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ABSTRACT: Deposition of amyloidâ (Aâ) fibrils has been suggested to play a central role in Alzheimer’s
disease. In clarifying the mechanism by which fibrils form and moreover in developing new treatments
for amyloidosis, direct observation is important. Focusing on the interactions with surfaces at the early
stages, we studied the spontaneous formation of Aâ(1-40) fibrils on quartz slides, monitored by total
internal reflection fluorescence microscopy combined with thioflavin T, an amyloid-specific fluorescence
dye. Self-assembly of Aâ(1-40), accelerated by a low concentration of sodium dodecyl sulfate, produced
various remarkable amyloid assemblies. Densely packed spherulitic structures with radial fibril growth
were typically observed. When the packing of fibrils was coarse, extremely long fibrils often protruded
from the spherulitic cores. In other cases, a large number of wormlike fibrils were formed. Transmission
electron microscopy and atomic force microscopy revealed relatively short and straight fibrillar blocks
associated laterally without tight interaction, leading to random-walk-like fibril growth. These results
suggest that, during spontaneous fibrillation, the nucleation occurring in contact with surfaces is easily
affected by environmental factors, creating various types of nuclei, and hence variations in amyloid
morphology. A taxonomy of amyloid supramolecular assemblies will be useful in clarifying the structure-
function relationship of amyloid fibrils.

The deposition of amyloid fibrils in extra- and intracellular
spaces is responsible for various neurodegenerative disorders,
e.g., Alzheimer’s (AD),1 Parkinson’s (PD), prion, and
polyglutamine diseases and dialysis-related amyloidosis (1-
3), in which the formation of amyloid fibrils has common
features of nucleation, extension, and seeding (4-6). Recent
studies have shown that, although many proteins and peptides
form amyloid or amyloid-like fibrils (7-10), the main chain
backbone of amyloid fibrils is arranged in a common cross-â
structure oriented perpendicular to the fibril axis independent
of protein or peptide species (8, 11). In contrast, the
morphology of amyloid deposits can vary dramatically even
for one protein depending on the tissue and disease conditions
(12). Exhibition of both polymorphism, the ability of one
polypeptide to form aggregates of different morphologies,
and isomorphism, the ability of different polypeptides to
grow into a common fibrillar amyloid morphology, has been

proposed to be an important feature of amyloid fibrils, more
resembling plastic materials generated from synsthetic
polymers than globular proteins (13, 14). These suggest that
the variation of amyloid supramolecular assemblies is a key
to understanding the role of fibrils in diseases, including
neurotoxicity and transmission of amyloidoses (15-19).

Most morphological investigations of amyloid fibrils have
been performed with electron microscopy (EM) (20-22).
Recently, atomic force microscopy (AFM) has become a
major method, making direct observations of fibril growth
possible (17, 23, 24). The direct observation of fibril growth
provides essential information about the mechanism of
fibrillation, which cannot be obtained with conventional
spectroscopic methods. More recently, we developed a new
approach to monitoring fibril growth in real time at the single
fibril level, in which total internal reflection fluorescence
microscopy (TIRFM) was combined with the use of thiofla-
vin T (ThT) (24-27).

Amyloid â (Aâ) peptide has been the most widely studied
of the various amyloidogenic proteins and peptides (28-
30). Aâ is an ∼43-amino acid product of the amyloid
precursor protein cleaved byâ- and γ-secretases and
deposited in extracellular spaces as senile amyloid plaques,
a pathological hallmark of AD. Additionally, deposition on
vascular basement membranes has been documented (12).
In vivo, for several proteins, including Aâ, interaction with
membranes (i.e., basement or plasma membranes) affected
their fibrillation (31, 32), often producing radial and spherical
aggregates of fibrils governed by fibril-fibril or fibril -
membrane interaction (33). Because of limitations to the
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structural investigation of amyloid fibrils in vivo, direct and
real-time observations in vitro of fibril growth in a mem-
branelike environment are needed.

Previously, we reported that the surface properties of
quartz slide glasses affect the formation of Aâ(1-40) fibrils,
suggesting the underlying mechanism by which senile
plaques form (27). However, because those experiments used
seed-dependent growth, the mechanism of fibrillation without
seeds remains obscure. In this study, we examined the
spontaneous formation of Aâ(1-40) fibrils on the quartz
surface, focusing on the nucleation process. Growth and fibril
morphology depend on nuclei and thus influence cytotoxicity
(34). In vivo, many amyloidogenic proteins and peptides
interact with the basement membrane surface (32). Therefore,
pathways leading to fibrils are considered to depend critically
on the surface properties. On the basis of the observed
dramatic diversity and underlying structural basis, we propose
a taxonomy of amyloid supramolecular assemblies.

MATERIALS AND METHODS

Fibril Formation and ThioflaVin T Assay. Aâ(1-40) and
Aâ(1-42) peptides were purchased from the Peptide Institute
(Osaka, Japan). The peptides were dissolved in an ammonia
solution [0.5% for Aâ(1-40)] to a concentration of 500µM
and immediately stored at-85 °C. Aâ(1-40) at 50µM was
incubated in 50 mM sodium phosphate buffer (pH 7.5)
containing various concentrations of NaCl (0.1-1.0 M) and
sodium dodecyl sulfate (SDS) (0.2-0.5 mM) without agita-
tion, and the formation of fibrils was monitored via a ThT
binding assay (35) using a Hitachi F-4500 fluorescence
spectrophotometer. Aliquots were mixed with 5µM ThT in
glycine-NaOH buffer (pH 8.5), and fluorescence intensity
was monitored at 490 nm with excitation at 445 nm.

Direct ObserVation of Amyloid Fibrils.The TIRFM system
used to observe individual amyloid fibrils was developed
on the basis of an inverted microscope (IX70, Olympus,
Tokyo, Japan) as described previously (25, 26, 36). The ThT
molecule was excited at 442 nm by a helium-cadmium laser
(IK5552R-F, Kimmon, Tokyo, Japan). The fluorescence
image was filtered with a band-pass filter (D490/30, Omega
Optical, Brattleboro, VT) and visualized using a digital steel
camera (DP70, Olympus). The peptides were dissolved in
an ammonia solution [0.5% for Aâ(1-40), 0.05% for Aâ-
(1-42)] to a concentration of 500µM and immediately
stored at-85 °C. Aâ(1-40) (50µM) was incubated in 50
mM sodium phosphate buffer (pH 7.5) containing various
concentrations of NaCl (0.1-1.0 M) and SDS (0.2-0.5 mM),
and Aâ(1-42) (50 µM) was incubated in 50 mM sodium
phosphate buffer (pH 7.5) containing 0.5 M NaCl and
0.5 mM SDS, or 0.1 M NaCl without SDS. ThT (100µM)
was added at a final concentration of 5µM. An aliquot
(14 µL) of sample solution was immediately deposited on
each microscopic slide and incubated at 37°C for 1-2 days,
and an image of the fibrils was obtained with TIRFM.
Parallel flat quartz substrates were obtained from Hikari
Kobo (Tokyo, Japan) and were used without modification
of surfaces.

For the seed-dependent growth, seeds of Aâ(1-40) were
prepared by the fragmentation of amyloid fibrils for 5 min
with a TAITEC (Saitama, Japan) VP-30S sonicator equipped
with a microtip. The seeds were added at a final concentration

of 0.5 µg/mL to 50µM monomeric Aâ(1-40) in polymer-
ization buffer [50 mM sodium phosphate (pH 7.5) containing
0.5 M NaCl and 0.5 mM SDS]. The ThT solution was then
added at a final concentration of 5µM. Sample mixtures
were deposited on the quartz slide surface, and fibrils were
observed under TIRFM at 37°C.

Transmission Electron Microscopy.The rigid-straight or
wormlike fibrils were examined by transmission electron
microscopy (TEM). After confirmation of the formation of
fibrils via TIRFM, the cover slip was carefully removed from
the quartz substrate. An aliquot (5µL) of distilled water was
deposited on the substrate, and then carbon-coated copper
grids (400 mesh) (Nissin EM, Tokyo, Japan) were put on
the substrate for 2 min to transfer the fibrils. Next, the
samples were stained with a 2% (w/v) uranyl acetate solution.
TEM images were acquired using a transmission electron
microscope (100CX, JEOL, Tokyo, Japan) at 80 kV with a
magnification of 29000×.

Atomic Force Microscopy.AFM images were acquired
using a Digital Instruments Nanoscope IIIa scanning micro-
scope at 25°C (Veeco, Tokyo, Japan). Measurements were
performed using an air tapping mode. After confirmation of
the formation of wormlike fibrils via TIRFM, the cover slip
was carefully removed and the quartz substrate was cut by
diamond pencil to adjust the AFM sample stage. The quartz
surface was scanned directly to examine the fibril morphol-
ogy.

RESULTS

Self-Assembly of Aâ(1-40) into Amyloid Fibrils in Test
Tubes.Previously, we examined the seed-dependent growth
of Aâ(1-40) fibrils under neutral-pH conditions [50 mM
sodium phosphate (pH 7.5) containing 0.1 M NaCl] (26, 27),
where the spontaneous formation of fibrils required∼3 days
(Figure 1a). A long incubation (>3 days) on the slide glass
tended to dry the samples, making TIRFM experiments
difficult. In fact, few fibrils were observed by TIRFM (data

FIGURE 1: Formation of Aâ(1-40) fibrils under various conditions
at pH 7.5, monitored by a ThT binding assay. (a) Effects of NaCl
at concentrations of 0.1 (9), 0.5 (b), and 1.0 M ([). (b) Effects of
(9) 0.1 M NaCl and 0.25 mM SDS, (b) 0.1 M NaCl and 0.5 mM
SDS, (2) 0.5 M NaCl and 0.25 mM SDS, and ([) 0.5 M NaCl
and 0.5 mM SDS. Electron micrographs of Aâ(1-40) fibrils
showed those at 0.1 M NaCl (c) and at 0.5 mM SDS and 0.5 M
NaCl (d). The scale bar represents 200 nm.
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not shown). Thus, we attempted to accelerate the spontaneous
fibril growth.

First, we increased the NaCl concentration, which is
known to enhance the rate of aggregation of monomer Aâ-
(1-40) (37). The formation of fibrils of Aâ(1-40), moni-
tored by the ThT binding assay (35), was promoted at 1.0
M NaCl (Figure 1a): the lag time was shortened from 36 to
12 h. However, these samples also revealed few amyloid
fibrils by TIRFM (data not shown). Second, because SDS
at a level near the critical micelle concentration (CMC)
enhanced the nucleation ofâ2-microglobulin (â2m) (38), we
added SDS to the conditions described above (23). The
addition of 0.5 mM SDS indeed promoted the formation of
Aâ(1-40) fibrils without lag time (Figure 1b). Moreover,
we observed a large number of Aâ(1-40) fibrils by TIRFM
(see below). It is known that GM1 ganglioside bound to Aâ
induces Aâ assembly in vivo (39). We consider that, in a
similar way, SDS mimics the membrane environment, effi-
ciently triggering the spontaneous formation of Aâ(1-40)
fibrils. On the other hand, Cruz et al. (40) suggested that, in
the presence of a high concentration of salt ions, salt bridges
play a more prominent role in the stabilization of the loop
(Val 24-Lys 28) of Aâ(1-40) fibrils, thus forming nuclei
rapidly. Therefore, we used the conditions that included 0.5
mM SDS for spontaneous fibrillation of Aâ(1-40).

We then analyzed the morphology of amyloid fibrils
formed with or without SDS by TEM (Figure 1c,d). Without
SDS at 0.1 M NaCl, long straight fibrils with a diameter of
12 ( 2 nm were observed. On the other hand, with 0.5 mM
SDS at 0.5 M NaCl, short straight fibrils with a diameter of
13 ( 2 nm dominated. These results suggest that, although
SDS increases the number of initiation sites (i.e., nuclei) and
accelerates growth, the morphology of amyloid fibrils is
basically independent of SDS.

Formation of Aâ(1-40) Fibrils on the Quartz Surface.
We then examined the fibrillation of Aâ(1-40) on the quartz
surface, which was monitored by TIRFM. We first confirmed
the effects of various concentrations of NaCl and SDS, where
Aâ(1-40) still required more than 8 h at 37°C to form fibrils
on the quartz. At low concentrations of NaCl (<0.3 M NaCl)
or SDS (<0.3 mM SDS), we did not observe a large number
of fibrils (Figure 2a,b). In contrast, at high concentrations
of NaCl (0.5 or 1.0 M) and SDS concentrations at a level
near CMC (0.3 or 0.5 mM), numerous amyloid fibrils were
observed, producing spherical assemblies (Figure 2c-h).
Densely packed spherical assemblies correspond to the
spherulites reported previously by us (27) and others (41).
The radial pattern of fibril growth suggests the formation of
largely clustered seeds attached to the surface.

Interestingly, we often observed remarkably long fibrils
protruding from the spherulitic cores (Figure 2e,f). It seems
that the frequency with which long fibrils form is inversely
correlated with the density of spherulitic cores, suggesting
that the interactions of neighboring fibrils control the overall
morphology. Fibrils of more than 150µm demonstrate
persistent growth under optimal conditions, consistent with
a previous study of seed-dependent growth (26).

More interestingly, we observed a unique wormlike
morphology (Figures 3c,d and 4), fundamentally distinct from
the long and straight type fibrils (Figure 3a,b). The wormlike
fibrils extended in an almost unlimited fashion (>500µm),
although we could not follow the trail exactly. Branching of
the wormlike fibrils was also suggested from TIRFM images
(Figures 3c,d and 4; see also Figure 7l-o). Careful inspection
of TIRFM images indicated that the crossing points of
overlapping fibrils are brighter in fluorescence than other
regions (Figure 4). Accordingly, we can distinguish the
apparent overlapping of fibrils from real branching of a single

FIGURE 2: Unique morphology of Aâ(1-40) fibrils at various concentrations of NaCl and SDS on the quartz. (a) A few fibrils were
observed at 0.5 mM SDS in 0.25 M NaCl after incubation for 26 h. (b) A low concentration of SDS (0.25 mM) in 0.5 M NaCl did not
produce many fibrils after incubation for 13 h. (c-f) Unique morphology observed at 0.3 mM SDS and 0.5 M NaCl: twisted fibrils (c),
spherulitic fibrils (d), long fibrils protruding from huge spherulitic assemblies (e), and a tremendously long fibril (f). (g and h) Densely
packed spherulitic structures formed in 0.5 mM SDS and 1.0 M NaCl. The scale bar represents 10µm.
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fibril producing two equivalent daughter fibrils. For example,
the region between two green arrowheads in Figure 4 is
brighter than other regions, indicating that it is made of two
fibrils. However, it remains unknown if this is caused by
apparent overlapping of two independent fibrils or tight
lateral association of two fibrils producing a thicker fibril.

The straight and wormlike fibrils were analyzed in detail
using TEM and AFM. First, we examined by TEM the
straight fibrils in spherulitic structures prepared on the quartz
slide glass surface by transferring them to a carbon-coated
copper grid (see Materials and Methods). In this method, it
is likely that some fibrillar assemblies were partly broken
during the transfer from the quartz surface to the carbon-
coated copper grids. However, our TEM observation (Figure
3g) showed basically the same rigid fibrils that were observed
by TIRFM (Figure 3a,b).

As for wormlike fibrils, TEM images revealed unexpected
structures. Many blocks of short straight fibrils assembled
laterally to form relatively thick and wavy fibrils (Figure
3h,i). Intriguingly, fibril blocks did not align in the same
direction, probably because of the loose lateral packing,
leading to a random-walk-like elongation (Figure 3h, inset).
This pattern of association of short fibrils resembles the
molecular alignment in a nematic liquid crystal. TEM images
also suggested branching of wormlike fibrils. We also
observed via AFM wormlike fibrils prepared on a quartz
slide. The quartz surface was scanned directly by AFM
(Figure 3e,f), revealing long and flexible fibrils consisting
of many short fibrils. Considering the difference in the image
scales, the wavy morphologies revealed by AFM and TEM
reproduce smooth wormlike morphologies revealed by
TIRFM. Although the TEM images of panels h and i of
Figure 3 seem to have a slightly different character in their

FIGURE 3: Variation in morphology of Aâ(1-40) fibrils and underlying protofibrillar assemblies. (a-d) TIRFM images showed straight
fibrils (a and b) and wormlike fibrils (c and d) formed in 0.5 mM SDS and 0.5 M NaCl. (e and f) AFM images obtained by direct scanning
of the quartz surface showing that the wormlike fibrils were made of many short fibrillar blocks. (g-i) TEM images of straight fibrils (g)
and wormlike fibrils (h and i). The inset of panel h shows assemblies of short filaments with an expansion of 2-fold. To compare the scales
of the TIRFM, AFM, and TEM images, AFM images (e and f) were inserted into TIRFM images (c and d) and TEM images (h and i) were
inserted into AFM images (e and f). The scale bars represent 10µm for TIRFM, 1 µm for AFM, and 200 nm for TEM.

FIGURE 4: Random-walk-like growth of Aâ(1-40) wormlike fibrils
with branching. The bottom left corner of Figure 3c was expanded.
The white arrowheads indicate presumable branching points during
growth. The green arrowheads indicate that the region between them
brighter than other regions is made of two fibrils associated laterally.
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morphologies, this may represent the difficulty of transferring
the fibrils prepared on the quartz slide glass surface to a
carbon-coated copper grid for TEM. Taken together, the
AFM, TEM, and TIRFM images were consistent, clarifying
how the self-assembly of short and rigid blocks of Aâ(1-
40) fibrils creates unique wormlike supramolecular as-
semblies.

In our TIRFM experiments at 0.5 or 1.0 M NaCl and 0.3
or 0.5 mM SDS, the spherulitic structures of Aâ(1-40) were
major species and the wormlike fibrils were less often
observed. Importantly, once the formation of fibrils was
observed, the TIRFM images were independent of the
locations on the quartz plate, revealing similar fibrillar images
at many places on the quartz plate (Figure S1 for wormlike
fibrils and Figure S2 for spherulitic structures). In other
words, although there are distinct types of fibrillar morphol-
ogies, each quartz plate can produce only one of them.
Statistically, among∼60 plates we prepared for fibril growth,
the proportions of spherulitic structures, wormlike fibrils, and
others, including failed samples, were 58, 27, and 15%,
respectively. Although a subtle difference in the surface
properties of quartz slides seems to be responsible for
creating distinct supramolecular structures, the exact mech-
anism leading to distinct morphologies is unknown.

Seed-Dependent Growth of Aâ(1-40) Fibrils on the
Quartz Surface.Because we observed unique fibrils of Aâ-
(1-40) without seeds on the quartz surface, we also
examined the seed-dependent growth with the same slide
glass under the same conditions (Figure 5). First, we prepared
Aâ(1-40) fibrils in plastic tubes, which were used as seeds.
The samples were incubated for 24 h, and the fibrils that
formed were checked by TEM (Figure 5a). TEM images

showed straight fibrils with a diameter of 11( 2 nm and
various lengths. Then, the seed fibrils were sonicated and
checked by TIRFM, revealing many dotlike fibrils (Figure
5b). When the seed samples were added to Aâ(1-40)
monomers, the seeding reaction started immediately. Because
the sample preparation required 5 min (i.e., dead time for
TIRFM experiments), the image at 0 min already revealed
many short fibrils (Figure 5c). After 120 min, many long
and short fibrils were formed on the quartz surface (Figure
5d). These results confirmed that the morphology of straight
fibrils is reproduced by the seed-dependent Aâ(1-40) fibril
growth on the quartz surface, distinct from the spontaneous
fibrillation.

Self-Assembly of Aâ(1-42) into Amyloid Fibrils on the
Quartz Surface.We also investigated the spontaneous
fibrillation of Aâ(1-42), another main component of senile
amyloid plaques (Figure 6). Under the same conditions that
were used for Aâ(1-40) (i.e., 0.5 M NaCl and 0.5 mM SDS
without seeds), many aggregate-like structures were observed
after incubation for 12 h (Figure 6a). Aâ(1-42) forms nuclei
for spontaneous fibrillation much faster than Aâ(1-40).
Additionally, SDS accelerates the fibrillation. Thus, in the
presence of SDS, explosive fibrillation of Aâ(1-42) resulted
in the formation of a large number of short fibrils, minimizing
the effects of interactions with the surface. In the absence
of SDS at 0.1 M NaCl, Aâ(1-42) formed long fibrils on
the quartz surface, resembling the straight fibrils of Aâ(1-
40) (Figure 6b). However, we observed neither wormlike
fibrils nor spherulitic clusters of long fibrils, suggesting that
Aâ(1-40) and Aâ(1-42) differ in how they interact with
surfaces during the spontaneous formation of fibrils.

FIGURE 5: Seed-dependent growth of Aâ(1-40) fibrils at pH 7.5. The formation of Aâ(1-40) fibrils in the presence of 0.5 mM SDS and
0.5 M NaCl. (a) TEM image of Aâ(1-40) fibrils formed in a plastic tube. (b) TIRFM image of Aâ(1-40) seed fibrils after sonication. The
many dots represent sonication-induced seed fibrils. (c and d) Seed-dependent growth of Aâ(1-40) fibrils at 0 (c) and 120 min (d). The
image taken at 0 min shows many short fibrils. After 120 min, a large number of straight fibrils were observed. The scale bar represents
200 nm for TEM and 10µm for TIRFM.
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DISCUSSION
Classification of Amyloid Supermolecular Assemblies.In

this study, to focus on the initial stages of fibrillation, we
examined the spontaneous formation of Aâ(1-40) fibrils,

for which a relatively high concentration of salt and a low
concentration of SDS were added to accelerate the reaction.
We observed various and remarkable images of Aâ(1-40)
fibrils, suggesting that the effects of environmental factors,

FIGURE 6: Formation of Aâ(1-42) fibrils without seeds at pH 7.5. Spontaneous fibrillation at 0.5 M NaCl with 0.5 mM SDS (a) and at
0.1 M NaCl without SDS (b) was examined by TIRFM. Many dotlike structures were formed in the presence of 0.5 mM SDS. Without
SDS, long fibrils were detected. The scale bar represents 10µm.

FIGURE 7: Gallery of Aâ(1-40) supramolecular fibrillar assemblies painted with ThT. (a-c) Type I straight and rigid fibrils taken from
Ban et al. (26). Fibrils formed seed-dependently (a and b). The real-time observation of single fibril growth showing transient fraying at 12
min (c). (d-g) Mixed architecture of type I and II fibrils (type I/II) formed in 0.5 M NaCl and 0.5 mM SDS (d and e) or in 0.5 M NaCl
and 0.3 mM SDS (f and g). (h-k) Type II spherulitic amyloid assemblies. Spherulitic structures made of type I fibrils on a PEI/PVS-coated
quartz slide glass at 0.1 M NaCl taken from Ban et al. (24) (h). Spherulitic structures made of type I fibrils formed by spontaneous growth
on the quartz slide glass at 0.5 M NaCl and 0.5 mM SDS (i) or at 1.0 M NaCl and 0.5 mM SDS (j). Spherulitic structures made of type
III wormlike fibrils were also observed on the quartz slide glass at 0.5 M NaCl and 0.5 mM SDS (k). (l-o) Type III wormlike fibrils. The
short fibrillar units associated laterally, leading to a random-walk-like fibril growth and branching. The scale bar represents 10µm.

15014 Biochemistry, Vol. 46, No. 51, 2007 Yagi et al.



in particular, the interactions with the surface, were important
in determining the morphology of fibrils. Under the condi-
tions of TIRFM measurements, the reaction area was 18 mm
× 18 mm and the distance between quartz slide and cover
glass was 10µm. Thus, it is possible that the narrow reaction
space also plays an important role in creating the spherulitic
amyloid assemblies, which we did not observe in test tubes.
The importance of environmental factors is particularly true
for the spontaneous fibrillation without seeding. The con-
formational states (oligomers, nucleus, or initial short fibrils)
important for determining the subsequent morphology are
probably unstable and easily influenced by a subtle change
in environmental factors. In other words, the spontaneous
formation of fibrils in contact with the surface disclosed
multiple pathways leading to various forms of Aâ(1-40)
fibrils.

On the basis of the various amyloid supramolecular
fibrillar assemblies of Aâ(1-40) fibrils produced seed-
dependently and -independently, there are three basic types
of amyloid supramolecular fibrillar assemblies (Figures 7 and
8).

Type I fibrils are basic straight and rigid fibrils with a
diameter of∼10-15 nm (Figure 7a-c). Although tremen-
dous length can be achieved without lateral association, as
observed for the seed-dependent growth on the quartz
surface, the preparation in solution tends to form clustered
fibrils. Precursors of mature amyloid fibrils can be oligomeric
species, protofilaments, or initial short fibrils. Variation in
morphology can arise at the level of these amyloid precur-
sors. On the other hand, it is possible that different precursors

as described above produce the similar mature fibrils. Thus,
although it is clear that interactions with surfaces at the early
stages affect the final morphological features, the relation-
ships between amyloid precursors and final products remain
unclear. This is also true for type II and III fibrils.

Type II fibrils are spherulitic amyloid assemblies typically
made of type I basic fibrils. The wormlike fibrils (type III,
see below) can also form spherulitic assemblies (Figure 7k).
Spherulitic structures were observed in the spontaneous
growth of Aâ(1-40) fibrils (Figure 2d,e,g,h and Figure
7h-k) as well as seed-dependent growth. The diameter
reaches more than 30µm. Probably, the clustered seeds or
precursors initiate the fibril growth in a radial pattern. Internal
density varies depending on the spherulitic assembly. In-
triguingly, a densely packed spherulitic interior ensures
concerted growth producing globular architectures. On the
other hand, when the internal density is coarse, independent
growth of constituent fibrils occurs, making a unique mixed
architecture of type I and II fibrils, reminiscent of nerve
synapses (Figure 2c,f and Figure 7d-g).

Another most intriguing morphology is the wormlike
fibrils, type III (Figure 7l-o). Although the TIRFM images
suggest flexible fibrils, the TEM and AFM images clarified
that the wormlike fibrils are in fact made of rigid fibril blocks
associated laterally (Figure 3e,f,h,i). Incomplete lateral asso-
ciation results in curvature of the longitudinal axis, producing
the random-walk-like fibril growth. This incomplete lateral
association may also produce branching of fibrils at the
growing ends (Figure 4). Thus, in internal structure, the
wormlike fibrils of Aâ(1-40) are distinct from the flexible

FIGURE 8: Schematic models of supramolecular fibrillar assemblies of Aâ(1-40) fibrils. Variation in morphology can arise at the level of
oligomeric species, protofilaments, or initial short fibrils. They associate together on the quartz surface, creating three types of supramolecular
fibrillar assemblies: straight fibrils (type I), spherulitic assemblies (type II), and wormlike fibrils (type III). A mixed architecture of type
I and II fibrils (type I/II) was also observed when the internal density was coarse. It is noted that the different precursors are represented
together in a box and that the relationships between amyloid precursors and final products remain unclear.
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and thin protofilaments often observed for other amyloids
(42, 43). On the other hand, the remarkable length suggests
that the nucleation of the wormlike fibrils does not occur
frequently. As far as we know, an architecture as unique as
that of type III fibrils has not been reported before.

In the case of Aâ(1-42), another main component of
senile amyloid plaques in AD, we did not observe the
variation in morphology that was observed for Aâ(1-40).
Under these experimental conditions, fibrillation of Aâ(1-
42) on the quartz occurred rapidly, producing a large number
of dotlike structures. In accordance with this, recent studies
have suggested a distinct molecular mechanism of fibrillation
for the two peptides (44-47). Although the two peptides
have different fibrillation properties, we expect the basic
classification founded here to also apply to Aâ(1-42) fibrils.
Moreover, spherulitic structures were also reported for a
mouse model of AD (33), and in in vitro studies of insulin
(41) and synthetic peptides (48). These results suggest that
the amyloid fibrils have strong potential to form various high-
order structures. We anticipate that this classification will
apply to various amyloid fibrils.

Underlying Mechanism Responsible for the Variation in
Morphology.However, it is still unclear what kind of species
is responsible for the interaction with the quartz surface,
leading to various assemblies. Variation in morphology can
arise at the level of oligomeric species, protofilaments, or
initial short fibrils. Various multiple-nucleation pathways
have been reported: random nucleation of apomyoglobin
(49), heterogeneous nucleation of insulin (50), and nucleation
of Aâ monomer (40). Wogulis et al. (34) suggested a
relationship between nucleation-dependent polymerization
and neuronal cell death. The protofilaments may have several
surfaces, allowing for packing in multiple ways (22). The
Aâ(1-40) fibrils are formed by several protofilaments, the
structure of which was reported by Petkova et al. (51, 52).
These results suggested that the Aâ protofilaments change
their structure depending on the conditions, producing various
supramolecular assemblies.

Finally, we address the effects of SDS and NaCl. In a
previous study (53), upon examining the effects of fluorine-
substituted alcohols (e.g., trifluoroethanol and hexafluoro-
2-propanol) and SDS on the peptide fragments ofâ2m, we
suggested that nonspecific aggregates of precursor proteins
and hydrophobic cosolvents increase the chance of forming
amyloid templates, thus promoting the fibrillation process.
In the case of SDS, such aggregates accumulate maximally
at∼0.5 mM, a concentration slightly below the CMC. Under
physiological conditions, hydrophobic cosolvents may be
replaced by an amphiphilic environment like that on the
basement membrane surface or by interaction with various
amphiphilic compounds analogous to SDS. In particular,
GM1 ganglioside bound to Aâ induced Aâ assembly in vivo
(39). SDS may mimic the basement membrane environment,
triggering the spontaneous formation of Aâ(1-40) fibrils
under near-physiological conditions. Additionally, the forma-
tion of Aâ(1-40) fibrils was promoted in the presence of
high concentrations of NaCl. In the presence of a high
concentration of salt ions, salt bridges may play a more
prominent role in the stabilization of the loop (Val 24-Lys
28) of Aâ(1-40) fibrils, thus forming nuclei rapidly (40).

CONCLUSIONS

We succeeded in visualizing the self-assembly of Aâ(1-
40) into amyloid fibrils, obtaining various astonishing images.
On the basis of unique images of fibrils, we classified the
amyloid supramolecular fibrillar assemblies of Aâ(1-40)
fibrils into three basic types: rigid and straight type I fibrils,
spherulitic type II fibrils, and wormlike type III fibrils
(Figures 7 and 8). Considering the increased morphological
variability in the spontaneous fibrillation, interactions with
surfaces at the early stages determine the final morphological
features. Different amyloid supramolecular assemblies will
have distinct biological impacts on the development and
furthermore transmission of amyloidosis. Thus, clarifying the
structural basis leading the various types of amyloid fibrils
at the differed levels, from the structure of amyloid precursors
to protofilament packing and interfibrillar interactions, is an
important next step. The anatomy and taxonomy of amyloid
supramolecular assemblies will be critical to progress in
amyloid structural biology.
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SUPPORTING INFORMATION AVAILABLE

A large number of Aâ(1-40) wormlike fibrils under the
same quartz slide (Figure S1) and a large number of Aâ-
(1-40) spherulitic structures under the same quartz slide
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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