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Abstract The aggregation of proteins into amyloid
fibrils is a topic that has attracted great interest because
the process is associated with the pathology of numer-
ous human diseases. Despite considerable progress in
the elucidation of the structure of amyloid fibrils and
the kinetic mechanism of their formation, knowledge on
the thermodynamic aspects underlying the formation and
stability of amyloid fibrils is limited. In this review, we
summarize recent calorimetric studies of amyloid fibril
formation, with the goal of obtaining a better under-
standing of the causal factors that thermally induce
proteins to aggregate into amyloid fibrils. Calorimetric
data show that differential scanning calorimetry is a
useful technique to study the causative factors that ther-
mally trigger the conversion to the amyloid structure
and highlight the physics related to the thermal fluctu-
ation of proteins during this conversion.
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Introduction

Amyloid fibrils are highly ordered protein aggregates asso-
ciated with several neurodegenerative and non-neuropathic
diseases (Sipe and Cohen 2000; Caughey and Lansbury
2003; Selkoe 2003; Stefani 2004; Chiti and Dobson 2006;
Eisenberg and Jucker 2012). The precursor proteins and
peptides implicated in these diseases, regardless of the large
variation in the amino acid sequences or the native struc-
tures, aggregate into amyloid fibrils that contain extensive
[3-sheet structures, where the [3-strands are oriented perpen-
dicular to the axis of the fibrils (Sunde and Blake 1997; Jahn
et al. 2010; Tycko 2011). Some precursors are mostly un-
structured proteins and peptides, such as amyloid (3-peptide
(A), amylin, and o-synuclein, while other precursors are
globular proteins, such as (3,-microglobulin (3,-m), lyso-
zyme, transthyretin, and immunoglobulin. In vitro experi-
ments have provided evidence supporting the capability of a
large variety of proteins and peptides, including those unre-
lated to any disease, to self-assemble into amyloid fibrils or
amyloid-like structures when incubated under appropriate
solution conditions. This has led to the suggestion that the
ability to form amyloid fibrils is a fundamental property of
polypeptide chains (Glenner et al. 1974; Kirschner et al.
1987; Maggio and Mantyh 1996; Fandrich and Dobson
2002; Makin and Serpell 2005; Chiti and Dobson 2006;
Goldschmidt et al. 2010).

Research over the past few years has deepened our un-
derstanding of the morphological and structural features of
amyloid fibrils (Féndrich and Dobson 2002; Saiki et al.
2005; Nelson and Eisenberg 2006; Kodali and Wetzel
2007; Goto et al. 2008; Jahn and Radford 2008). The native
conformation of globular proteins is a compact structure that
was achieved through an evolutionary process in which the
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packing and concomitant burial of non-polar side chains and
polar backbone groups have been optimized for in vivo
functioning (Arai and Kuwajima 2000; Lindorff-Larsen et
al. 2005; Dill et al. 2008; Baldwin 2008; Fersht 2008;
Cabrita et al. 2010). In contrast, it has been proposed that
the amyloid structure of the same polypeptide chains are
dominated by the hydrogen-bonded cross {3-sheet architec-
ture of the peptide backbones, in which the amino acid side
chains are packed differently from those in the native
folds (Kardos et al. 2004; Wetzel 2006; Fandrich et al.
2009; Lee et al. 2009; Morel et al. 2010). How the
generic cross [3-sheet structure is formed and sustained
by the differing side chains within the fibrillar structure
remains poorly understood.

A nucleation-dependent model has been proposed to
explain the general mechanism of amyloid fibril formation
in vitro (Harper and Lansbury 1997; Wetzel 2006). The
model consists of two processes: nucleation and polymeri-
zation. In the nucleation process, several monomeric pre-
cursor molecules slowly associate to form a nucleus, which
represents the rate-determining step in the formation of
amyloid fibrils. Once the nucleus is formed, subsequent
polymerization proceeds rapidly through the sequential in-
corporation of precursor molecules into the nucleated fibrils.
Many experiments have demonstrated that fibrillation from
various proteins involves a lag period that corresponds to
the nucleation process before the formation of mature, well-
defined amyloid fibrils (Lomakin et al. 1996; Naiki et al.
1997; Yagi et al. 2005; Hamley 2007; Sasahara et al. 2008;
Xue et al. 2008).

In contrast to fibril formation which shows a typical lag
phase or nucleation, the assembly of spherical oligomers
and other prefibrillar forms has been reported to occur in
several proteins without a definite lag phase, leading to the
formation of spherical particles or shorter and thinner fibrils
than mature amyloid fibrils (Modler et al. 2003; Hurshman
et al. 2004; Gosal et al. 2005; Carrotta et al. 2005; Bader et
al. 2006; Roychaudhuri et al. 2009; Bhak et al. 2009). The
molecular mechanisms underlying the lag phase- and non-
lag phase-dependent kinetic routes and morphological fea-
tures of protein aggregation are not fully understood
(Uversky 2010; Eichner and Radford 2011a).

Differential scanning calorimetry (DSC) is an experimen-
tal technique to resolve the energetics of conformational
transitions of biological macromolecules (Sturtevant 1987;
Sanchez-Ruiz 1995; Freire 1995; Spink 2008; Gill et al.
2010; Chiu and Prenner 2011). A general diagram for a
differential scanning calorimeter is shown in Fig. 1. In
recent decades many of the studies carried out on proteins
have used DSC to examine the reversible folding/unfolding
transition of globular proteins under equilibrium conditions,
focusing on the elucidation of the thermodynamic properties
of protein folding and stability (Makhatadze and Privalov
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Fig. 1 Schematic of a power-compensation differential scanning cal-
orimeter. The solution containing the solute (protein) is loaded into the
sample cell (S), and an equal volume of solvent (buffer) is loaded into
the reference cell (R). Both cells are identically heated at the same
precise controlled rate by the main heaters. As the temperature
increases, thermally induced processes occurring in the sample cell
that absorb or release heat will result in a thermal imbalance between
the sample and reference cells which is compensated for by electrically
powered feedback heaters. This electrical power signal provides a
direct measure of the heat capacity (C,) difference between the sample
solution and the solvent: C,*—C,*™ (in units of J K'). As the heat
capacity corresponding to [3,-microglobulin (32-m) amyloid fibril
(protein) solution is detected as negative values (Fig. 2a), it is termed
the apparent heat capacity (C, app). The Cp, opp-temperature traces of the
fibrils in Fig. 2b are well approximated by:

Coapp = Cpapp(T1) +a(T — T1) +b(T — T)* )

where a and b are constants, and 7' is a reference temperature. As the
heat capacity (C,, 4pp) at constant pressure is a temperature derivative of
the heat quantity from the sample solution, the heat quantity (Q;-,)
needed to induce the exothermic process is represented in the temper-
ature range from 7 to 75 by:

Q1,2 = (Cp"app(Tl) — Cp$0) (Tz — Tl) -+ 3/2 (Tz — T1)2
+b/3 (L= T)° 2)

In the calculation of Q1—,, T} and 7 are set at 20 °C (293.15 K) and 67 °C
(340. 15 K)), respectively. The Cj, ;,, values extrapolated to the zero heating
rate at 67 °C were used as C,, 9, which corresponds to that of the mono-
meric state within the heat scale used. With a non-linear least-square fitting
program, the calculated DSC curves were fitted to the observed curves so
that a and b were determined (Sasahara et al. 2005)

1995; Robertson and Murphy 1997; Privalov and Dragan
2007). In contrast, relatively few attempts have been made
to use DSC to characterize the thermodynamics of amyloid
fibril formation and stability, possibly due to the irrevers-
ibility of protein aggregation, the complex nature of the
aggregates, and the lack of a theoretical model to interpret
the DSC data. In this review, we present the application and
use of DSC for examining protein aggregation into amyloid
fibrils. The thermal behaviors of amyloid fibrils formed
from several proteins highlight the physics related to the
thermal fluctuation of protein during its conversion into
amyloid fibrils.
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Thermally induced melting of amyloid fibrils

Recent calorimetric studies on protein aggregation are sum-
marized in Table 1. It has been shown that aggregates of
several proteins, including amyloid fibrils, can be melted
and dissociated by heating at high temperatures, giving rise
to characteristic endothermic transitions in DSC experi-
ments (Azuaga et al. 2002; Rezaei et al. 2002; Baxa et al.
2004; Morel et al. 2006, 2010). Conejero-Lara and col-
leagues have reported the results of detailed DSC analyses
of amyloid fibrils formed from an N47A mutant of the o-
spectrin SH3 domain (Morel et al. 2010). Their data show
that the melting process of the fibrils occurs in a single
cooperative transition and can be approximated as a revers-
ible process. These authors provided for the thermodynamic
parameters characterizing the stability of amyloid fibrils
using a simple equilibrium model of fibrillation. Few calo-
rimetric studies in the literature have reported the thermo-
dynamic parameters of amyloid fibril formation. Using
isothermal titration calorimetry (ITC), Kardos et al. (2004)
determined that the enthalpy changes that occur during
amyloid elongation of {3,-m are considerably lower than
those of the native protein and suggested a decreased inter-
nal packing within the amyloid structure in comparison with
the native conformation. The thermodynamic data on the
stability of amyloid fibrils obtained by DSC (Morel et al.
2010) and ITC (Kardos et al. 2004) indicate the contribution
of entropy increase attained with their assembly, which
points toward hydration effects playing a major role in this
process.

Previous DSC studies have also shown that thermal-
induced aggregation of several proteins is accompanied by
the exothermic effect of heat (Dzwolak et al. 2003; Stirpe et

al. 2008; Attanasio et al. 2009; Murciano-Calles et al. 2010).
Such an effect may be explained by a nucleation model, i.e.,
the formation of a stable nucleus that incorporates additional
monomeric proteins into a growing aggregate (Dzwolak et
al. 2003), but the exact molecular basis remains elusive.
Recently, Goto and colleagues closely studied the thermal
behaviors of amyloid fibrils formed from 3,-m using DSC
(Sasahara et al. 2005, 2006, 2007a, b, 2009). Amyloid fibril
formation of 3,-m, which is the light chain of the major
histocompatibility complex class I molecules (Bjorkman et
al. 1987), has been studied extensively because of its clin-
ical importance associated with dialysis-related amyloidosis
(Chatani and Goto 2005; Radford et al. 2005; Stoppini et al.
2005; Yamamoto and Gejyo 2005; Eichner and Radford
2011b). It is now known that at pH 2.5, 3,-m is acid-
unfolded, and two types of fibrils are formed through a lag
phase- and a non-lag phase-dependent kinetics, based on a
careful choice of salt concentrations (Hong et al. 2002;
Gosal et al. 2005; Raman et al. 2005). The lag phase-
dependent reaction route produces mature amyloid fibrils
with a long (approx. micron scale) and needle-like morphol-
ogy (diameter 10-20 nm), typical of dialysis-related amy-
loidosis. In the latter route, 3,-m forms short, curved, and
thin fibrillar structures (length <600 nm, diameter 2—5 nm)
at high salt concentrations (approx. 0.5 M NacCl); these are
termed worm-like (WL) fibrils (Gosal et al. 2005) (see the
images in Fig. 4 for these fibrils). The DSC thermogram of
the WL fibrils revealed an endothermic peak at about 85 °C,
which represents the fibril melting (Sasahara et al. 2006,
2007a), whereas that of the mature amyloid fibrils revealed
that their thermal response is characterized by the effects of
exothermic heat; this phenomenon described in more detail
below.

Table 1 Recent studies of protein aggregates by differential scanning calorimetry

Peptide/protein Morphology Thermal behavior Reference

Streptokinase Aggregates® Endothermic transition Azuaga et al. 2002

Insulin Aggregates® Effect of exothermic/endothermic heat Dzwolak et al. 2003

Ure2p Fibrils Endothermic transition Baxa et al. 2004

Sheep prion Fibrils Endothermic transition or deformed DSC curve Rezaei et al. 2002
a-Spectrin Fibrils Endothermic transition Morel et al. 2006
B-Lactoglobulin Aggregates” Effect of exothermic heat or deformed DSC curve Stirpe A et al. 2008
a-Crystallin Fibrils Effect of exothermic heat or deformed DSC curve Attanasio et al. 2009
a-Spectrin Fibrils Thermodynamic analysis of the endothermic transition Morel et al. 2010

PDZ domain Aggregates/fibrils Effect of endothermic or exothermic/endothermic heat Murciano-Calles et al. 2010
B,-M WL fibrils Endothermic transition Sasahara et al. 2006, 2007a
B,-M Fibrils Effect of exothermic heat before the fibril melting. Sasahara et al. 2005

AB Fibrils Effect of exothermic heat before the fibril melting. Sasahara et al. 2005
Lysozyme Fibrils Effect of exothermic heat before the fibril melting. Sasahara et al. 2007b, 2009

AR, amyloid (-peptide; 3,-M, (,-microglobulin; WL, worm-like

#No image is given in the reference article
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DSC thermograms of amyloid fibrils formed from (3,-m
and AP

As described above, Sasahara et al. reported striking DSC
results obtained with amyloid fibrils from proteins such as
3o-m, AP} peptide, and hen egg-white lysozyme (HEWL)
(Sasahara et al. 2005, 2006, 2007a, b, 2009). These DSC
thermograms show the effects of exothermic heat prior to
fibril melting, which are highly dependent upon the heating
rate in the DSC scans. The authors investigated in detail the
effects of fibril concentration, heating rate, and additives,
such as NaCl and polyethylene glycol (PEG), on the DSC
thermograms. The resultant data highlight the physics relat-
ed to the thermal fluctuation of protein during the conver-
sion into amyloid fibrils, as shown below.

Figure 2a shows the DSC thermograms of 3,-m
amyloid fibrils at various concentrations (Sasahara et
al. 2005). The background scan with a buffer solution
is subtracted from the scan of the fibril sample and
buffer solutions, and the apparent heat capacity (Cp app)
corresponding to the whole sample solution is recorded
versus temperature (7) as a DSC thermogram expressed

as the Cp,pp—T trace. Here, it is important to note that
the Cp, .pp—1 traces are not normalized by the protein

concentration in order to show the unique fibril concen-
tration dependence on the C, ,,, value (Sasahara et al.
2005). The figure includes a DSC thermogram of native
3,-m, which shows an endothermic peak representing
the thermally induced unfolding of its native fold (line
9). A comparison of this unfolding behavior with an
endothermic peak reveals that the amyloid fibrils have
remarkable C, ,,,—7 traces, in which the C,,,, value
gradually becomes more negative as the temperature
increases (approx. 80 °C) (lines 1-8). The C, ., value
then increases abruptly at about 60-100 °C, with an
increase to 120 °C. As a result, a peak minimum is

observed at about 60-90 °C in the C, ,,,—T traces.

Fig. 2 Thermal response of (3,-m amyloid fibrils measured by differ- p>

ential scanning calorimetry (DSC) at pH 2.5. a Representative DSC
thermograms of (3,-m amyloid fibrils. The fibril concentration varies
from 0.015 to 0.28 mg/mL. Lines: 1 0.015, 2 0.025, 3 0.04, 4 0.075, 5
0.125, 6 0.17, 7 0.2, 8 0.28 mg/mL. The heating rate is 60 °C/h. For
comparison, a DSC thermogram of native (3,-m (0.125 mg/mL) at pH
7.0 is recorded (/ine 9). b DSC thermograms of the fibrils (0.1 mg/mL)
recorded at various heating rates from 10 to 68 °C. The heating rate is
varied in repeated consecutive scans from 90 to 15 °C/h: 90 (line 9) —
80 (8) — 70 (7) — 60 (6) — 50 (5) — 40 (4) — 30 (3) —» 20 (2) —
15 °C/h (I). Furthermore, heating is carried out twice at each heating
rate. ¢ Dependence of the 0,07 value on the heating rate. The heat
quantity (Q0-¢7 ) needed to induce the exothermic process in the
temperature 20—-67 °C was calculated from DSC thermograms of the
fibrils (0.1 mg/mL) in the absence and presence of polyethylene glycol
(PEG) 6000 at different concentrations: circles 0 g/L, squares 20 g/L,
triangles 40 g/L, diamonds 60 g/L, crosses 80 g/L. Adapted from
Sasahara et al. (2005, 2009)
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The reversibility of the DSC thermogram was investigat-
ed with the fibrils (0.1 mg/mL) by conducting reheating runs
(Sasahara et al. 2005). After one cycle of heating to 120 °C
and cooling down to 10 °C, the second scan shows a Cp,
app—1 trace that corresponds to that of monomeric (3,-m.
This result indicates that the amyloid fibrils are thermally
and irreversibly depolymerized at the time of the first scan.
Figure 2b shows DSC thermograms of 3,-m amyloid fibrils
recorded at various heating rates (Sasahara et al. 2005).
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Repeated runs of heating—cooling—reheating are carried out
in the temperature region before the peak minimum with the
fibrils (0.1 mg/mL) at various heating rates of 90-15 °C/h in
a row, in which heating is also repeated twice at each
heating rate. After cooling from the first scan, the second
thermogram is superimposed on the first one for all heating
rates studied, confirming the reversibility of the Cp app
traces. The results reveal a distinct heating rate dependence
of the C,,,,—7 trace: as the heating rate increases, the
change in C; o5, becomes increasingly significant.

The area representing the negative changes in C, .,
observed in Fig. 2b, i.e., the heat (0,0-¢7) needed to induce
the exothermic process, was calculated in the temperature
range 20—67 °C at various heating rates according to Eq. (2)
in Fig. 1. The resultant Q,(_¢7 values are plotted versus the
heating rate, resulting in a linear dependence of 0,047 on
the heating rate, the extrapolation of which to the heating
rate of zero reaches zero within the experimental error (solid
line in Fig. 2c).

The authors repeated the DSC experiments using the
32-m fibril solution containing PEG 6000 (molecular
weight 6,000) at several concentrations (0, 20, 40, 60
and 80 g/L) (Sasahara et al. 2009). PEG, which is a
neutral and linear polymer, was expected to inhibit the
inter-fibrillar association during heating due to its steric
constraint. The increase in PEG concentration was
found to lessen the extent of the exothermic effect.
The 0,p-¢7 values were calculated in the temperature
range 20-67 °C at various heating rates from the ther-
mograms obtained at all the PEG concentrations studied
(dotted lines in Fig. 2c). The data in Fig. 2c show that
all of the Q97 values are extrapolated to zero at the
heating rate of zero and that C, .5, values of {3,-m
amyloid fibrils and its monomeric form are indistin-
guishable at equilibrium (at zero heating rate) within
the heat scale presented. These results imply that the
effect of exothermic heat results from the heat-
dependent property of (3,-m amyloid fibrils.

Similarly, DSC thermograms of 3,-m amyloid fibrils
in the presence of PEG 400 (mean molecular weight
400), in which <30 % (vol/vol) of solvent water was
replaced by the organic solvent PEG 400, were
recorded at various heating rates (Sasahara et al.
2009). The extent of the exothermic effect decreases
according to the solution exchange. The heat (QO20-¢0)
required to induce the exothermic process was estimat-
ed in the range 20—60 °C at various heating rates. Plots
of Oy0-60 values against the heating rate reveal a
behavior very similar to that seen in Fig. 2c. The
results demonstrate that the presence of PEG lessens
the negative C, .5, change and suggest a causal link
between the exothermic effect and the inter-fibrillar
association during heating.

The authors also conducted DSC experiments with
amyloid fibrils formed from two types of peptides,
AB(1-40) and AP(25-35) (Sasahara et al. 2005). The
thermal responses of A3 amyloid fibrils were character-
ized by the effects of exothermic heat with a definite
heating rate dependence. Plots of the calculated O¢-¢7
values against the heating rate revealed the linear de-
pendence of Q0,067 on the heating rate, as was the case
of (,-m amyloid fibrils.

A model of inter-fibrillar association that is transiently
enhanced with the increase in heating rate has been pro-
posed to explain the C,, ,,,—T traces observed for 3,-m and
A amyloid fibrils (Fig. 3) (Sasahara et al. 2005, 2009). In
the model, the transient association is thermally induced by
hydrophobic interaction due to hydrophobic residues
packed regularly along the fibril structure. Hydrophobic
interactions usually play an important role in thermally
induced aggregation of protein molecules, the basic features
of which are assumed to be the spatial approach and dehy-
dration of the exposed hydrophobic regions to solvent water
(Kauzmann 1959; Tanford 1978; Baldwin 1986;
Israelachvili and Wennerstrdom 1996; Chandler 2005). In
the amyloid fibrils formed from 3,-m and Af3, the hydro-
phobic and hydrophilic residues may be patterned on the
fibril surface (Broome and Hecht 2000; Mandel-Gutfreund
and Gregoret 2002; Hecht et al. 2004; Saiki et al. 2005;
Féndrich et al. 2009; Bowerman and Nilsson 2012), result-
ing in transient association upon heating. The dynamic
feature of hydration in biomolecular systems causes the
remarkably varied entropic and energetic responses of water
molecules in the vicinity of hydrophobic, polar, and charged
solutes that are frequently reflected in the entropy—enthalpy
compensation (Lumry and Rajender 1970; Liu et al. 2000).
In light of the experimental data in Fig. 2c, which show that
0»,0-67 values are extrapolated to zero at the heating rate of

~N

120°C

Cp,app ‘

Fig. 3 A model representing the transient inter-fibrillar association dur-
ing heating. The association, which is reversibly heating rate-dependent,
results in a decrease in the surface area of the fibrils accessible to the
solvent water and, concomitantly, the decrease in Cj, 5,,. Amyloid fibrils
thermally depolymerize upon heating up to 120 °C
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zero, the authors suggest that there is a high likelihood that
the structure of amyloid fibrils fluctuates through gain and
loss in the entropy of water molecules adjacent to the
hydrophobic surface that is caused by thermal energy
(Sasahara et al. 2009).

Effects of exothermic heat are not necessarily common
in fibrillar structures

DSC studies on amyloid fibrils of 3,-m and A have
revealed that their thermal response is characterized by the
effects of exothermic heat (Fig. 2). In remarkable contrast,
the WL fibrils of (3,-m show no effect of exothermic heat
prior to the endothermic peak that represents the melting of
the fibrils. Similar effects of heat have been observed in
DSC measurements in other studies (Azuaga et al. 2002;
Razaei et al. 2002; Baxa et al. 2004; Morel et al. 2006,
2010). These contrasting results may be ascribed to the
structural diversity of amyloid fibrils formed from a protein
(Kreplak and Aebi 2006; Pedersen et al. 2010) and the
solution conditions used. Regarding {3,-m, which forms
the two types of fibrils under acidic solution conditions
(i.e., amyloid fibrils and WL fibrils), it is presumed that
fibrillar organization by a different reaction route (i.e., lag
phase-dependent and non-lag phase-dependent kinetics, re-
spectively) is a key factor in the molecular mechanism
leading to the exothermic effects observed in the DSC
measurements. More comprehensive data by DSC and other
experimental techniques will be essential to substantiate the
concept of thermal fluctuation of the amyloid fibrils formed
from (,-m and Af3.

Thermally induced conversion of WL fibrils
into amyloid fibrils

Under acidic solution conditions (pH 2.5) including high
salt concentrations (approx. 0.5 M NaCl), [3,-m forms spon-
taneously WL fibrils without the definite nucleation step
characterized by a lag period (Fig. 4a-1) (Hong et al.
2002; Raman et al. 2005; Gosal et al. 2005). The C, app
trace of the WL fibrils shows an endothermic peak at about
85 °C, which represents fibril depolymerization (line 4 in
Fig. 4c). Sasahara et al. (2007a) introduced the combined
agitation—heating method to thermally convert the WL
fibrils to amyloid fibrils; the aggregates of WL fibrils were
produced intentionally by agitation under controlled condi-
tions (Fig. 4a-2), followed by DSC measurements (Fig. 4b).
Heating runs of the agitation-treated WL fibrils show an
abrupt decrease in C, ,p, (lines 1~3 in Fig. 4c), followed
by the heating rate dependence of the C trace at various

p.app
heating rates, as shown in the case of 3,-m amyloid fibrils.

@ Springer

Electron microscopy studies reveal that the agitation-treated
WL fibrils are converted to mature amyloid fibrils during
the first heating run, showing a large decrease in Cj app
(Fig. 4a-3). These results indicate that two fibrillar struc-
tures, the WL and amyloid fibrils of (3,-m, can be linked by
a certain mechanism and that the change in the heat capacity
of the fibril solution is an important clue for elucidating the
link. Heating alone is not sufficient to produce amyloid
fibrils from the WL fibrils, but in combination with agita-
tion, heating does effectively trigger the conversion to am-
yloid fibrils (Sasahara et al. 2007a).

Thermally induced aggregation of proteins

Protein aggregation is often triggered by destabilization and
partial unfolding of the native structure caused by low pH,
high temperature, enzymatic cleavage, the addition of dena-
turants, or other processes (Uversky and Fink 2004; Ellis
and Minton 2006). The application of heat is a well-
established method that allows protein aggregation to occur
on a biochemically feasible time scale. In fact, the thermally
induced unfolding of many proteins has been shown to be
occasionally followed by an irreversible process that indu-
ces aggregation (Sanchez-Ruiz et al. 1988; Azuaga et al.
2002; Rezaei et al. 2002; Weijers et al. 2003; Michnik et al.
2005). Generally, such aggregation has been modeled as
shown in Scheme 1, where N, U, and A are native, unfolded,
and irreversible unfolded protein forms, respectively
(Lumry and Eyring 1954; Sanchez-Ruiz et al. 1988;
Azuaga et al. 2002; Rezaei et al. 2002; Weijers et al. 2003;
Michnik et al. 2005). The model consists of the reversible
folding/unfolding transition (N = U) of the protein and the
subsequent aggregation of non-native species that has been
traditionally considered an essentially irreversible process.
Only A (i.e., aggregation-competent species) may form
insoluble aggregates A, composed of m protein monomers.

N = U—>A Ani+A— A, (Schemel)

However, the conformational and energetic aspects of
thermally induced aggregation into amyloid fibrils have
not been fully characterized due to the intricate kinetics
during the heating process. In particular, little is known
about the nature of structural fluctuation of proteins by
heating, which triggers the conversion to the amyloid struc-
ture (Scheme 2).

A, = Amyloid fibrils (Scheme2)

The combined agitation—heating method, which enables
the conversion of WL fibrils to amyloid fibrils, was applied
to produce amyloid fibrils from (3,-m and HEWL in the
native states (Sasahara et al. 2007b, 2009) (see below).
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Fig. 4 Thermal response of the
agitation-treated worm-like
(WL) fibrils of 3,-m at pH 2.5.
The WL fibrils (0.35 mg/mL)
are agitated by the attached
cylinder in the cell of an
isothermal titration calorimeter
and subsequently heated in the
DSC cell (Sasahara et al.
2007a). a Electron microscopic
observation: a-1 WL fibrils,
a-2 agitation-treated WL fibrils,
a-3 amyloid fibrils converted
from the aggregates in a-2
during heating in the DSC cell.
Scale bars 200 nm. b Schema-
tic representation of agitation
and heating of the WL fibrils.
¢ DSC thermograms of the WL
fibrils before (/ine 4) and after
(lines 1-3) the agitation
treatment. Heating rate is ( C)

60 °C/h. The numbers /-3 0

(b_)f
A
N
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Thermally induced conversion of (3,-m and HEWL
to amyloid fibrils under physiological pH conditions

In the DSC study of Sasahara et al. (2007b), after the
solutions of 3,-m containing NaCl at various concentrations
were agitated under neutral pH conditions where the protein
was in the native state, DSC measurements of these
agitation-treated aggregates were conducted at repeated
scans (Fig. 5a—c). At lower concentrations of NaCl (0-
0.4 M), the DSC thermograms show an endothermic peak
centered at 63 °C in the first run, corresponding to the
unfolding of the native structure (line 1 in Fig. 5a, b).
After cooling from the first run, the subsequent thermo-
grams show relatively similar C,, ., traces compared to the
first one, in which the endothermic peaks become less
notable, probably due to the irreversible aggregation of the
protein molecules (lines 2—6). However, the samples at high
concentrations of NaCl (0.6—1.4 M) reveal a marked nega-
tive change in the Cj, 4y, trace in the first run. The repeated
scans clearly provide the superimposable C,, ., traces that
show the effect of exothermic heat over the temperature
range scanned, indicative of the generation of a different

40 60 80
Temperature (°C)

100

type of aggregate after the abrupt decrease in C,, 4p, during
the first run. In contrast, the C,.,,—1 trace of the same
sample without agitation at 0.6—1.4 M NaCl shows an
endothermic peak typical of the unfolding transition of a
small globular protein (line 7 in Fig. 5c). These results
indicate that the aggregation of 3,-m by agitation needs to
increase by a certain amount under high ionic strength
conditions in order to reveal a specific effect of exothermic
heat during heating. In a more recent study, Sasahara et al.
(2008) have examined the potential of agitation-treated
aggregates of [3,-m to produce a fibril nucleus in detail.
The changes in the morphology of the protein subjected
to the agitation and heating treatments were observed by
electron microscopy (Fig. 5d). The aggregates of 3,-m that
formed by agitation at 1.0 M NaCl show an amorphous-like
morphology without ordered structures (Fig. 5d-1).
However, the presence of amyloid fibrils in the aggregates
subjected to a large decrease in Cy, 4, in the first run were
revealed (Fig. 5d-2). Consequently, DSC data and electron
microscopy images demonstrate the thermally induced con-
version of the agitation-treated [3,-m to amyloid fibrils,

which is accompanied by the negative change in C, 4pp
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Fig. 5 Thermally induced fibrillation of agitation-treated [3,-m
(0.35 mg/mL) at physiological pH. a—¢ DSC thermograms of the
agitation-treated f3,-m at different concentrations of NaCl: a 0 M, b
0.4 M, ¢ 1.0 M. Heating—cooling-reheating cycles are performed
consecutively. The numbers /-6 correspond to the number of DSC
scans. For comparison, a DSC thermogram of the same sample before
agitation is presented (/ine 7 in ¢). The heating rate is 60 °C/h. d

(i.e., an exothermic effect). The heating rate dependence of
the Cp, app trace after the conversion to amyloid fibrils was
investigated; after the first run at 60 °C/h, repeated heating
was carried out nine times consecutively at different rates of
90-20 °C/h. The results show that the heating rate depen-
dence of C, ,,, traces becomes marked as the concen-
tration of NaCl is increased. The representative data
obtained at 1.0 NaCl is presented in Fig. 5e, which
shows a similar thermal response to that observed for
3o,-m amyloid fibrils (Fig. 2b).

The same agitation—heating method as performed with
[3,-m was applied to HEWL (Sasahara et al. 2007b, 2009).
Several agitation-treated aggregates were produced with the
solutions of HEWL containing 1.0 M NaCl at a pH range 2—
6. Heating runs at 60 °C/h for these aggregates show an
abrupt decrease in C,, 4pp, in the first scan under all solution
conditions studied. After the first run at 60 °C/h, the heating
rate dependence of the Cj, 4y, trace were observed by con-
ducting repeated heating runs at various heating rates,
as shown in the case of (3,-m. The conversion from the
aggregated states to amyloid fibrils after the abrupt
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Temperature (°C)

Electron microscopic images of agitation-treated (3,-m (sample in c)
before (d-1) and after (d-2) heating from 10 to 100 °C by DSC. Scale
bars 200 nm. e Heating rate-dependent thermograms of agitation-
treated (3,-m at 1.0 M NaCl. The heating rate is varied in repeated,
consecutive runs from 10 to 100 °C: 60 (line 1) — 90 (2) — 80 (3) —
70 (4) — 60 (5) — 50 (6) — 40 (7) — 30 (8) — 20 °C/h (9). Adapted
from Sasahara et al. (2007b)

decrease in Cp,pp, in the first run was confirmed by
electron microscopy.

Thermally induced fluctuation of amyloid fibrils

As described above, it is presumed that the effects of exo-
thermic heat observed for amyloid fibrils formed from (3,-m
and Af3 result from the specific arrangement of the hydro-
phobic and hydrophilic residues along the fibrillar struc-
tures, which induce transient inter-fibrillar association
during heating (Fig. 3). The increase in temperature triggers
amyloid fibril formation for agitation-treated 3,-m (includ-
ing WL fibrils) and HEWL, as seen in Fig. 5, and these
thermally induced fibrillations are accompanied by the
effects of exothermic heat, which are very similar to the
thermal response observed for 3,-m amyloid fibrils (Fig. 2).
Based on these data, it is postulated that the fibrillar struc-
tures produced during the heating are stabilized by gain and
loss in the entropy of water molecules around the formed
hydrophobic/hydrophilic surfaces, resulting in a transient
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inter-fibrillar association by thermal energy. In other words,
conformational trapping in the intermolecular interactions of
proteins as they convert to an amyloid structure during
heating may be an aggregation mediated by solvent water.
This might produce a unique hydration pattern around the
exposed hydrophobic—hydrophilic residues along the fibril-
lar surface, giving rise to a specific fluctuation of the aggre-
gates by thermal energy. This stabilization mechanism is in
contrast to that of globular proteins with hydrophobic side
chains located in the interior of the native conformation.

Concluding remarks

Some amyloid fibrils (e.g., fibrils of N47A Spc-SH3 domain
and WL-fibrils of (3,-m) have shown single cooperative
transitions corresponding to the fibril melting in DSC
experiments. On the other hand, the DSC data for amyloid
fibrils formed from (3,-m, HEWL, and Af3 reveal the effects
of exothermic heat which are highly heating rate-dependent.
These DSC data suggest that such effects of heat are attrib-
uted to the transient inter-fibrillar association during heat-
ing, which is induced by the specific arrangement of the
hydrophobic/hydrophilic residues of amyloid fibrils. The
data also highlight the physics related to the effects of
exothermic heat in terms of interactions between the specific
structure of amyloid fibrils and water molecules, pointing
toward the fluctuation of the amyloid structure by thermal
energy, which may play a major role in amyloid fibril
formation.
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