surface of quartz slides
(Figure 3).%5 At time zero, the 2-m seeds appeared as
bright fluorescent spots. Then, fibril growth occurred from
the seed fibrils, with saturation occurring in a couple of
hours when the monomeric 2-m was depleted. The
overall time course of fibril growth was similar to that in
solution with similar concentrations of seeds and mono-
mers. Intriguingly, most of the fibrils showed unidirec-
tional growth starting from one end of the seeds. Although
we cannot exclude the possibility that the interaction with
the glass surface was responsible for the unidirectional
extension, the unidirectional picture is likely to hold for
the formation of fibrils of 52-m and also of A3(1—40) (see
below).

This approach using ThT can be applied to various
amyloid fibrils since the binding of ThT is common to
amyloid fibrils. This was demonstrated with AS(1—40)
amyloid fibrils,?® revealing more dramatic images since
we could perform the experiments at pH 7.5, where the
fluorescence of ThT is much stronger than that at pH 2.5
(Figure 4). The growth of fibrils occurred concomitantly
at many seeds. Although several fibrils often developed
from apparently one seed, it is likely that clustered seeds
produced such a radial pattern. Once started, unidirec-
tional growth continued producing remarkably long fibrils
more than 15 um in length. Considering that TIRFM
selectively monitors fibrils lying along the slide within 150
nm, the interaction of fibrils with the quartz surface
caused the lateral growth. In addition, the combination
of relatively rapid fibril growth and less aggregation of
fibrils weakly fixed on the quartz surface enabled the
formation of remarkably long fibrils.

Intriguingly, we occasionally observed growth to be
aligned in a similar direction, for example, vertically
aligned growth (Figure 5a), implying that the interaction
with an ordered quartz surface significantly affected the
direction of growth. We sometimes observed a swinging
motion of the growing head resulting in a shift in the di-
rection of growth consequently producing rugged fibrils
(Figure 5c). Notably, a dramatic swinging motion was
occasionally observed, suggesting that the fibrils are flex-
ible, bending both horizontal and vertical to the plane of
the quartz surface (Figure 5d). In addition, real-time obser-
vation revealed important images suggesting a tran-
sient loss of cooperativity in fibril growth (Figure 5b). After
the cooperative growth with a blunt end (images from 6
to 10 min), the end frayed into three thinner filaments
(image at 12 min). In the next step, braiding of the three
filaments recovered the blunt end (image at 14 min),
implying that the mature fibril is made of three protofila-
ments.

The remarkable length of the fibrils enabled an exact
analysis of the rate of growth of individual fibrils. The
growth at the early and middle stages seems to occur in
an all-or-none manner: when the fibril extends, the rate
is almost constant (~0.3 yum/min) independent of fibril
species. There were cases where the growth paused briefly,
possibly because of physical obstacles or local depletion
of monomers. When the growth restarted, however, a
similar rate of 0.3 um/min was regained. Similar discon-
tinuous growth, termed the stop-and-run mechanism, was
also observed during the growth of a-synuclein protofibrils
monitored by AFM in situ.3!

5. Ultrasonication-Induced Formation of Fibrils

The formation of amyloid fibrils under our quiescent
conditions occurred only in the presence of seed fibrils
(Figure 1). However, it has been reported that the agitation
of a solution by shaking or stirring under acidic conditions
induced the formation of fibrils.> We found that the
ultrasonication of a monomeric $2-m solution also results
in the formation of fibrils (Figure 6).3 The same conditions
as used for the standard seed-dependent reaction (i.e., 25
uM f2-m monomer in 50 mM glycine—HCI buffer (pH 2.5)
containing 100 mM NaCl) were used to examine the
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FIGURE 4. Direct observation of Aj3(1—40) amyloid fibril growth by TIRFM: (a—i) real-time monitoring of fibril growth on glass slides. Arrows
indicate the unidirectional growth of Aj from a single seed fibril. The scale bar represents 10 um. Adapted from ref 26 with permission.

effects of ultrasonication. After preparation of the reaction
mixture in an Eppendorf tube on ice, ultrasonic treatment
was started with the tube placed in a water bath at 37 °C.
Repeated ultrasonication for 1 min in every 10 min in-
duced, after a lag-time of about 1 h, a sudden and remark-
able increase in ThT fluorescence (Figure 6a). The ThT
fluorescence value (~300) was much larger than that
(~200) of the standard seed-dependent reaction. AFM
images of the solution at 3 h revealed substantial numbers
of short fibrils (10—40 nm) about 3 nm in height (Figure
6b,d).

The seed-dependent extension of fibrils was examined
at pH 2.5 using the sonication-induced short fibrils (i.e.,
the first generation of fibrils, F1) as seeds (Figure 6a). It
should be noted that the reaction was carried out without
sonication. The ThT fluorescence increased dramatically
without a lag-phase. AFM images revealed the formation
of long and straight fibrils with a diameter of 3 nm (Figure
6¢,e). The result demonstrates that the short F1 fibrils
formed by sonication acted as seeds for subsequent
growth, producing the second generation of fibrils (F2), a
phenomenon characteristic of amyloid fibrils. The re-
peated seeding reactions produced the third and fourth
generations of fibrils (F3 and F4, respectively) with es-
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sentially the same kinetics as the F2 fibrils and with the
same morphology measured by AFM. Compared with the
fibrils generated by the standard reaction with seeds
originally from patients (Figure 6f), sonication-induced
fibrils were thin, suggesting that they correspond to the
protofibrils of mature fibrils.

6. Inheritance versus Adaptation of Fibril
Conformation

In many amyloidogenic proteins, short peptides called
minimal or essential sequences can form amyloid fibrils
by themselves.?* A 22-residue K3 peptide, Ser20—Lys41,
obtained by digestion of 52-m with Acromobacter protease
I, forms amyloid-like fibrils in various solutions.?>3¢ It has
been reported that alcohols, in particular trifluoroethanol
(TFE), induce peptides to form amyloid-like fibrils.3738 K3
peptide also formed amyloid-like fibrils at low concentra-
tions of TFE in 10 mM HCI (pH ~2), as confirmed by the
AFM measurements (Figures 7 and 8).3940

An examination of TFE-induced fibrils by CD revealed
the presence of two types in 20% (v/v) TFE and 10 mM
HCI, depending on the method of preparation.** When
lyophilized K3 peptide was dissolved in 10 mM NaOH and
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FIGURE 5. Characteristic images of A3(1—40) amyloid fibril growth revealed by TIRFM: (a) vertically aligned image of fibrils; (b) growth with
transient fraying of the growing end at 12 min; (c) growth with a swinging head producing a rugged fibril. The scale bars in panels a—c are
10 um. Panel d shows growth with flexible bending mation. Top and bottom arrows indicate the bending horizontal and vertical, respectively,
to the plane of the quartz surface. The scale bar represents 5 um. Images in panels a—c are adapted from ref 26 with permission.

then diluted with 20% (v/v) TFE and 10 mM HCI, K3
peptide formed fibrils exhibiting a unique CD spectrum
with a minimum around 210 nm and immensely large
negative ellipticity (—40 600 deg cm~2 mol™}), suggesting
the formation of a highly ordered -sheet structure (Figure
7). This spontaneous formation of fibrils was accompanied
by a lag phase of about 3 h. On the other hand, dissolving
K3 peptide directly into 20% (v/v) TFE and 10 mM HCI
produced fibrils with a standard CD spectrum for a
[-sheet-rich conformation: a moderate minimum (—16 100
deg cm™ mol™!) at 218 nm (Figure 8). Importantly, this
process proceeded without a lag phase, implying the
presence of oligomers or undissolved aggregates that act
as seeds. Here, the fibrils with an extremely large mini-
mum at 210 nm and a moderate minimum at 218 nm are
referred to as “f210” and “f218” fibrils, respectively.
Taking advantage of the lag time of 3 h for the
monomeric K3 peptide originally dissolved in 10 mM
NaOH, we could study the effects of seeding. The two
types of seed fibrils were added to the 10 mM NaOH-
dissolved monomeric K3 in 20% (v/v) TFE and 10 mM
HCI. When 210 seeds (S0) were used, 210 fibrils (F1) were
reproduced without a lag phase (Figure 7). Similarly, when
the f218 seeds (S0) were used, f218 fibrils (F1) were
reproduced without a lag phase (Figure 8). However, a
slight shift of the minimum to a lower wavelength as well

as a slight increase in intensity was noted. Thus, we
repeated the seeding reaction carefully and found that the
218 fibrils transformed gradually into f210 fibrils. After
several cycles of seeding, the CD spectrum of the trans-
formed fibrils was indistinguishable from that of f210
fibrils, indicating the conformational adaptation.

The two types of K3 fibrils showed a marked difference
in morphology when examined by AFM. The 210 fibrils
were thin with a diameter of 2.3 + 0.4 nm and were
untwisted. They were quite long and remarkably homo-
geneous. The f210 fibrils (F1) produced by seeding were
also thin (2.1 £ 0.3 nm) and long, the same as the seeds
(F0). Further seeding did not change the morphology of
210 fibrils. In contrast, the f218 fibrils (FO) were relatively
thick with diameters of 1.8—9.0 nm and shorter in length.
The 218 fibrils (F1) formed by seeding were also thick
with a diameter of 1.6—8.5 nm. Notably, a small number
of thin fibrils ~2 nm in diameter were seen among the
thick fibrils, suggesting the concomitant formation of 210
fibrils. After the second cycle of seeding (F2), the popula-
tion of thin filaments increased significantly. After five
cycles of seeding (F5), the AFM image was indistinguish-
able from that of the 210 fibrils, indicating that the 218
fibrils are transformed completely into 210 fibrils. The
results indicate that, although two types of fibrils can
coexist in 20% (v/v) TFE and 10 mM HCI, the seed-
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FIGURE 6. Ultrasonication-induced formation of 52-m fibrils at pH
2.5. Panel a shows kinetics monitored by ThT fluorescence. Closed
symbols (@, A) represent ultrasonication-induced formation of the
F1 fibril exhibiting a lag time (60—120 min). The results of two
independent experiments are shown, indicating a slight variation of
lag time. Open symbols (O, A, V) represent the extension reactions
producing F2 (), F3 (A), and F4 (V) fibrils, in which ultrasonication-
induced F1, F2, and F3 fibrils were used as seeds, respectively. Open
circles (O) represent a standard fibril extension reaction with seeds
of originally ex vivo 2-m amyloid fibrils. Closed squares (H)
represent the control reaction without seeds and ultrasonication.
Panels b—f show AFM images of F1 (b, d) and F2 (c, e) fibrils and
fibrils extended by the standard reaction at pH 25 (f). The scale
bars represent 1 um. Adapted from ref 33 with permission.

dependent growth favors the formation of £210 fibrils over
218 fibrils.

A similar phenomenon of adaptation was observed for
the formation of amyloid fibrils of f2-m at pH 7.0, where
repeated self-seeding causes a marked acceleration of
growth after a couple of cycles.*! Seeding-dependent
adaptation can be explained by the competitive propaga-
tion of different types of fibrils with different growth rates.
If this is also the case of the observed adaptation of f218
fibrils to 210 fibrils, a tiny fraction of £210 fibrils present
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FIGURE 7. Seeding-dependent propagation of 210 fibrils: (a, b)
CD spectra of 210 fibrils prepared by spontaneous polymerization
(FO) (a) and by seeding of 210 fibrils (F1) (b) in 20% (v/v) TFE and 10
mM HCI at 25 °C; (c, d) AFM images of F0 (c) and F1 (d) f210 fibrils.
Adapted from ref 40 with permission.

in the preparation of 218 fibrils might be propagated
more rapidly than f218 fibrils during the cycles of self-
seeding. Indeed, simulated kinetics of the repeated seed-
ing experiments with f218 seeds reproduced the observed
kinetics monitored by CD, indicating the validity of the
competitive propagation model.

1. Free Energy Landscapes lllustrating Fibril
Formation, Propagation, and Adaptation

Free energy diagrams will be useful for considering the
direct observations of amyloid fibrils as described here
(Figure 9). The amyloidogenic fragment of 52-m forms two
types of fibrils differing significantly in secondary and
tertiary structures and morphology. The two fibrils can
be inherited by a template-dependent propagation, sug-
gesting the structural basis underlying conformational
memory as proposed for prion diseases.!'"1> On the other
hand, we observed an adaptation in which repeated
seeding gradually transforms one type of fibril to the other;
thus the conformational memory is lost. This inheritance
and adaptation of amyloid fibrils can be explained by free
energy diagrams with two minima (Figure 9).

We consider that conformational inheritance and ad-
aptation are complementary phenomena both manifesting
the principles of amyloid fibril architecture. Whether
inheritance or adaptation occurs depends on the nature
of amyloidogenic proteins and solvent conditions. We
propose that one important factor is the rates of template-
dependent growth of different fibrils. Under conditions
where the spontaneous formation of fibrils is difficult
(routes a) and only one type of seed is present (either of
routes b), the inheritance of a unique fibril conformation
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in 20% (v/v) TFE and 10 mM HCI at 25 °C monitored by CD—types of fibrils made were FO (a), F1 (b), F2 (c), and F5 (d); (e—f) AFM images of
FO (e), F1 (f), F2 (g), and F5 (h) fibrils. Adapted from ref 40 with permission.

Free Energy

1210 210

FIGURE 9. Schematic representation of energy landscapes for the
formation of 210 and 218 fibrils in the absence (left) and presence
(right) of seeds: (a) spontaneous formation of 210 and f218 fibrils
with a high free energy barrier; (b) seed-dependent formation of
1210 and f218 fibrils with a reduced free energy barrier. Starting with
1218 fibrils contaminated with a small amount of 210 fibrils, the
repeated-seeding reaction increases the population of 210 fibrils
leading to conformational adaptation. Trace c represents confor-
mational adaptation by the direct conversion of 218 fibrils to 210
fibrils through the free energy barrier separating them. The conver-
sion can also occur through the monomers in equilibrium with the
two types of amyloid fibrils. Trace d represents conformational
adaptation during the growth of single fibrils, where 218 seeds are
used to initiate the reaction but the peptides assume a thermody-
namically stable 210 conformation.

would continue as argued for prion diseases. In contrast,
adaptation to thermodynamically more stable fibrils as
observed here can be explained by a competitive propa-
gation mechanism (route b). It is likely that adaptation
plays a role during the development of amyloidosis.
Additionally, the free energy diagram suggests that the
conformation of amyloid fibrils can change to a thermo-
dynamically more stable one directly passing the barrier
between two types of amyloid fibrils (route c¢) or indirectly
through the monomers, which are in equilibrium with two
types of fibrils. It is also possible that the seeding leads to
the formation of fibrils with a conformation different from
that of the seed fibrils (i.e., conformational adaptation
during the growth of single fibrils), where seeds are used

to initiate the reaction but the peptides assume a ther-
modynamically stable conformation (route d). Although
these routes did not apply to the present results, they
might come into play depending on the free energy pro-
files of the different conformational states. Direct and real-
time observation will be important for a better under-
standing of the free energy diagrams of amyloid fibrils.
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