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ABSTRACT: Heat-triggered conversion of the salt-induced thin and flexible protofibrils into well-organized
thick and straight mature amyloid fibrils was achieved withâ2-microglobulin, a protein responsible for
dialysis-related amyloidosis. First, protofibrils that formed spontaneously at pH 2.5 in the presence of 0.5
M NaCl were aggregated by agitating the solution. Second, the aggregated protofibrils were heated in a
cell of a differential scanning calorimeter (DSC). The DSC thermogram showed an exothermic transition
with sigmoidal temperature dependence, resulting in a remarkably large decrease in the heat capacity of
the solution. Third, on the basis of electron microscopy together with circular dichroism spectroscopy,
seeding experiments, and a thioflavin T binding assay, the sigmoidal transition was found to represent
the conversion of protofibrils into mature amyloid fibrils. Furthermore, DSC thermograms obtained at
various heating rates revealed that the transition curve depends on the heating rate, implying that the
effects of heat associated with the conversion to the mature fibrils are kinetically controlled, precluding
an interpretation in terms of equilibrium thermodynamics. Taken together, these results highlight the
importance of the change in heat capacity in addressing the biological significance of interactions between
solvent water and amyloid fibrils and, moreover, in detecting the formation of amyloid fibrils.

Protein aggregates, particularly amyloid fibrils, have begun
to receive marked attention, as evidence accumulates that
they are associated with the etiology of diseases such as
Alzheimer’s disease (amyloidâ peptide), transmissible
spongiform encephalopathy (prion), and dialysis-related
amyloidosis [â2-microglobulin (â2-m)1], where the proteins
in parentheses are amyloid precursors (1-3). Regardless of
the original conformational state of the precursor, all amyloid
fibrils share a common core structure made of crossâ-sheets
(4-6). Despite the importance of these fibrils in various
biological phenomena, a comprehensive understanding of the
mechanism by which amyloid fibrils form remains elusive.
A wide variety of non-disease-associated proteins and
peptides also have been shown to be capable of self-
assembling into amyloid-like fibrils under suitable conditions,
suggesting that certain general principles govern fibrillation
(7, 8).

â2-m, which constitutes the light chain of major histo-
compatibility complex type I (9), is a major component of
the amyloid deposits found in patients with dialysis-related

amyloidosis (10). In vitro, â2-m at neutral pH has been
shown to be stably folded and highly intransigent to assembly
into amyloid fibrils, and it is assumed that a partial or more
substantial unfolding is required for fibrillation to occur (11-
14). Under acidic conditions at pH 2.5 whereâ2-m is acid-
unfolded, fibrillar structures are formed by at least two
parallel routes depending on the ionic strength of the solution
(15-18). In the presence of∼0.2 M NaCl, well-organized
mature fibrils with a needlelike morphology typical of
amyloid fibrils that accumulated in patients’ tissues are
formed via a nucleation-growth mechanism involving a lag
time. In this case, the addition of seed fibrils to the
monomeric precursors effectively bypasses the nucleation
step, leading to a rapid growth without a lag time (11). By
contrast, at high concentrations of salt (∼0.5 M NaCl),â2-m
does not form typical amyloid fibrils. Instead, it forms
spontaneously thinner and more flexible fibrillar structures
called protofibrils or protofilaments (15). No transformation
from the salt-induced protofibrils into mature fibrils was
observed in previous studies, so these two fibrillar structures
are considered to form via distinct and competitive pathways
(15, 17, 18). A unique feature of the salt-induced protofibrils
is that their formation does not require the nucleation step
characterized by a lag time. The salt-induced protofibrils and
mature fibrils have distinct far-UV CD spectra ofâ-sheet
structures that are centered around 212 and 219 nm,
respectively (15). Furthermore, the salt-induced protofibrils
exhibit less propensity to bind thioflavin T (ThT), a dye that
specifically binds to organizedâ-sheet aggregates (19),
suggesting relatively heterogeneous intermolecular interac-
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tions (16). However, the molecular mechanisms leading to
distinct fibrillar structures are not well understood (18).

The aggregation of proteins is often triggered by a
conformational alteration caused by temperature, pH, a
chemical denaturant, etc. (20). Heat is a well-established
stress factor that can lead to protein aggregation (21-24).
However, the conformational and energetic aspects of heat-
induced aggregation, particularly amyloid fibrillation, remain
largely unclear (13). In two recent studies (25, 26), we have
shown the unique thermal response of mature amyloid fibrils
of â2-m revealing kinetics featured with a characteristic
heating rate dependence. This finding prompted us to extend
our exploration of kinetic heat effects to fibrillation. In this
study, when the effects of heat on the salt-induced protofibrils
of â2-m were examined in detail, it was found that mature
amyloid fibrils formed under certain conditions, in which a
characteristic decrease in heat capacity with the kinetic
feature accompanied the conversion. Our results suggest that
the kinetic heat effect monitored by measuring the heat
capacity of the protein solution is useful for sensitively
detecting the formation of amyloid fibrils.

MATERIALS AND METHODS

Salt-Induced Fibrils. Recombinant humanâ2-m was
expressed inEscherichia coliand purified according to
procedures described previously (27). Salt-induced protofibrils
of â2-m at 20-50 µM were formed by incubation for 24 h
at 37°C in 50 mM sodium citrate (pH 2.5) containing 0.5
M NaCl (15). Aggregation of the salt-induced protofibrils
was performed using an isothermal titration calorimeter via
agitation with the cylinder attached for 24 h at 37°C (VP-
ITC, Microcal, Northampton, MA). The rate of stirring was
310 rpm. Protein concentrations were determined spectro-
photometrically at 280 nm using an extinction coefficient
of 1.63 mL mg-1 cm-1 (27).

Calorimetric Measurements.DSC measurements were
taken using a Microcal VP-DSC calorimeter, as described
previously (25, 26). Samples and buffers were carefully
degassed by being stirred under vacuum before being loaded
into the DSC sample and reference cells. Several heating-
cooling-reheating cycles with the samples were performed
in the temperature range of 10-100 (or 120)°C. After the
buffer-buffer baseline was subtracted from the sample data,
the apparent heat capacity (Cp,app) corresponding to the whole
sample solution was evaluated using Origin (Microcal Inc.).

CD Measurements.CD spectra were recorded on an AVIV
model 205s spectropolarimeter with a step size of 1 nm and
an average time of 30 s using a quartz cell with a light path
of 1 mm. The temperature of the sample solutions was
maintained at 20( 0.1°C by a thermoelectrically controlled
cell holder attached to the polarimeter.

Transmission Electron Microscopy.The sample solution
containing 30µM â2-m was diluted 10-fold with pure water.
Then, an aliquot (5µL) of the diluted solution was placed
on a copper grid (400-mesh) covered by a carbon-coated
collodion film for 1 min, and the excess sample solution was
removed by blotting with filter paper. The sample was
negatively stained with a 2% (w/v) uranyl acetate solution
for 1 min. Again, the liquid on the grid was removed by
blotting with filter paper and dried. Electron micrographs
were acquired using a JEOL 100CX transmission microscope

with an acceleration voltage of 80 kV. The magnification
was 29000×.

Light Scattering and ThT Fluorescence Measurements.
Light scattering and ThT fluorescence were monitored with
a Hitachi F-4500 spectrofluorometer using a quartz cell with
a light path of 5 mm. For light scattering, the wavelengths
for excitation and emission were both set at 350 nm. For
ThT fluorescence, the intensity at 485 nm with an excitation
wavelength of 445 nm was monitored. The temperature of
the sample solutions was maintained at 25( 0.1 °C by a
thermoelectrically controlled cell holder.

Seeding Reactions.Acid-unfoldedâ2-m at 30µM in 50
mM sodium citrate at pH 2.5 and 100 mM NaCl was
incubated at 37°C with the seed fibrils at a final concentra-
tion of 5 µg/mL (0.42 µM). Aliquots of the sample were
withdrawn at various intervals, and the light scattering
intensity was measured at 25°C with a Hitachi F-4500
spectrofluorometer.

RESULTS

Heat-Triggered ConVersion of Salt-Induced Protofibrils
into a Different Species. The light scattering intensity
indicated that the formation of protofibrils at pH 2.5 was
promoted by the increase in the NaCl concentration (Figure
1a), consistent with a previous study (15). At 0.5 M NaCl,
the protofibrils exhibited a CD spectrum with a minimum
at ∼212 nm (see Figure 3a below) (15). DSC thermograms
of the protofibrils formed at 0.5 M NaCl exhibited a small
endothermic (i.e., positive) peak centered at 85°C, followed
by an exothermic (i.e., negative) peak (Figure 1b), consistent
with our previous study (26). The endothermic peak repre-
sents the unfolding of protofibrils. The magnitude of the
exothermic peak became significant as the protein concentra-
tion was increased. For the protofibrils at 50µM â2-m, after
cooling from the first run, the second DSC thermogram
showed aCp,app trace with an entirely exothermic effect,
suggesting the generation of different species or aggregates
during the exothermic reaction after the unfolding of
protofibrils. Here, the increase inCp,appabove 100°C in the
first run is assumed to correspond to the disruption of the
newly generated structure. The structure remained partly
stable at 120°C, based on the unsaturatedCp,app value at
this temperature. This increase inCp,app reminds us of the
heat-induced depolymerization of mature fibrils producing
the acid-unfolded monomers (see Figure 1 of ref25).

In general, it is quite difficult to reproducibly obtain the
negative Cp,app trace associated with the aggregation of
proteins because of its heterogeneous and transient nature
in the initial stages (21-24). To overcome this problem, we
examined the effect of heat on larger aggregates of protofibrils
produced intentionally by agitation, expecting a species with
a negativeCp,app trace to be generated more efficiently due
to stronger intermolecular interactions. As expected, negative
Cp,apptraces were reproducibly obtained with the aggregated
protofibrils.

First, the salt-induced protofibrils in 0.5 M NaCl at pH
2.5 or the acid-unfolded monomers without NaCl at pH 2.5
were agitated by the cylinder in the cell of the isothermal
titration calorimeter for 24 h at 37°C. While we used this
cell for convenience, this would not be essential as long as
the agitation can be controlled. The agitation resulted in the
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formation of larger aggregates as indicated by the increase
in light scattering (red circles in Figure 1a).

Then, DSC thermograms of the agitation-treated samples
were measured at 60°C/h. In the absence of salt, a negative
Cp,app associated with a sigmoidal transition was observed
in the first heating run (Figure 1c). Above 80°C, theCp,app

increased steeply, suggesting the melting of the induced
structure. After the sample had cooled from the first run to
100°C, the subsequent second and third DSC thermograms
showed reproducibleCp,apptraces with an exothermic effect,
indicating the generation of different species after the
transition in the first run. In contrast, the acid-unfolded form
in the absence of NaCl without the agitation treatment
exhibited a flat line with a slightly negativeCp,app value,
indicating that the agitation is important for the generation
of species with the exothermic effect. Interestingly, theCp,app

values of the second and third DSC thermograms of the
agitation-treated sample overlapped with the end point at 100

°C of theCp,app trace in the first run, as was the case with
0.5 M NaCl (see below). Additionally, for this agitation-
treated sample, theCp,app value rose further over the tem-
perature above 100°C and reached that of the monomeric
acid-unfoldedâ2-m at 120°C (data not shown). The second
heating after cooling from 120°C induced no uniqueCp,app

trace corresponding to that of the acid-unfolded state (Figure
1c), indicating that the heat-induced structure produced by
the first scan completely disintegrated with the heating to
120°C. These results suggest that the partial melting of the
induced structure resulted in the intricate DSC thermograms.

Similarly, repeatedCp,app traces of the agitation-treated
protofibrils in 0.5 M NaCl were recorded at 60°C/h, an
experiment in which theâ2-m concentration was varied (20,

FIGURE 1: Exothermic effects of the aggregated protofibrils ofâ2-m
at pH 2.5. (a) Salt-induced formation of protofibrils. The level of
formation of fibrils at various concentrations of NaCl was estimated
from the increase in light scattering intensity at 350 nm (b). The
red circles correspond to the agitation-treated aggregates produced
from the acid-unfoldedâ2-m at 0 M NaCl and the salt-induced
protofibrils at 0.5 M NaCl (see Materials and Methods). The
concentration ofâ2-m was 30µM. (b) DSC thermograms of the
salt-induced protofibrils at 0.5 M NaCl. The protein concentration
was varied: (1) 20, (2) 30, (3) 40, (4) 50, and (5) 50µM (reheating
of 4). (c) DSC thermograms of acid-unfoldedâ2-m (30µM) at 0
M NaCl and the agitation-treated aggregate solution from the same
sample. The green line represents the data for acid-unfoldedâ2-
m, and red and black lines represent the data for the aggregate
solution [(1) first run and (2 and 3) second and third runs,
respectively]. The blue line represents the second thermogram of
the aggregate solution after it was heated to 120°C and cooled.
(d-f) DSC thermograms of an agitation-treated aggregate solution
of the salt-induced protofibrils formed at 0.5 M NaCl. Theâ2-m
concentration was varied: (d) 20, (e) 30, and (f) 40µM. The
numbers 1-5 correspond to the number of DSC scans. In all the
DSC thermograms, the heating rate was 60°C/h.

FIGURE 2: Heating rate dependence on the exothermic effect of
the agitation-treated aggregate solution ofâ2-m at pH 2.5. (a-f)
Repeated DSC thermograms at the various heating rates: (a) 20,
(b) 30, (c) 40, (d) 50, (e) 70, and (f) 90°C/h. The numbers 1-3
represent the number of DSC scans. The agitation-treated aggregates
were produced from the salt-induced protofibrils (30µM) formed
at 0.5 M NaCl. (g) Heating rate dependence of dCp,app/dT values at
60 °C. The dCp,app /dT values were evaluated in the temperature
range of 58.5-61.5 °C from the linear slope of the secondCp,app
trace obtained at various heating rates in panels a-f. The dotted
lines represent the corresponding value of well-organized mature
amyloid fibrils of â2-m, which were formed by the extension
reaction at 37°C and were taken from ref26. (h) Heating rate
dependence ofQexo values. TheQexo values were evaluated from
the area enclosed by the twoCp,app traces of heating runs 1 and 2
as shown in panels a-f. The solid line was linearly fit best to the
data.
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30, 40, and 50µM). A similar exothermic effect was clearly
observed at 30-50 µM â2-m (Figure 1d-f, data not shown
for 50 µM). Namely, an abrupt decrease inCp,app occurred
at ∼70-80 °C in the first run, followed by a reproducible
exothermic thermal response in the subsequent heating runs.
In contrast to the thermogram in the absence of NaCl, the
intensely negativeCp,appvalue after the transition was retained
even above 80°C and during the subsequent DSC scans.
Again, these results indicate that the agitation helps to
generate species with a distinct exothermic effect. The
screening of a strong electrostatic repulsion between the
positively chargedâ2-m molecules at pH 2.5 by NaCl seems
to increase both the starting temperature of the transition and

the thermal stability of the species formed by the transition.
The absence of a melting transition (i.e., the increase inCp,app)
in the presence of 0.5 M NaCl is consistent with the increased
stability of mature amyloid fibrils in the presence of NaCl
(25). As will be shown below, this species with the unique
exothermic effect is a mature amyloid fibril.

The dependence of this uniqueCp,app trace on the rate of
heating was investigated at 20-90 °C/h with the agitation-
treated protofibrils at 30µM â2-m in 0.5 M NaCl (Figure
2a-f). The repeatedCp,app traces revealed a clear transition
in the first run, followed by a reproducible exothermic
response at all the heating rates that were studied, with the
magnitude of the exothermic effect increasing as the heating
rate increased. This shows that the thermal response is under
kinetic control, precluding the interpretation in terms of
equilibrium thermodynamics. The dCp,app/dT values at 60°C,
estimated from the secondCp,app trace after the transition,
were plotted against the heating rate, characterizing the
dependence (Figure 2g). For comparison, the corresponding
heating rate dependence of the mature amyloid fibrils taken
from our previous paper (26) was also presented. The plots
show that the two kinetic thermal responses are very similar
to each other. The heat (Qexo) needed to induce the kinetic
thermal response, i.e., the area enclosed by heating runs 1
and 2, was estimated from theCp,apptraces as shown in Figure
2a-f using Origin (Microcal, Inc.) and plotted as a function
of the heating rate. TheQexo values were found to be almost
linearly dependent on the heating rate, similar to the heating
rate-dependent heat flow observed for the mature amyloid
fibrils of â2-m and amyloidâ peptides (25). These results
suggest that the protofibrils were converted into mature
amyloid fibrils during the first run at all the heating rates
that were studied, which was experimentally confirmed
below.

Characterization of the Heat-Induced Species.Far-UV CD
spectra were recorded to detect the conformational change
before and after the heat-induced transition associated with
the large decrease inCp,app(Figure 3a). The monomericâ2-m
in the absence of salt at pH 2.5 exhibited a somewhat
negative ellipticity over the wavelength range of 200-250
nm, characteristic of an acid-unfolded state (15). The far-
UV CD of the salt-induced protofibrils at 0.5 M NaCl was
characterized by aâ-sheet spectrum with a minimum at∼212
nm, consistent with the previous report (15). Agitation of
the protofibrils inside the cell of the isothermal titration
calorimeter did not affect the shape of the spectrum, showing
that a significant conformational change was not induced
upon the aggregation of protofibrils. This CD spectrum of a
â-sheet with a minimum at 212 nm was completely disrupted
after the heat-induced transition. Instead, the spectrum
exhibited a weak minimum at∼230 nm, reminiscent of the
spectrum often observed when a protein solution contains a
notable amount of visible aggregates. Importantly, the
repeated heating gradually shifted the minimum to a shorter
wavelength, accompanied by an increase in the minimum
intensity for the sample subjected to heat-induced transition
(Figure 3a), despite the fact that the correspondingCp,app

traces were superimposable (Figure 1e). These results imply
that the conformational property responsible for the unique
thermal response is already created in the specific structure
as revealed by CD. Although the sample after the heat-
induced transition may contain a significant amount of

FIGURE 3: Characterization of the species formed after the heat-
induced transition of the agitation-treated protofibrils at pH 2.5.
(a) Far-UV CD spectra ofâ2-m in the various states: (1) acid-
unfolded state, (2) salt-induced protofibrils formed at 0.5 M NaCl,
(3) agitation-treated protofibrils, (4) species formed after the heat-
induced transition from the agitation-treated protofibrils, in which
the sample was taken out of the DSC cell after heating from 10 to
100 °C at 60°C/h and cooling, and (5) the same sample as 4, but
subjected to four cycles from 20 to 100°C at 60 °C/h in the
thermoelectrically controlled CD cell holder. The protein concentra-
tion was 30µM. (b) Seeding-dependent amyloid fibril growth
monitored by measuring light scattering. The solution contained
30 µM â2-m and seed fibrils at 5.0µg/mL (0.42µM). Four types
of seed fibrils were used: (empty circles) salt-induced protofibrils,
(blue circles) agitation-treated protofibrils, (red circles) heat-induced
species produced from the agitation-treated protofibrils by heating
from 10 to 100°C at 60°C/h in the DSC cell, and (black circles)
matureâ2-m amyloid fibrils. The salt-induced protofibrils were the
same as in panel a. The matureâ2-m amyloid fibrils were prepared
by a seed-dependent extension reaction as described previously (25,
26). The seeds except for the salt-induced protofibrils were
fragmented by sonication (13). (c) Far-UV CD spectra of the mature
amyloid fibrils after the completion of the extension reaction in
panel b. Marks are the same as in panel b. (d) Changes in ThT
fluorescence intensity associated with the heat-induced transition.
The samples numbered 1-3 are the same as those of the same
number in panel a. The numbers 4-6 represent the heat-induced
species from the agitation-treated protofibrils in panel a, in which
each sample was taken from the DSC cell after it had been heated
from 10 to 100°C at 20 (4), 60 (5), and 90°C/h (6) and cooled,
respectively. The numbers 7-9 indicate the fibrils formed by the
extension reaction in panel b [7 (blue circles), 8 (red circles), and
9 (black circles)] in which the color marks are the same as in panel
b. The samples were diluted with 50 mM sodium citrate buffer at
pH 2.5, and the final concentrations of ThT andâ2-m were 10 and
6 µM, respectively.
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â-sheet, the unusual shape of the CD spectrum notably
affected by aggregation made it difficult to estimate the exact
â-sheet content, as discussed below.

To examine the role of heat-induced species as an amyloid
template, seeding experiments with monitoring of light
scattering were carried out at pH 2.5 and 37°C (Figure 3b).
For comparison, experiments were also performed with the
following species as seeds: salt-induced protofibrils, their
agitation-induced aggregates without heat treatment, and
mature fibrils prepared in a standard seeding reaction at pH
2.5 (11). No significant fibril growth was observed for the
salt-induced protofibrils. In the presence of agitation-treated
protofibrils, the increase in light scattering was observed with
a lag time, resulting in a sigmoidal time course. This suggests
that the aggregated protofibrils can act as seeds even if their
potential is not high. When the heat-induced species (i.e.,
species converted by heating from the same aggregated
protofibrils) was used as seeds, the extension reaction was
further accelerated, eliminating a noticeable lag time, al-
though the reaction was still slower than that with mature
fibrils. These results indicate that the heat-induced species
acts as an efficient template in the extension reaction.

The maximum intensity in the plateau region of light
scattering after the completion of the extension reaction
differed among these samples, suggesting a difference in
fibril content or morphology (Figure 3b). In fact, the far-
UV CD spectra after the extension reaction exhibited a
differentâ-sheet content with a minimum at 219 nm, which
is typical for well-organized mature fibrils (Figure 3c). The
amyloidogenic propensity of the species formed after the
heat-induced transition at various heating rates was assessed
by using ThT (Figure 3d). A significantly enhanced fluo-
rescence emission of ThT was observed for these heat-
induced species (Figure 3d, columns 4-6). The three types
of fibrils formed by the extension reaction also exhibited an
intense emission of ThT. The fibrils formed by seeding with
the mature fibrils led to a ThT fluorescence lower than those
of other fibrils (Figure 3d, columns 7-9), implying that seeds
affect the blocking or burial of ThT binding sites of the fibrils
extended from them. The results in Figure 3d suggest that
the heat-induced form, as well as the fibrils formed by its
seeding, already contains a significant amount of organized
cross-â-sheet structure, even though the CD spectrum with
a small minimum at 230 nm was unusual (Figure 3a). Since
the effects of aggregation on the ThT fluorescence and CD
spectrum are unknown, we did not perform a quantitative
comparison of the various fibrillar species in terms of CD,
ThT, or light scattering intensities.

To characterize the morphology of various fibrillar species,
the electron micrographs of these samples were examined
(Figure 4). The salt-induced protofibrils were thin (2-5 nm
in diameter) and curved as previously reported (15) (Figure
4a). The protofibrils aggregated via agitation indeed exhibited
a mixed morphology of protofibrils and their clusters or
aggregates (Figure 4b). Remarkably, the micrographs of the
species converted by heating at a rate of 60°C/h from the
same aggregated protofibrils revealed the presence of straight
and relatively thick fibrils (10-20 nm in diameter), in which
some of them were in a dispersed state (Figure 4c, 1), and
others were clusters of relatively short fibrils (Figure 4c, 2).
Similarly, the same types of fibrils and cluster states were
formed after the heat treatment at the different heating rates

of 20 and 90°C/h (Figure 4d,e). The protofibrils were hardly
detected, suggesting that the heat treatment converted most
of them into mature fibrils. The fibrils with the same
morphology as in Figure 4c-e were reproduced by the

FIGURE 4: Electron micrographs of fibrillar states ofâ2-m. (a) Salt-
induced protofibrils formed at 0.5 M NaCl. (b) Agitation-treated
aggregates of the protofibrils in panel a. (c-e) Amyloid fibrils
converted from the aggregates in panel b by being heated from 10
to 100°C and cooled in the DSC cell. The heating rate was varied:
(c-1 and c-2) 60, (d) 20, and (e) 90°C/h. (f) Amyloid fibrils formed
by the extension reaction in Figure 3b where the species in panel
c was used as the seed. (g) Amyloid fibrils formed by the extension
reaction in Figure 3b where the mature amyloid fibrils were used
as the seed. The black bar represents 200 nm.
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extension reaction, in which the heat-induced species and
the mature amyloid fibrils were used as seeds (see panels f
and g of Figure 4, respectively). As a result, the observations
of morphology by electron microscopy demonstrated that the
salt-induced protofibrils in the aggregated state were con-
verted through the heat-induced transition into the well-
organized mature amyloid fibrils.

DISCUSSION

Mature Amyloid Formation Triggered by Agitation and
Heating. Most strikingly, heating the aggregated protofibrils
in 0.5 M NaCl at pH 2.5 transformed them into mature fibrils
accompanied by a large decrease in heat capacity. The
protofibrils of â2-m in the presence of high concentrations
of salts have been considered to be a dead-end product
separated from the pathway leading to mature fibrils (15,
17, 18, 28). However, since mature fibrils are likely to be
made of several thinner protofibrils, salt-induced protofibrils
have been studied extensively as a model of “native
protofibrils”. The present results argue that two fibrillar
structures, i.e., mature fibrils and salt-induced protofibrils,
can be linked by a certain mechanism, and the change in
heat capacity of the protein solution is an important clue for
elucidating the link. It is conceivable that the agitation-
induced aggregation of protofibrils renders protein molecules
susceptible to interactions between adjacent molecules for
the promotion of the conformational rearrangement into
mature fibrils. Importantly, the aggregation of protofibrils
is itself not enough to generate mature fibrils, but in
combination with heating, it effectively triggers the conver-
sion, probably because of the increased hydrophobic effect
upon heating.

However, it is still not clear whether most of the
protofibrils are converted directly into mature fibrils or
indirectly throughâ2-m monomers produced by the depo-
lymerization of protofibrils. Recently, Goldsbury et al. (29)
suggested that, during the assembly of fibrils from amyloid
â peptide, mature fibrils arise from a conformational transi-
tion in the protofibrils. Additionally, the observation pre-
sented here reflects the fact that agitation (i.e., shaking,
rotation, or ultrasonication of the solution) generally promotes
the formation of amyloid fibrils, including the case ofâ2-
m, in which an important step is the formation of agitation-
induced amorphous aggregates (28, 30, 31). Thus, although
the conditions are different, our results are also interpreted
in the context of the aggregation-induced formation of
amyloid fibrils, in which the chance of forming the amyloid
templates might be enhanced. It is conceivable that the
critical templates are formed directly by aggregation and
heating of the protofibrils and then subsequent growth
proceeds through depolymerized monomers or oligomers.

Considering the importance of agitation that promotes the
fibrillation, it would be interesting to address the superiority
of the agitation-heating method used in this study to the
switched heating-agitation method. As shown in Figure 1b,
the salt-induced protofibrils show an endothermic peak at
∼85 °C upon heating, corresponding to the unfolding.
Although the sample basically returns from the unfolded state
to the original protofibrils after cooling, the exothermic
reaction becomes notable after the endothermic peak with
the increase in protofibril concentration, resulting in the
generation of different aggregate species (number 5 in Figure

1b). In the heating-agitation method, agitation of the sample
like this could have a strong possibility of converting the
sample into mature fibrils. However, as shown in this work,
the agitation-heating method has the advantage of being
able to reveal the conversion from the agitation-induced
protofibrils into the mature fibrils as a sigmoidal transition
reflected in the heat capacity of solution.

Heat Capacity Change Associated with Mature Fibril
Formation.Another important observation is that the heating
rate-dependent kinetic thermal response was observed after
the sigmoidal transition ofCp,app. It is noteworthy that the
starting Cp,app in the DSC thermograms shifted to more
negative values following the agitation, particularly for the
salt-induced protofibrils (Figure 1d-f), approximately-0.004
J/K at 20°C, and were almost constant against the heating
rates (Figure 2). This indicates that the heat capacity of a
protein solution is highly susceptible to the extent of
aggregation in terms of the protein-protein and protein-
water interactions or the sedimentation of larger aggregates.
Hence, the significance of theCp,app value itself remains
unclear. Nevertheless, it is important to note that the kinetic
thermal response after the sigmoidal transition ofCp,app

showed no notable heating rate dependence at lower tem-
peratures (approximately-0.004 J/K at 20°C, Figure 2).

The electron micrographs (Figure 4c-e) revealed that the
sigmoidal transition ofCp,app corresponds to the conversion
of the protofibrils into the well-organized amyloid fibrils,
which is also supported by the additional evidence of the
enhanced ThT fluorescence (Figure 3d). Thus, it follows that
mature fibrils formed after the transition caused a kinetic
thermal response. Here, the amount of mature fibril formed
by the first DSC scan might not be so great given the shape
of the CD spectrum with a minimum peak at∼230 nm
(Figure 3a). However, this unusual CD spectrum could arise
from the presence of aggregated mature fibrils (Figure 4c,
2). In fact, repeated heating caused the increase in the
intensity of the minimum peak in the CD spectrum, sug-
gesting the dispersion of aggregated fibrils and the growth
of fibrils (Figure 3a). Therefore, in conjunction with the
significantly enhanced ThT fluorescence after the heat-
induced transition (Figure 3d, columns 4-6), we consider
the amount ofâ-sheet generated after the transition to be
much greater than the estimation from the unusual CD
spectrum (Figure 3a).

In the case of the heating of acid-unfoldedâ2-m in the
presence of amyloid seeds, the conversion of 12% of the
â2-m monomers into mature amyloid fibrils revealed a
similar sigmoidal transition ofCp,app, followed by a similar
kinetic thermal response (26). From these experimental
results, it is presumed that a kinetic thermal response is
observed when the crossâ-sheet content characteristic of
well-organized amyloid fibrils reaches a critical level. In fact,
the largely negativeCp,app traces overlapped after the transi-
tion in the repeated heating runs, despite the probable growth
in â-sheet content (Figures 1e and 3a). Furthermore, for the
amyloid fibrils converted from agitation-treated protofibrils
and the mature fibrils formed by the extension reaction, very
similar kinetic thermal responses were found (Figure 2g,h).

Unique DSC Profile and Mature Fibril Structure.In this
study, the experiments were mainly conducted in the presence
of NaCl at 0.5 M to produce the protofibrils and their
aggregates by agitation. Under this condition, theCp,apptraces
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of the mature fibrils converted from the aggregated protofibrils
did not show a melting transition even at 100°C (i.e., the
increase inCp,app). Our data in the previous paper (25) showed
that addition of NaCl from 0.1 to 1.0 M into a mature fibril
solution ofâ2-m has a significant effect on the stabilization
of fibril structure; the melting point of these fibrils increased
upon heating from 75 to>120 °C, in which the unique
kinetic thermal response was observed over the wide range
of NaCl concentration (∼1.5 M) (see Figure 4 of ref25).
However, an increase in the melting point like this is not
generally expected for the nativeâ2-m at neutral pH with
the addition of NaCl (0-1.0 M); the melting point increased
from approximately 63 to 68°C (unpublished data). These
results imply that the mechanism of stabilization of mature
fibrils and native structure ofâ2-m by salt is considerably
different. The difference in residues exposed on the surface,
the arrangement of these residues, and the supra-architecture
of mature fibrils seem to significantly influence the stabiliza-
tion of fibrils by salt.

In view of the importance of heating, it would be worth
addressing the structural properties of the fibrils converted
by the heating at different rates (Figure 2a-f). The electron
microscopy and ThT assay revealed that the morphology and
the binding ability to ThT were much alike for the fibrils
converted at different rates (Figures 3d and 4c-e). These
results indicate that the same type of amyloid fibrils is formed
uniformly after the transition accompanied by a sigmoidal
decrease inCp,appat the different rates of heating. Then, which
structural properties are responsible for the sigmoidal transi-
tion leading to the remarkably decreasedCp,app value and
for the kinetic thermal response after the transition? Although
the exact mechanism underlying these thermal responses
remains unclear, theCp,appdata in this study strongly suggest
that a structural change to the protein molecule occurs and
the property of protein-water interaction varies at the
temperature at which the sigmoidal exothermic transition
occurs. The properties of the solvent water are integral to
the hydration of hydrophobic and polar groups and the
formation of hydrogen bonds with the side chains and
backbone polar groups (32-35). Although they play a major
role in specifying the basic architecture of both the native
fold and amyloid fibrils, the contribution of each factor may
differ greatly between the two, resulting in distinct calori-
metric properties. As suggested in the previous papers (25,
26), the exothermic effects unique to amyloid fibrils might
be attributed to a heating-dependent organization of the
amyloid-water network that includes changes in the solvent-
accessible surface area of fibrils or in the motion of solvent
water molecules trapped in the fibrillar suprastructures (35).

Besides the well-organized amyloid fibrils, the formation
of flexible and curved fibrils via another assembly route has
been reported for other proteins and peptides (36-39), and
such complex kinetic behavior of amyloid assembly was
recently discussed by Bader et al. (39). The presence of
various fibrillar and amorphous aggregates is also true with
â2-m. However, the kinetic thermal responses observed for
the mature fibrils ofâ2-m have not been observed for other
states, i.e., the native form, amorphous aggregates, or salt-
induced protofibrils without agitation. Thus, regardless of
the underlying molecular mechanism, the characteristic DSC
profile will be an important and useful probe for detecting
the formation of amyloid fibrils.
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