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Chapter 1. General introduction 
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1.1 Protein misfolding and aggregation 

Proteins are macromolecules of polypeptide chains made of 20 kinds of amino 

acids, which fold into their specific structures, so-called native structure. Proteins that 

folded into the native structure play crucial roles in our life. It has been considered that 

their native structures adopt the thermodynamically most stable state determined by 

amino acid sequence. By this way of consideration, even if proteins unfold to random 

structure, they are able to re-fold into the native structure. C. B. Anfinsen considered that 

a very fine balance exists between the native and random structures1. However, proteins 

sometimes form aggregates which are distinct from the native structure (Fig. 1)2. These 

aggregates are considered to be a misfolded state caused by various factors such as 

alternations in environments or mutations. Although quality-control mechanisms with 

chaperones exist, aggregation of proteins is often observed both in and out of cells, 

causing cell and tissue dysfunctions3-5. Here, the aggregates of denatured proteins can be 

largely classified into two types; amyloid fibrils and amorphous aggregates6. 

 

Figure 1. Energy landscape scheme of protein folding and aggregation.  

Proteins form not only native structure but also some aggregates from unfolded state. This 

figure is reproduced from Hartl, F. U. et al. 2009 with permission2.  
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1.2 Amyloid fibrils and amorphous aggregates 

As described above, it has been recognized that there are two types of protein 

aggregates. Amyloid fibrils have highly ordered cross- structure stabilized by hydrogen 

bond network and are able to be observed as fibrillar aggregates with a width of 

approximately 10 nm and length of several micrometers using electron microscopy (EM). 

The repeating  sheet was characterized by X-ray fiber diffraction patterns, which show 

a meridional reflection at ~4.7 Å and an equatorial reflection at ~6-11 Å (Fig. 2)7-10. 

 

 

Figure 2. Underlying structure of Amyloids 

(A) Amyloid fibrils are composed of long filaments that are visible in negatively stained 

transmission electron micrographs. (B) The schematic diagram of cross-β sheets in a fibril, 

with the backbone hydrogen bonds represented by dashed lines, indicates the repetitive 

spacings that give rise to (C) the typical fiber diffraction pattern with a meridional 

reflection at ~4.7 Å (black dashed box) and an equatorial reflection at ~6-11 Å (white 

dashed box). This figure is reproduced from Greenwald, J. et al. 2010 with permission10. 
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There are many amyloid-forming proteins associated with more than 30 types of 

diseases, so-called amyloidosis including amyloid- (A)11,12 peptide with Alzheimer’s 

disease, amylin13,14 with diabetes type 2, and 2-microglobulin (2m) with dialysis-

related amyloidosis (Table 1)6,7,15. However, many proteins not related to diseases has 

been found to form, under some conditions in vitro, amyloid fibrils7,16. This finding 

indicated that amyloid fibrillation is the generic ability of polypeptide chains and it has 

been further considered that most proteins have a potential to cause amyloidosis by 

amyloid deposition. Furthermore, amyloid fibrils are not only causative factors of 

diseases but also attract interests of researchers from the viewpoint of nanomaterials17. 

This is because functional amyloids present in insects, fungi and bacteria are important 

for maintaining the homeostasis of those organisms18. If controlling amyloid fibrillation 

could be accomplished, it may provide a novel therapeutic strategy for various diseases 

associated with amyloid fibrils. 

Formation of amyloid fibrils can be divided into two main steps, nucleation and 

elongation phases (Fig. 3A)19-21. In the most cases, nucleation phase takes a considerably 

long time because of the high free-energy barrier existing between monomer protein and 

nucleus. Therefore, the duration of the nucleation phase is called the lag time when the 

formation of fibrils does not happen apparently. Once amyloid nuclei form, amyloid 

fibrillation occurs drastically. This phase is called elongation phase as the conversion rate 

of proteins into amyloid fibrils is the highest. In order to monitor the kinetics of amyloid 

fibrillation, there are several methods including light scattering, circular dichroism (CD) 

spectroscopy, infrared (IR) spectroscopy, fluorescence spectroscopy and so on. Among 

them, the fluorescence measurement with an amyloid specific fluorescence dye, 

thioflavin T (ThT)22, is the most widely used to assay amyloid fibrillation because it 



5 

 

provides a useful and convenient way to detect fibrillation in real-time. The birefringence 

of Congo Red-stained amyloid, appearing apple-green under polarized light, has been 

also used to detect fibrils with microscopy23. 

 

Table 1.  Some human diseases associated with amyloid aggregation 

This table is produced from Knowles, T. P. J. et al. 201415. 
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On the other hand, amorphous aggregates have no ordered structure in contrast 

to amyloid fibrils. We often observe the precipitation of recombinant proteins as inclusion 

body during their expression. Similar to amyloid fibrils, this type of aggregate is also 

associated with various diseases represented by cataract24,25. However, there is no many 

researches focused on amorphous aggregates because amyloid fibrils are more attractive 

for researchers. Therefore, it is necessary to understand the amorphous aggregation 

phenomena for developing therapeutic strategies of several diseases and for advancing 

protein science.  

In general, it is considered that the process of amorphous aggregation is faster 

than that of amyloid fibrillation, because nucleation is not required (Fig. 3B)26. Indeed, 

we can often observe rapid kinetics of amorphous aggregation depending on various 

conditions in vitro (e.g. salt, temperature, pH). This is because protein losses its native 

structure under denaturing conditions. Then, this conformational alteration lead to the 

exposure of hydrophobic groups of proteins that are buried in the nature structures27. 

These exposed hydrophobic groups may induce new intermolecular interactions resulting 

in amorphous aggregation28.  

 

Figure 3. Difference of aggregation kinetics between (A) amyloid fibrils and (B) 

amorphous aggregates. Distinct morphologies are also shown by TEM observation. Scale 

bars on TEM images indicate 500 nm. 
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As mentioned above, it is obvious that there are two types of protein aggregates. 

However, the relationship between amyloid fibrils and amorphous aggregates focused on 

the formation pathways has not been understood in detail. The reason of this is the 

complexity of aggregation pathways. So far, studies examined either amyloid fibrils or 

amorphous aggregates. In this study, I focused on both of these aggregates simultaneously 

to obtain the comprehensive understanding of protein aggregation. 

1.3 2-microglobulin (2m) 

 2-microglobulin (2m) is the light chain of the major histocompatibility 

complex class Ⅰ (MHC Ⅰ) and is expressed on almost all human nucleated cell surfaces 

and is normally present in most biological fluids including serum. It contains 99 amino 

acids with a molecular weight of 11,600. Their sequence has a high homology with the 

whole family of immunoglobulin molecules and 2m forms a typical immunoglobulin 

domain fold, where two -sheets are linked by a disulfide bond (Cys25-Cys80) and 

hydrophobic residues between them (Fig. 4)29-31.  

 It is known that dialysis-related amyloidosis (DRA) is caused by accumulation 

of amyloid fibrils of 2m in the synovial membrane of carpal tunnel by long-term various 

dialysis including hemodialysis, hemofiltration and peritoneal dialysis32,33. Although the 

serum concentration levels of 2m is maintained very low by being catabolized in renal 

tubules in healthy persons, accumulation of the proteins occur with the progress of renal 

failure. Therefore, in patients undergoing hemodialysis, the serum concentration of 2m 

is significantly higher than those in healthy persons34. Thus, it is believed that this 

condition leads to amyloid fibrillation because protein aggregation is greatly affected by 

their concentration.  
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Figure 4. Structure of monomeric 2m. (A) Cartoon representation of human MHC Ⅰ 

(PDB code 3MYJ) and (B) monomeric native wild-type 2m (PDB code 2XKS). This 

figure is reproduced from Eichner, T. & Radford, S. E. 2011 with permission35. 

 In in vitro, amyloid fibrillation of 2m is greatly dependent on the pH of solvent. 

Although 2m forms no amyloid fibrils under physiological conditions, it readily forms 

amyloid fibrils at low pH around 2.0-3.036,37. At pH 2.5, 2m loses the secondary and 

tertiary structures observed at pH 7.538. Therefore, it is expected that unfolding or 

denaturation of native proteins is required to its assembly into amyloid fibrils39. Although 

2m easily forms the amyloid fibrils under low pH conditions with various agitation (e.g. 

shaking40, stirring41, ultrasonication42-44, laser irradiation45 and so on), it is difficult to 

form amyloid fibrils without agitation even under low pH. Furthermore, salt 

concentration also plays one of important roles in amyloid fibrillation. Raman et al. 

demonstrated that cosolute anion interaction could modulate amyloid fibrillation by 

investigating the effects of various salts46. However, high concentrations of salts induced 

the amorphous aggregates. As described above, it was difficult to form amyloid fibrils 

under neutral pH. However, it has been found that 2m forms amyloid fibrils in the 

presence of SDS47,48 or TFE49,50 under neutral pH. 
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 Taken together, 2m will be greatly useful for investigating the relationship 

between amyloid fibrils and amorphous aggregates, because both types of aggregates can 

form depending on conditions. Therefore, in this study, I used 2m as a model protein of 

amyloid fibrillation and amorphous aggregation, and aim to construct the general 

mechanism of protein aggregation. 

1.4 Outline of this dissertation 

 Although there are a large number of studies that invesitgate the protein 

aggregation, the principles of aggregation are not clear. Various models and mechanisms 

of protein aggregation have also been reported. In this study, I focuced on the two types 

of aggregates, i.e., amyloid fibrils and amorphous aggreagtes, to elucidate the mechanism 

of protein aggregation. In oreder to achieve this aim, I performed a series of expereiments 

addressing the effects of various factors on protein aggregation.  

 In the chaper 2, I demonstrated the competitive protein aggregation by studying 

the salt-concentration dependence and ultrasonic-intensity depnednce. From these results, 

I could reveal that amyloid fibril formation and amorphous aggregation are 

supersaturation-limited and unlimited, respectively. These properties play the key role 

under the conditions where two types of aggregates form competitively. 

 In the chapter 3, the effects of temperature on protein aggregation were 

investigated to demonstrate the generality of competitive mechanism that described in 

chapter 2. In general, it has been considerd that proteins form the aggregates at the high 

temperature. However, in this study, I observed the dissolution of protein aggregates and 

the unfolded state appeared at high temperature. Furthermore, this heat-induced 

dissolution of protein aggregates could be explained by adopting the competitive protein 

aggregation mchanism. 
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 Both in the chapters 2 and 3, I tried to address the mechanism of protein 

aggregation on the basis of conformational phase diagram. Consequently, I could obtain 

the phase diagram dependent on respective effects (salt-concentration, ultrasonic-

intensity and temperature). Taken together, I propose that competitive formations of 

amyloid fibrils and amorphous aggregates under various conditions can be understood 

comprehensively. 

  

  



 

 

 

 

 

 

 

Chapter 2. Supersaturation-limited and unlimited phase 

transitions compete to produce the pathway complexity in 

amyloid fibrillation 
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2.1 Introduction 

The aggregates of denatured proteins were classified into two types; amyloid 

fibrils and amorphous aggregates. Amyloid fibrils are fibrillar aggregates with a width of 

approximately 10 nm and length of several micrometers7,8,51,52. The dominant secondary 

structure is a cross- structure stabilized by an ordered hydrogen bond network. Although 

they were found to be associated with more than 30 types of amyloidosis including 

dialysis-related amyloidosis caused by 2m, various proteins not associated with diseases 

have also been shown to form amyloid fibrils, indicating that amyloid fibrillation is a 

generic property of denatured proteins7. Previous studies proposed that amyloid fibrils 

formed in the supersaturated solutions of precursor proteins through a nucleation and 

growth mechanism that was characterized by a lag phase or via seed-dependent growth 

without a lag phase19,21,53. We revisited "supersaturation" and argued its critical 

involvement in amyloid fibrillation43,54-57. It is noted that the role of supersaturation in the 

kinetics and thermodynamics of fiber formation of hemoglobin S, which is associated 

with sickle cell anemia, has been studied extensively58,59. The role of supersaturation at 

the proteome level in neurodegenerative diseases has recently been reported60. 

On the other hand, the term amorphous aggregate has been collectively used for 

other types of aggregates61, which have not been targets of intensive research. We 

previously suggested that amyloid fibrils and amorphous aggregates were similar to the 

crystals and glasses of substances, respectively43, and that they are represented by the 

same phase diagram as often used for crystallization of substances (Fig. 1A). Nevertheless, 

the relationship between amyloid fibrils, amorphous aggregates, and related aggregates 

such as oligomers or curvilinear fibrils has not yet been elucidated in detail61,62. One of 

the most important issues for clarifying the mechanism of protein aggregation is whether 
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amorphous aggregates including oligomers or protofibrils represent on-pathway 

intermediates leading to amyloid fibrils or off-pathway dead products (Fig. 1B).  

Various kinds of agitations such as shaking40, stirring41, or ultrasonic 

irradiation42-44,63,64 have been shown to effectively force spontaneous fibrillation under 

conditions in which no fibrillation was expected because of the persistent metastability 

of supersaturation. In the case of ultrasonication-forced fibrillation, I suggested that 

interactions with hydrophobic surfaces of cavitation bubbles condensed proteins, leading 

to the breakdown of supersaturation and then fibrillation43,64. Ultrasonication is now 

recognized as one of the important approaches for elucidating the mechanisms underlying 

amyloid fibrillation64-66.  

When we monitored the ultrasonication-dependent fibrillation of proteins 

thioflavin T (ThT), we often observed a significant decrease in ThT fluorescence after the 

burst-phase increase44,66-68. The decrease in ThT fluorescence was accelerated when the 

lag time was shorter, suggesting that this reduction was caused by the ultrasonication-

dependent transformation of preformed fibrils into distinct conformational states44,66,67. 

Combined with the salt concentration-dependent competition between fibrillation and 

amorphous aggregation, I showed that a competitive mechanism, in which various 

amyloidogenic and non-amyloidogenic aggregates competed (Fig. 1B, Model 2), 

explained comprehensively the kinetics and thermodynamics of protein aggregation. 
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Figure 1. General phase diagram for the conformational transitions of proteins. (A) Salt- 

and protein concentration-dependent conformational phase diagram of 2m under acidic 

conditions is illustrated. The regions of unfolded monomers (Region 1), amyloid fibrils 

(Region 2), and amorphous aggregates (Region 3) are shown. (B) Relative free energies 

of monomers (M), amorphous aggregates (AA) and amyloid fibrils (F) under distinct 

regions of phase diagram are compared between a consecutive model (Model 1) with on-

pathway AA and competitive model (Model 2) with off-pathway AA. Free energy barriers 

between the conformational states are also included assuming that the barriers for amyloid 

fibrils are higher than those for amorphous aggregates. This figure is reproduced from 

Adachi, M. et al. 2015 with permission69. 
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2.2 Materials and methods 

Proteins and chemicals 

 A recombinant human 2m protein with an additional methionine residue at the 

N terminus was expressed in Escherichia coli and purified as previously reported70. ThT 

was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other 

reagents were purchased from Nacalai Tesque (Kyoto, Japan). 

Amyloid fibrillation under ultrasonication 

 Lyophilized 2m was dissolved in 10 mM HCl. The concentration of 2m was 

determined spectrophotometrically using a molar extinction coefficient of 19,300 M-1 cm-

1 at 280 nm based on its amino acid composition. The sample solution of 1 mL in a 

disposable cuvette with a 1-cm light path contained 25 μM 2m, 0.1 M NaCl, 5 μM ThT, 

and 10 mM HCl. I used a water bath-type ultrasonic transmitter with a temperature 

controller (ELESTEIN, Elekon Science Co., Chiba, Japan) to induce fibrillation44,63. A 

cycle involving 1 min of ultrasonication and 9 min of quiescence was repeated. The 

temperature of the water bath was set to 37 ºC. 

 I measured temperature increases due to ultrasonication with a thermocouple 

(Compact Thermologger AM-8000K, Anritsu, Tokyo, Japan) to monitor the strength of 

ultrasonication. Among the several methods employed to determine ultrasonic power, 

calorimetry is often used to specify the ultrasonic power dissipated into a solution, in 

which the initial rate of the temperature increase is measured upon irradiation of the 

solution with ultrasonic pulses65. With the calorimetric method, ultrasonic power (Q) was 

calculated using the equation: Q = (dT/dt) Cp M, where Cp is the heat capacity of water 

(4.2 J g-1 K-1), M is the mass of water (g), and (dT/dt) is the increase in temperature per 

second. In other words, with the same sample volumes, (dT/dt) was proportional to 
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ultrasonic power. 

 Amyloid fibrillation was detected by ThT fluorescence with an excitation 

wavelength of 445 nm and emission wavelength of 485 nm using the Hitachi fluorescence 

spectrophotometer F7000 or F4500 (Tokyo, Japan). ANS fluorescence was also 

monitored with the same fluorometers with an excitation wavelength of 350 nm and 

emission wavelength of 485 nm. 

 The seeding experiments were performed by adding 5% (v/v) seeds to the 

monomeric 2m solution. Seed fibrils were prepared by ultrasonication as described 

above. Kinetics were monitored using a SH9000 microplate reader (Corona Electric. Co., 

Ibaraki, Japan). 

Amyloid fibrillation in the presence of NaCl 

 The sample solution of 2 mL in a glass cuvette with a 1-cm light path contained 

25 μM 2m, 5 μM ThT, 50 μM ANS, 10 mM HCl, and various concentrations of NaCl. 

ThT and ANS fluorescence under stirring with a stirring bar was measured with the F7000 

fluorescence spectrometer. Excitation and emission wavelengths were the same as those 

described above. 

Circular dichroism (CD), atomic force microscopy (AFM) and transmission electron 

microscopy (TEM) 

 Far-UV CD spectra were measured with a Jasco J720 spectropolarimeter (Tokyo, 

Japan) as described previously63. Measurements were performed at 25 ºC using a quartz 

cuvette with a 1 mm path length, and the results were expressed as mean residue ellipticity 

[θ]. 

 AFM images were obtained using a Digital Instruments Nanoscope ⅠⅠⅠa scanning 

microscope (Veeco Instruments Inc., Plainview, NY) as described previously66.  
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Regarding TEM measurements, 10-fold diluted samples were spotted onto a 

collodion-coated copper grid (Nisshin EM Co., Tokyo, Japan). After 1 min, the remaining 

solution was removed with filter paper and 5 μL 2% (w/w) ammonium molybdate was 

spotted. After 1 min, the remaining solution was removed in the same manner. TEM 

(Hitachi H-7650, Tokyo, Japan) images were obtained at 20 ºC with a voltage of 80 kV 

and magnification of 20,000. 

Fourier transform infrared spectroscopy (FTIR) 

 FTIR measurements were carried out on a Bruker Equinox 55 (Bruker, Germany) 

instrument equipped with an MCT detector in CaF2 cells with 100 μm teflon spacers at 1 

cm-1 resolution as described previously56. To avoid the contribution of water vapor peaks 

to the spectra, the instrument was purged with dry-air. Native and acid unfolded 

monomeric 2m solutions were prepared by dissolving the lyophilized 2m powder in 

D2O solutions containing 10 mM Na-phosphate, 0.1 M NaCl, pD 7.5 or ~10 mM DCl, 

0.1 M NaCl, respectively. 

 Amyloid fibrils were induced in a disposable cuvette with a 1-cm light path by 

stirring or with the same cycles of ultrasonication and quiescence. Then, fibrillar samples 

were concentrated by centrifugation for 30 min at 40,000 rpm with a Beckman TL-100 

ultracentrifuge using a TLA100.3 rotor. The supernatant was used as a background 

reference. 

 The spectra shown were baseline subtracted, corrected for vapor and HDO 

contamination and normalized to an area that is approximately equal to that of a 5 mg/mL 

protein solution. The second derivative of the spectra were used to determine the positions 

of the components71. The fitting was performed by fitting Gaussian functions to the 

original curve. The width of the Gaussian curves were limited to <20 cm-1. Components 
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at 1585, 1600 and 1612 cm-1 and above 1700 cm-1 are considered as side chain signals. 

The secondary structure content (%) was calculated from the area of the fitted components. 
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2.3 Results 

Ultrasonication-forced amyloid fibrillation 

 I examined the dependence of 2m fibrillation on ultrasonic power by using 

different positions of the ultrasonicator bath. Amyloid fibrillation was monitored by ThT 

fluorescence at 485 nm (Fig. 2A). I simultaneously monitored ultrasonic power by 

measuring temperature increases in the sample solution (Fig. 2B). With cycles of 1 min 

of ultrasonication and 9 min of quiescence, the marked increase observed in temperature 

during ultrasonic irradiation was followed by a slightly slower decrease in temperature, 

and a constant temperature was maintained for 5 min. I assumed that the maximal increase 

in temperature was approximately proportional to (dT/dt) and, thus, ultrasonic power. 

 Distinct kinetics were observed depending on ultrasonic power (Fig. 2A-C). 

When ultrasonic power was weak, as represented by a small increase in temperature (i.e., 

4 ºC), the amyloid burst occurred after a lag time of 4 h. With increasing ultrasonic power 

(i.e., a temperature increase of 7 ºC), the lag time was shortened to 2 h and accompanied 

by a decrease in the maximal ThT fluorescence. A gradual decrease in ThT fluorescence 

was then observed (Fig. 2A). When fibrillation was monitored under strong ultrasonic 

power (i.e., a temperature increase of 17 ºC), the lag time was further shortened to 1 h 

and accompanied by only a small increase in ThT fluorescence followed by a subsequent 

decrease. These ultrasonic power-dependent decreases in the lag time and ThT 

fluorescence (Fig. 2C) were consistent with our previous studies on 2m44,66 and findings 

on α-synuclein fibrils68 and A(1-40) fibrils67, implying that extensive ultrasonication 

transformed the preformed fibrils to amorphous aggregates. In addition, the decrease 

observed in maximal ThT fluorescence with an increase in ultrasonic power suggested 

the direct formation of amorphous aggregates as well as amyloid fibrils. However, this 
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was not the case for 2m, as will be described later. 

 Here, to check the effects of an increase in temperature on fibrillation, 

spontaneous fibrillation of 25 μM β2m in 0.1 M NaCl, 5 μM ThT, and 10 mM HCl was 

monitored in the presence or absence of stirring at several temperatures using the Hitachi 

fluorescence spectrophotometer F4500 (Fig. 2D). The stirring accelerated the fibrillation 

and higher temperature slightly increased the rate of fibrillation. However, without 

stirring, no fibrillation occurred even after 6 hr at any temperatures. The intrinsic decrease 

in ThT fluorescence upon increasing the temperature caused the decrease in the final ThT 

fluorescence. In my ultrasonication experiments, the increase in temperature occurred 

only transiently (Fig. 2B) and the stirring effects caused by ultrasonic irradiation may not 

be significant. Thus, although ultrasonication is linked with the increase in temperature 

and the increase in temperature may be one of the important factors accelerating 

fibrillation, I do not consider that the increase in temperature is a major driving force of 

amyloid fibrillation and fibrillation is dominantly accelerated by ultrasonication-

dependent cavitation. 

Morphologies and secondary structures of ultrasonication-induced products 

 I analyzed the morphologies of ultrasonication-induced products by AFM and 

TEM. Under the condition of weak ultrasonic power, typical short fibrils were produced 

after the lag time and were further fragmented by extensive ultrasonication (Fig. 2G-I). 

Although similar morphological changes were observed under the condition of stronger 

ultrasonic power, amyloid particles were finer than those under weaker ultrasonic power 

(Fig. 2J, K). The formation of amorphous aggregates was unclear; however, I sometimes 

observed clumps, suggesting amorphous aggregates. I examined the secondary structures 

by measuring far UV CD spectra (Fig. 2E, F). 2m monomers were largely disordered at 
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pH 2.0 in 10 mM HCl and 0.1 M NaCl. After the ThT burst induced by the ultrasonic 

irradiation of weak power, transformation to the spectrum of a typical -sheet structure 

was observed (Fig. 2F). Similar changes in the spectrum were observed even under the 

conditions of strong ultrasonic power, in which only a slight increase in ThT fluorescence 

was noted (Fig. 2E). These results suggested that, in the case of 2m, strong ultrasonic 

power induced "amyloid-like"  structures, without strong ThT fluorescence. Although 

further ultrasonication decreased ThT fluorescence, the CD spectrum of the -sheet 

structure remained, indicating that extensive ultrasonic irradiation to the preformed fibrils 

did not destroy the -sheet structure. These results were distinct from those for α-

synuclein68 or A(1-40)67, in which strong ultrasonic irradiation to the preformed fibrils 

changed the CD spectra from those of -structures to those of highly disordered structures. 
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Figure 2. Ultrasonication-forced amyloid fibrillation of β2m under various levels of 

ultrasonic power. (A) Fibrillation kinetics of 25 μM β2m at 10 mM HCl, 0.1 M NaCl and 

5 μM ThT monitored by ThT fluorescence at 485 nm. (B) Change in temperature during 

cycles of 1 min of ultrasonication and 9 min of quiescence under various levels of 

ultrasonic power as monitored by a thermocouple. The temperature of the water bath was 

set to 37 ºC. (C) The dependence of the lag time on temperature increases. (D) Fibrillation 

kinetics at various temperatures in the presence (solid symbols) or absence (open 

symbols) of stirring directly monitored using the fluorescence spectrophotometer. 

Fluorescence intensities in A and D cannot be compared because of the difference in 

settings. (E, F) CD spectra of samples under strong (E) and weak (F) ultrasonic power. 

(G-K) AFM and TEM images of aggregates formed under weak (G-I) and strong (J, K) 

ultrasonic power. The time points for preparation of samples shown in panels (E-K) were 

indicated in (A). The scale bars on the AFM and TEM images indicate 1 μm and 200 nm, 

respectively. This figure is reproduced from Adachi, M. et al. 2015 with permission69. 
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 I then used FTIR to examine the secondary structures of fibrillar aggregates as 

well as other conformational states (Table 1 and Fig. 3). The advantages of FTIR 

spectroscopy are that β-sheet structures can be distinguished from other structures more 

clearly than by CD71,72 and that antiparallel -structures can also be identified, depending 

on the presence of a small but sharp high frequency peak at 1690-1695 cm-1 in non-

deuterated and at 1682-1685 cm-1 in deuterated form71. 

 Native β2m showed β components around 1636 and 1690 cm-1 which are related 

to antiparallel β structures. In contrast, acid denatured β2m was proven to be largely 

disordered. In most of the fibril samples, I observed the dominant intermolecular β 

components appearing at 1620-1622 cm-1 accompanied by minor, native-like β 

components around 1632-1636 cm-1. The intermolecular β components may represent 

parallel β structures considering the absence of a clear high frequency peak. I have to note 

that the fibrils formed under strong sonication and, at a lower level, the mature fibrils 

experienced strong sonication, tended to contain visible large aggregates. Their spectral 

amplitudes were lower and the spectra were noisier, probably because of inhomogeneity 

of the samples. 

 Taken together, the FTIR spectra of ultrasonicated fibrils were consistent with 

the CD spectra indicating that, although the strong ultrasonic irradiation did not produce 

fibrils with marked ThT fluorescence, fibrils with secondary structures similar to those of 

mature amyloid fibrils were formed. 
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Table 1. Secondary structure assighnments of various conformational states of β2m on 

the basis of FTIR spectra. Experiments were carried out in D2O solutions and pD is the 

pH meter reading in D2O. This table is reproduced from Adachi, M. et al. 2015 with 

permission69. 

 

 

Figure. 3 FTIR spectra of various conformational states of 2m in 10 mM DCl and D2O. 

(A) The native state of β2m at, as exception, pD 7.5 in 10 mM Na-phosphate, 0.1 M NaCl. 

(B) The acid-denatured monomer state. (C) Amyloid fibrils formed in 0.1 M NaCl. (D) 

Amorphous aggregates in 1.0 M NaCl. (E, F) Fibril samples prepared under strong (E) 
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and weak (F) ultrasonic power, respectively. (G) Extensively ultrasonicated fibrils after 

fibrillation under weak ultrasonic power. The solid lines represent the raw data and broken 

lines represent the deconvoluted spectra. The fitted spectra (not shown) on the basis of 

deconvoluted spectra were practically the same as the raw data. This figure is reproduced 

from Adachi, M. et al. 2015 with permission69. 

ANS binding and size distribution of ultrasonication-induced products 

 ANS is an amphiphilic fluorescence dye that specifically interacts with the 

water-accessible hydrophobic surface of proteins68,73. I examined the interaction of ANS 

with amyloid fibrils and their products formed by extensive ultrasonication with different 

levels of ultrasonic power (Fig. 4B). Under both strong and weak ultrasonic power, ANS 

fluorescence increased with the formation of amyloid fibrils and decreased with further 

ultrasonic irradiation. The rate of the decrease was accelerated under the stronger 

ultrasonic power. The kinetics of the increase and decrease in ANS fluorescence were 

similar to those of ThT fluorescence, suggesting that the change in the binding regions 

for ThT and ANS occurred simultaneously. 

 Considering the possibility that decreases in ANS or ThT fluorescence occurred 

by the chemical decomposition of the dyes, I added ANS or ThT to samples with 

decreased fluorescence intensities (Fig. 4A, B). However, no increase was observed in 

ANS or ThT fluorescence, confirming that the decreases in ANS or ThT fluorescence 

were not caused by the decomposition of dyes. These results suggested that extensive 

ultrasonication decreased the ANS-specific exposed hydrophobic surfaces of fibrils, as 

well as the amyloid-specific surfaces detected by ThT. 

 I investigated the size distribution of the extensively ultrasonicated products by 

analytical ultracentrifugation (Fig. 4C, D). The distribution of sedimentation coefficient 
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(s) was estimated from the boundary curves of sedimentation velocity using sedfit 

software. As for the products under strong ultrasonic power, s values were distributed 

with two maxima at 18 and 27 s (Fig. 4E). On the other hand, regarding the products 

under weak ultrasonic power, s values were distributed with a broad maximum at 43 s 

(Fig. 4F). Thus, the sizes of aggregates appeared to be larger under the weaker ultrasonic 

power, which is consistent with the AFM or TEM measurements (Fig. 2). The strongly-

sonicated fibrils with components of 18 and 27 s were considered to have solubility of 

the former higher than the latter and higher than that of fibrils grown under weak-

sonication. 

 To further explore the effects of the extensive ultrasonication of preformed fibrils, 

I performed seeding experiments using fibrils at various stages of decreases in ThT 

fluorescence (Fig. 4G, H). When seed fibrils with almost no ThT fluorescence were used, 

the final ThT intensity was approximately 50% of the control fibrils, although the reaction 

was accelerated. These faster reactions were caused by the ultrasonication-induced 

fragmentation of fibrils. On the other hand, the decrease observed in the ThT intensity 

suggested that the seed fibrils trapped the monomers to prevent further fibrillation. Thus, 

extensively ultrasonicated fibrils may reduce the potential of efficient seeds. 

 I also examined the effects of extensive ultrasonication on the chemical 

structures of β2m (Fig. 4I, J). An analysis with the reverse-phased HPLC showed that 

β2m monomers depolymerized from fibrils with decreased ThT fluorescence by 4 M 

guanidine HCl had the same retention time as that of the control monomers. An analysis 

with mass spectrometry confirmed the intactness of β2m molecules depolymerized from 

fibrils. Thus, the marked decreases observed in ThT fluorescence were not caused by the 

chemical decomposition of β2m molecules. 
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Figure 4. Analysis of ultrasonication-induced products. (A, B) Fluorescence spectra to monitor 

the effects of additional ThT (A) or ANS (B) on samples of reduced fluorescence intensities under 

strong and weak ultrasonic power. (C, D) Boundary curves of sedimentation velocity for products 

under strong (C) and weak (D) ultrasonic power. (E, F) Sedimentation coefficient distributions 

derived from sedimentation boundary profiles under strong (E) and weak (F) ultrasonic power. 

(G) Ultrasonication-forced fibrillation to prepare seed fibrils monitored by ThT fluorescence at 

485 nm. The inset indicates expanded kinetics within 2 h. The sample solution contained 25 μM 

β2m, 0.1 M NaCl, 5 μM ThT, and 10 mM HCl. (H) Seeding reactions with seed fibrils (5% (v/v)) 

obtained at various stages of fibrillation, as shown in (G). (I, J) Effects of extensive ultrasonication 

on chemical structures of β2m. Extensively ultrasonicated fibrils with decreased ThT fluorescence 

were analyzed by reverse-phased HPLC (I) and mass spectrometry (J) after depolymerization by 

4 M Gdn-HCl. This figure is reproduced from Adachi, M. et al. 2015 with permission69. 
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Salt-dependent fibrillation and aggregation 

 Our laboratory previously showed that, although fibrillation was accelerated by 

low concentrations of NaCl of approximately 0.1 M, concentrations higher than 0.5 M 

inhibited fibrillation and induced amorphous aggregates43,46. To compare the products 

produced in the presence of high salt levels and extensive ultrasonication, I examined 

NaCl concentration-dependent competition between fibrillation and amorphous 

aggregation. Amyloid fibrillation in the presence of various concentrations of NaCl in 10 

mM HCl was monitored by ThT and ANS fluorescence (Fig. 5A-H). 

 No significant change was observed in ThT in the absence of NaCl; however, a 

small increase in ANS fluorescence was noted within the dead time of the measurements 

(i.e., approximately 20 sec). Burst increases in ThT and ANS fluorescence were observed 

in the presence of 0.05 M NaCl after a lag time of 2.5 h. The marked increase in ANS 

fluorescence at 0.05 M was attributed to electrostatic attractions between negatively 

charged ANS and positively charged amyloid fibrils (see below). The lag time became 

shorter with increases in the concentration of NaCl. At 0.3 M NaCl, I clearly observed 

two-step kinetics monitored by ANS, whereas ThT fluorescence showed typical kinetics 

with a lag time of 0.5 h. At 0.4 M NaCl, ANS fluorescence showed fast and major 

saturating kinetics, followed by slow and small increases in ThT fluorescence. Only a 

very rapid increase in ANS fluorescence was observed at 1.0 M NaCl. 

 The end products at various concentrations of NaCl were examined by far-UV 

CD (Fig. 5I). In the absence of NaCl, the spectrum showed a largely disordered 

conformation. Typical β-structures were observed at 0.05 and 0.1 M NaCl. At NaCl 

concentrations higher than 0.2 M, the CD intensity decreased due to the precipitation of 
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aggregates. Yoshimura et al. reported that the main products at higher concentrations of 

NaCl were amorphous aggregates on the basis of AFM and TEM images43. 

 I also measured the FTIR spectrum of amorphous aggregates formed in 1.0 M 

NaCl (Fig. 3D). Interestingly, the spectrum showed an altered intermolecular β 

component around 1616 cm-1 and an increased 1634 cm-1 peak together with a small but 

sharp high frequency component, suggesting that the amorphous aggregates contain a 

large amount of antiparallel  components. 

 Previously, a similar secondary structure composition was observed for 

amorphous aggregates of β2m formed at pD 5.5, close to the isoelectric point of the 

protein71. It is not rare that amorphous aggregates exhibit high β-sheet content. Among 

them, Bramanti et al.74 reported β-structured amorphous aggregates of Aβ(1-40) peptide 

induced by ferulic acid and Arosio et al.75, showed that non-amyloidogenic λ light-chain 

dimers form amorphous aggregates with increased β-sheet content. In addition, the disagreement 

between the CD and FTIR results suggests that the extensive precipitation of the aggregates in 1 

M NaCl prevented the accurate secondary structure analysis by CD. 

 The plot of ThT fluorescence against NaCl concentrations showed a maximum 

at 0.2 M and decreased with a further increase in the NaCl concentration (Fig. 5J). 

Because the slower phase of the two-step increase in ANS fluorescence occurred at the 

same time range as the increase in ThT fluorescence, it represented the formation of fibrils 

(Fig. 5E). On the other hand, Yoshimura et al. showed that amorphous aggregates formed 

relatively rapidly without a lag phase43. Thus, I plotted intensity at 485 nm at 0.5 h, which 

may represent the amount of amorphous aggregates, and the final maximal value, which 

represents a sum of the amounts of amyloid fibrils and amorphous aggregates (Fig. 5J). 

ANS fluorescence at 0.5 h increased above 0.2 M NaCl and was saturated at 0.5 M NaCl. 
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The final ANS fluorescence peaked at 0.05 M NaCl and was constant above 0.1 M NaCl. 

The markedly strong ANS fluorescence at 0.05 M NaCl may have been caused by the 

electrostatic binding of negatively charged ANS molecules to positively charged 2m 

fibrils. 

 Although I assume that oligomers and amorphous aggregates might be 

continuous as proposed by Miti et al.62, I cannot address the properties of oligomers at 

this stage because I did not observe oligomers in this study. 
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Figure 5. Dependence of amyloid fibrillation of 2m on the NaCl concentration. The 

kinetics of protein aggregation in 10 mM HCl at 37 ºC were measured by observing ThT 

fluorescence at 485 nm (red) and ANS (blue) fluorescence at 485 nm. NaCl 

concentrations were 0 (A), 0.05 (B), 0.1 (C), 0.2 (D), 0.3 (E), 0.4 (F), 0.5 (G), and 1.0 M 

(H). The broken lines are the fitted curves. (I) CD spectra after aggregation at various 

concentrations of NaCl. (J) Dependencies on the NaCl concentration of the ThT and ANS 

fluorescence values at 0.5 h and maximum. This figure is reproduced from Adachi, M. et 

al. 2015 with permission69. 
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2.4 Discussion 

Competitive model of amyloid fibrillation and amorphous aggregation 

  I proposed a competitive mechanism of amyloid fibrillation and amorphous 

aggregation to explain NaCl concentration-dependent changes in end products (Model 2 

in Fig. 1B and Mechanism 1 in Fig. 6A)43,54,68. A similar competitive mechanism was 

reported previously for amyloidogenic light chains76,77, 2m78, insulin79, and α-

synuclein80,81, in which the aggregation process was branched, with one pathway leading 

to fibrils and another to oligomeric intermediates that may ultimately form amorphous 

aggregates. Miti et al.62 recently reported a similar mechanism with hen egg white 

lysozyme at pH 2 and 52 ºC including various stable, metastable, and kinetically trapped 

amyloid aggregate phases. They focused on transitions from monomers to oligomers, 

curvilinear fibrils, and oligomeric precipitation, and proposed that oligomeric and 

amorphous aggregates were structurally distinct from rigid fibrils. In addition, they 

proposed that an experimentally determined phase diagram matches the colloidal model 

predictions. On the other hand, they considered neither the critical concentration nor 

supersaturation of amyloid fibrillation. More recently, on the basis of kinetic simulation 

using explicit approach, Hall et al.82 suggested possible regulatory effects that off-

pathway processes might exert on the rate and extent of amyloid formation. 

 A long debated issue is whether oligomers or protofibrils represent on-pathway 

intermediates that must be populated along the pathway leading to fibril formation or off-

pathway intermediates that are located at a dead end of the reaction scheme61 (Fig. 1B). 

The competitive mechanism discussed above supports the off-pathway (or dead end) 

hypothesis. Sasahara et al. reported the complete disappearance of the transiently 

accumulated amorphous aggregates of hen egg white lysozyme or β2m upon amyloid 
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fibrillation, suggesting that amorphous aggregates were also off-pathway products83,84. 

The distinct intermolecular β-sheet component in the infrared spectrum of the amorphous 

aggregates (1616 cm-1 vs. 1620-1622 cm-1 in fibrils, Table 1) suggest a completely 

different structure and thus further supports the off-pathway hypothesis. On the other 

hand, many proteins have been shown to form on-pathway oligomers61 . In cases in which 

oligomers, protofilaments or amorphous aggregates are off-pathway intermediates, 

fibrillation occurs only after they dissociate; however, the extent of the conformational 

change required to restart fibrillation remains largely unknown. 

Simulation of observed kinetics 

 I simulated the salt-dependent competition of amyloid fibrillation and 

amorphous aggregation assuming Mechanism 1 (Fig. 6A). In our competitive mechanism, 

I assumed that all competing processes were reversible with the corresponding critical 

concentrations. I assumed that amorphous aggregates formed without a lag phase, which 

is in contrast to the nucleation-limited growth of fibrils43. Similar competitive and 

reversible mechanism has been reported for polymers from -conjugated oligomers, in 

which two parallel and competing pathways explain the presence of a kinetically favoured 

intermediate assembly that forms quickly, but then transforms into a thermodynamically 

favoured form85. Similar to the competitive mechanism suggested by Miti et al.62, I 

assumed that our pathway of amorphous aggregation accommodated oligomers, 

curvilinear fibrils, and large amorphous aggregates, the interconversion of which was 

more rapid than supersaturation-limited amyloid fibrillation.  

 To analyze the kinetics of fibrillation on the basis of Mechanism 1, I used 

equations taken from the F-W model19: 
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M 

𝑘1
→

𝑘−1
← 

 F   (1), 

M 

k2
→

k−2
← 

 AA  (2), 

M +  F 

𝑘3
→

𝑘−3
← 

 2F  (3), 

𝐾1 = 
𝑘1

𝑘−1
  (4), 

𝐾2 = 
𝑘2

𝑘−2
  (5), and 

𝐾3 = 
2𝑘3

[M]𝑘−3
  (6), 

where M is the monomeric protein, F is the amyloid fibril, AA is the amorphous aggregate, 

k1, k-1, k2, k-2, k3, and k-3 represent the rate constants of the respective processes, and K1, 

K2, and K3 represent the corresponding equilibrium constants. Although these equations 

considered neither the elongation of fibrils through the ends of fibrils nor the breakage of 

preformed fibrils leading to secondary nucleation, I considered them one of the minimal 

models reproducing the observed kinetics. 

 In order to fit the observed kinetics with the model, I estimated the equilibrium 

(i.e., final) fractions of fibrils, amorphous aggregates, and monomers at various salt 

concentrations. I assumed that 100% of the molecules transformed to amorphous 

aggregates at 1.0 M NaCl. The fractions of amorphous aggregates at various NaCl 

concentrations were then estimated from the ANS fluorescence intensity at 0.5 h, when 

fast amorphous aggregation finished. Analytical ultracentrifuge showed that, at 

concentrations greater than 0.2 M NaCl, most of the protein molecules precipitated at 

3,000 rpm, confirming no significant residual monomers (data not shown). The fractions 
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of fibrils at concentrations greater than 0.2 M NaCl were then obtained by subtracting the 

fractions of amorphous aggregates from 1. Alternatively, the fractions of fibrils were 

estimated from the maximal ThT intensities at various NaCl concentrations, in which the 

ThT value at 0.2 M NaCl was used to obtain the specific ThT value of fibrils. In either 

method, the fraction of fibrils showed a maximum at 0.2 M NaCl while the fraction of 

amorphous aggregates increased at a higher NaCl concentration (Fig. 6B). 

 I fit fast kinetics within 0.5 h, assuming that equilibrium was rapidly established 

between unfolded monomers and amorphous aggregates. Formation and dissociation rate 

constants were determined in order to reproduce the fast kinetics and amount of 

amorphous aggregates at 0.5 h. I then fit the slow kinetics representing the formation of 

amyloid fibrils. At the respective NaCl concentrations, I assumed a factor relating the ThT 

fluorescence and ANS fluorescence of fibrils. The fit kinetics showed that the amount of 

amorphous aggregates exhibited a maximum, at moderate concentrations of salt (e.g. 0.2-

0.3 M NaCl) and this was followed by a slow decrease coupled with the formation of 

amyloid fibrils. Since ANS fluorescence monitors both amorphous aggregates and 

amyloid fibrils, it exhibited a shoulder at 0.5 h (Fig. 5D, E). 

 The competitive mechanism sufficiently reproduced the observed kinetics at 

various NaCl concentrations monitored by ThT and ANS (Fig. 5). Both the equilibrium 

constants of amyloid nucleation (K1) (Fig. 6C) and amorphous aggregation (K2) (Fig. 6D) 

increased with higher NaCl concentrations. The equilibrium constant for elongation (K3) 

was relatively constant (Fig. 6E). However, since amyloid fibrillation was more favorable 

before amorphous aggregation became dominant, the maximum amount of fibrils was 

achieved at moderate concentrations of NaCl (Fig. 6B). 
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Free energy change of protein aggregation and phase diagram 

 Although the detailed mechanisms of protein aggregation remain elusive19, a 

simplified model on the basis of the equilibrium of monomers and aggregated forms 

proposes the importance of the remaining monomer concentration [M]c, which is often 

referred to as the "critical concentration"21,53,57,86,87 because aggregates form when the 

concentration of monomers exceeds [M]c. By determining [M]c, I can calculate the free 

energy change in fibrillation or amorphous aggregation (ΔGM-F or ΔGM-AA) by: ΔG = -

RTlnK = RTln[M]c, where R and T are the gas constant and temperature, respectively. 

Critical concentration is analogous to critical micelle concentration and is an important 

parameter independent of the complicated mechanisms of aggregation. Moreover, when 

I assume a phase transition between monomers and solid-like fibrils or amorphous 

aggregates, [M]c simply represents the solubility of monomers. 

 The salt-dependent phase transitions of the major products, from monomers to 

amyloid fibrils to amorphous aggregates, can be illustrated by NaCl-concentration-

dependent changes in the [M]c values for amyloid fibrils and amorphous aggregates (Fig. 

7). The logarithm of the [M]c value is proportional to the standard free energy change in 

the phase transition (Fig. 7A). At NaCl concentrations lower than ~0.05 M, the [M]c 

values of amorphous aggregation and amyloid fibrillation were both higher than the 

experimental protein concentration (25 μM or 0.3 mg/ml); therefore, the free energy 

changes of aggregation were positive (Region 1). Thus, monomers dominated in 

equilibrium. At a NaCl concentration between 0.05 - 0.15 M (Region 2a), the free energy 

change of amyloid fibrillation became negative while that of amorphous aggregation was 

still positive. Thus, only amyloid fibrillation occurred after a lag phase. At a NaCl 

concentration between 0.15  0.3 M (Region 2b); free energy change of amorphous 
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aggregation became negative. Since amorphous aggregation is rapid and amyloid 

fibrillation is slow, the rapid formation and slow relaxation of amorphous aggregation 

was coupled with the slow formation of amyloid fibrils (Fig. 7C). Only the rapid 

formation of amorphous aggregates occurred at a NaCl concentration above ~0.5 M. Here, 

it is noted that Region 2 (amyloid fibrils) in the general phase diagram shown in Fig. 1A 

was divided into two subregions (Regions 2a and 2b) depending on the kinetics of 

fibrillation. 

 Moreover, salt-dependent changes in the fit rates and equilibrium constants of 

fibrillation and amorphous aggregation suggested the origin of the observed complicated 

kinetics (Fig. 6C-E). The increase in fibrillation equilibrium (K1, K3) was mainly caused 

by an elevated nucleation rate (k1) (Fig. 6C) without a significantly change in the 

elongation reaction (Fig. 6E). On the other hand, the increase in amorphous aggregation 

(K2) was caused by a decrease in the dissociation rate (k-2) (Fig. 6D). 

 The observed kinetics of amyloid fibrillation also illustrate the conformational 

phase diagram, which is dependent on NaCl and protein concentrations (Fig. 7B). 

Although the linear dependencies of the free energy changes of amyloid fibrillation and 

amorphous aggregation with a crossing point at a high NaCl concentration predicted the 

disappearance of an amyloidogenic region at the low protein concentration and high NaCl 

concentration regions, the exact shape of the phase diagram under the extreme protein 

and salt concentrations remain unknown without exact data under those conditions. In 

this context, it is noted that a general phase diagram shown in Fig. 1A assumed the 

persistence of amyloidogenic region even at very high salt concentrations. Nevertheless, 

I argue that a conformational phase diagram common to various amyloidogenic proteins 

may be reproduced by a competitive mechanism between supersaturation-limited 
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amyloid fibrillation and unlimited amorphous aggregation. 

Ultrasonication-dependent decrease in ThT fluorescence 

 In the cases of α-synuclein68 and A peptides67, extensive ultrasonication 

transformed preformed fibrils to amorphous aggregates with decreased ThT fluorescence, 

as confirmed by a CD spectroscopy and EM or AFM images. This was not the case for 

2m fibrils and fibrillar aggregates with reduced ThT fluorescence that retained amyloid-

like -structures. Similar aggregates were induced from 2m monomers under extensive 

ultrasonic power (Figs. 2 and 3). 

 I now assume that extensive ultrasonication can produce a distinct 

conformational state located between amorphous aggregates and amyloid fibrils, which 

may be represented by F* (Fig. 6F, Mechanism 2). I modified Mechanism 1 by adding an 

additional pathway producing F* (Eqns. 7 and 8). I also assumed that the preformed fibrils 

(F) may be converted to (F*) by extensive ultrasonication (Eqn. 9), 

M 

𝑘4
→

𝑘−4
← 

 F*  (7), 

M +  F 

𝑘5
→

𝑘−5
← 

 2F∗ (8), 

F 

𝑘6
→

𝑘−6
← 

 F∗  (9), 

𝐾4 = 
𝑘4

𝑘−4
 (10), 

𝐾5 = 
2𝑘5

[M]𝑘−5
 (11), and 

𝐾6 = 
𝑘6

𝑘−6
 (12), 

with these equations on the basis of Mechanism 2 (Fig. 6F), a series of kinetic data as 
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shown in Figure 2 were simulated, in which ultrasonic power varied at 0.1 M NaCl (Fig. 

6G). Moreover, I analyzed a series of data obtained by So et al.44 with a microplate, in 

which ultrasonic power varied depending on the wells of the microplate (Fig. 6H). In an 

analysis of ultrasonication-dependent reactions, I assumed that the rate (k2, and k-2 (Eqn. 

2)) and equilibrium constants (K2 (Eqn. 5)) of amorphous aggregates and those for 

elongation processes of amyloid fibrils (k3, and k-3 (Eqn. 3) and K3 (Eqn. 6)) and amyloid-

like fibrils (k5, k-5 (Eqn. 8) and K5 (Eqn. 11)) were the same as those obtained for stirring-

dependent reactions at 0.1 M NaCl because they are unlikely to be significantly affected 

by ultrasonication43. 
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Figure 6. Analysis of the NaCl concentration and the ultrasonic power dependence of 

amyloid fibrillation by a competitive mechanism. (A) The competitive mechanism of 

amyloid fibrillation and amorphous aggregation. (B) Dependencies on the NaCl 

concentration of the fractions of monomers, fibrils, and amorphous aggregates. (C-E) 

Dependence on the NaCl concentration of the rate constants and equilibrium constants on 

the basis of Mechanism 1. (C) k1, k-1, and K1. (D) k2, k-2, and K2. (E) k3, k-3, and K3. (F) 

The competitive mechanism of amyloid fibrillation and amorphous aggregation including 

fibril-like aggregates F*. (G, H) Fitting of fibrillation kinetics under various levels of 

ultrasonic power by the competitive mechanism. (G) Experimental data were the same as 

those shown in Fig. 2A. (H) Experimental data were taken from So et al.44. (I-K) 

Dependencies on the NaCl concentration of rate constants and equilibrium constants on 

the basis of Mechanism 2. (I) k1, k-1, and K1. (J) k4, k-4, and K4. (K) k6, k-6, and K6. Other 

rate and equilibrium constants were assumed to be the same as those at 0.1 M NaCl 

without ultrasonication. Lines are guides for the eye. This figure is reproduced from 

Adachi, M. et al. 2015 with permission69. 
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All the observed kinetics were reproduced successfully, suggesting that the 

competitive mechanism was also useful for explaining the dependence on ultrasonic 

power of the kinetics monitored by ThT; however, 2m retained an amyloid-like  

structure even after extensive ultrasonication. Under the conditions of stronger ultrasonic 

power, the population of fibrils decreased while that of modified fibrils became dominant 

because the modified fibrils were favored kinetically and the preformed fibrils 

transformed to modified fibrils by extensive ultrasonication (Fig. 6G, H). The possible 

free energy profile and phase diagram for the formation of F* fibrils under the conditions 

of extensive ultrasonication are illustrated in Figure 7A, B.  

The inverse of lag time was considered to represent ultrasonic power. K1, k1, and 

k-1 (Fig. 6I), K4, k4, and k-4 (Fig. 6J), and K6, k6, and k-6 (Fig. 6K) were then plotted against 

the inverse of lag time. The parameters obtained suggested that the combined effects of 

the equilibrium and rate toward the formation of F* explain the accumulation of F* under 

stronger ultrasonic powers. Although the significance of the respective rate constants still 

remains unclear, I adequately reproduced the change in the kinetics of fibrillation on the 

basis of competition between the parallel pathways (Fig. 6F). 
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Figure 7. Competitive mechanism of supersaturation-limited and unlimited reactions. (A) 

Dependencies on the NaCl concentration of free energy changes of amyloid fibrillation 

and amorphous aggregation. The solid horizontal line indicates free energy changes for 

phase transitions at the β2m concentration (25 μM). Region 1: Critical concentrations for 

fibrillation and amorphous aggregations were higher than the β2m concentration in the 

solution. Region 2a: Critical concentrations for fibrillation and amorphous aggregations 

were lower and higher, respectively, than the β2m concentration. Region 2b: Critical 

concentrations for fibrillation and amorphous aggregations were both lower than the β2m 

concentration, with the former being lower than the latter. Region 3: After the crossing 

point, the critical concentration of amorphous aggregation was lower than that of 

fibrillation and, thus, determined the overall kinetics. (B) The protein concentration- and 

NaCl concentration-dependent phase diagram of conformational states. The dotted green 

lines in (A) and (B) indicate the possible free energy profile and phase boundary, 

respectively, for the transition from monomers to F* fibrils under the conditions of 

extensive ultrasonication. (C) Representative kinetics under Regions 1-3 are illustrated. 

(D) Dependence of the effects of ultrasonication on the stability of amyloid fibrils. Stable 

fibrils like those of β2m produced partially destructed fibrillar aggregates whereas less 

stable α-synuclein fibrils exhibited two-state destruction by ultrasonic irradiation. This 

figure is reproduced from Adachi, M. et al. 2015 with permission69. 
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2.5 Conclusion 

 Competition between crystallization and glass-transition has been elaborated for 

understanding the mechanism of protein folding88-90, in which the folding temperature 

(Tf) corresponded to the temperature of crystallization and the glass transition temperature 

(Tg) resembled the temperature of amorphous aggregation in which molecules were 

trapped in various local minima. To achieve cooperative and rapid protein folding, the 

temperature of glass transition should be markedly lower than the folding temperature in 

order to construct a smooth folding funnel with minimal frustration. An analogy of protein 

phase transition into crystal-like amyloid fibrils and amorphous aggregates appear to be 

valid. In the case of salt-dependent fibrillation, the critical concentrations of amyloid 

fibrils and amorphous aggregates (or oligomers) correspond to the folding temperature 

and glass transition temperature, respectively. To achieve cooperative amyloid fibrillation, 

two critical concentrations need to be markedly separated. However, for larger denatured 

proteins, the critical concentration of amorphous aggregation was close to that of 

fibrillation, making amyloid fibrillation difficult. In other words, the free energy balance 

between amyloid fibrils and amorphous aggregates determines their final distributions. 

 In addition, the current analysis argued the importance of supersaturation. 

Although I approximated amyloid fibrillation by a nucleation and growth mechanism, 

supersaturation is often too rigid to be broken under quiescent conditions. One possibility 

underlying spontaneous fibrillation under labile region is that supersaturation-unlimited 

amorphous aggregates gradually develop with an increase in the driving force of 

precipitation (e.g. NaCl concentration), thereby providing the seed-competent structures 

and ultimately breaking otherwise persistent supersaturation. 

 Finally, although oligomers are important targets of protein aggregation, I could 
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not focus on them because I did not isolate them clearly. Characterizing the exact role of 

oligomers in the context of the competitive mechanism will be important for further 

clarifying the general mechanism of protein aggregation. 

  



 

 

 

 

 

 

 

Chapter 3. Comprehensive understanding of heat- and salt-

dependent protein aggregation based on the 

supersaturation-limited competitive mechanism 
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3.1 Introduction 

 In general, it is known that proteins form amorphous aggregates at high 

temperature as represented by boiled egg. Recently, many human diseases that are caused 

by accumulation of protein aggregates have been found. There are two types of aggregates, 

the amyloid fibrils with highly ordered β-sheet structures and amorphous aggregates 

without no ordered structure6. The various aggregation models have been reported aiming 

to not only understand the underlying molecular mechanism, but also to accomplish the 

therapeutics of diseases by controlling the protein aggregation19,91-93. However, most of 

studies did not consider participation of amorphous aggregates. 

 In the previous chapter, with β2m, I showed that amyloid fibrillation and 

amorphous aggregation compete depending on the surrounding conditions, such as 

irradiation of ultrasonication with different strength or salt-concentration69. This 

competitive mechanism could be explained by adopting the concept of supersaturation. 

As it is broadly known, a term of supersaturation is often used in the field of 

crystallography. However, in the field of protein science, Yoshimura et al. proposed that 

amyloid fibrils and amorphous aggregates possess the features of crystal-like and glass-

like, respectively43,56,69. Therefore, the solubility limit is likely an important key factor 

for the competitive aggregation mechanism. In order to establish the generality of this 

mechanism, it will be important to reveal that the aggregation occurs competitively under 

various conditions. 

 In this chapter, I focused on the effects of temperature because it has been 

believed that protein aggregation is accelerated upon increasing temperature. However, 

this belief is complicated by the denaturation of native proteins at the high temperature, 

resulting in enhancement of hydrophobic interactions. During my study, I recognized that 
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the heat effects on protein aggregates, such as amyloid fibrils and amorphous aggregates 

were not clearly shown. Therefore, I expected to elucidate the generality of competitive 

aggregation mechanism, by illustrating the temperature-dependence of aggregation. In 

this chapter, I particularly focused on heating rate as a factor of determining protein 

aggregation. 

 In fact, the effects of temperature on protein aggregation have been studied 

widely, with keeping a boiled egg as a typical image of heat-induced protein aggregation. 

Furthermore, in our group, heating effects on protein aggregation were investigated by 

using calorimetry methods, such as ITC and DSC57,83,94-96. From these reports, formation 

and degradation of amyloid fibrils occurred depending on temperature: it occurred not 

only at high temperature but also at low temperature, resulting in so called “cold 

denaturation”, similar to that of native proteins97. However, the relationship between the 

amyloid fibrils and amorphous aggregates upon heating has not been investigated. I 

assumed that considering the roles of amorphous aggregates in the temperature-dependent 

aggregation of proteins will be useful for extending the competitive mechanism of protein 

aggregation. 

 Therefore, in this report, I focused on the heating effects on competitive protein 

aggregation between amyloid fibrils and amorphous aggregates, in order to elucidate 

general protein aggregation mechanism. 
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3.2 Materials and methods 

Protein and chemicals 

 A recombinant human β2m protein with an additional methionine residue at the 

N terminus was expressed in Escherichia coli and purified as previously reported70. 

Thioflavin T (ThT) was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, 

Japan). All other reagents were purchased from Nacalai Tesque (Kyoto, Japan). 

Protein aggregation by heating 

 Lyophilized β2m was dissolved in 10 mM HCl. The concentration of β2m was 

determined spectrophotometrically using a molar extinction coefficient of 19,300 M-1 cm-

1 at 280 nm based on its amino acid composition. The sample solution of 2.5 mL in a glass 

cuvette with a 1-cm light path contained 8.5 μM β2m, 5 μM ThT, 10 mM HCl and various 

concentrations of NaCl. Protein aggregation was detected by ThT fluorescence with an 

excitation wavelength of 445 nm and emission wavelength of 485 nm using Hitachi 

fluorescence spectrophotometer F4500 (Tokyo, Japan). Light scattering of 445 nm was 

also measured in order to detect the amorphous aggregation simultaneously with 

detecting ThT fluorescence. All fluorescence measurements were performed under 

stirring using magnetic stirring bar. The stirring speed was 800 rpm. 

 Heating rate was controlled by using peltier element (NIPPON TECMO CO., 

LTD.) during detecting the aggregation, and I measured the direct sample temperature by 

using thermocouple (ANRITSU METER CO., LTD.).  

Detection of degradation of amyloid fibrils 

 In order to investigate the stability of amyloid fibrils that formed under the 

presence of various NaCl concentration, I obtained the pre-formed amyloid fibrils using 

Hitachi fluorescence spectrophotometer F4500 (Tokyo, Japan) at 25 ºC with stirring using 
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stirring bar. The sample composition was the same as those of fluorescence measurements. 

The 300 μL of pre-formed sample was used for heating measurements by using CD 

detecting the MRE 220 nm value. Then, it was expressed as the normalized value to 

calculate the progress of heat-dependent conformational transition. 

Detection of dissolution of amorphous aggregates 

 The dissolution of amorphous aggregates could be detected by measuring the 

decreasing in light scattering by using a Hitachi fluorescence spectrophotometer F4500 

(Tokyo, Japan) and a heating control device (Fig.1 A). In this study, amorphous 

aggregates could be obtained by incubation at 25 ºC for 30 min with stirring in 

fluorescence spectrophotometer in the presence of high NaCl concentration (>1.0 M). 

Then, heating was started at 1 ºC/min to induce the dissolution of amorphous aggregates. 

The change in light scattering value was monitored to obtain the Tm value. 

CD measurements, AFM measurements 

 Far-UV CD measurements were performed by using Jasco J820 

spectopolarimeter (Tokyo, Japan). A quartz cuvette with 1 mm path length was used for 

measuring the CD spectra, and the results were expressed as mean residue ellipticity [θ]. 

A quartz cuvette with 10 mm path length was used for detecting the MRE of 230 nm value 

with heating under stirring with stirring bar. The stirring speed was 800 rpm. For this 

measurement, the sample volume was 2 mL, containing 8.5 μM β2m, 10 mM HCl and 

various concentrations of NaCl: These were the same composition as used for the 

fluorescence measurements. 

 AFM measurements were performed by using AFM5100N (HITACHI, Tokyo, 

Japan). The volume of 20 μL was taken from samples after the fluorescence or CD 

measurements and dropped on to mica plate. Then, the water was absorbed by using a 
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paper to dry the plate, after that, washed away 3 times by using distilled water. 
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3.3 Results 

Temperature-dependence of amyloid fibrillation and aggregation 

First, I investigated the dependence of β2m aggregation on temperature. In order 

to control the heating rate, I constructed a heating-rate control device by using peltier 

element in fluorescence cell holder (Fig.1 A). Amyloid fibrillation was measured by ThT 

fluorescence at 485 nm with 0.2 °C/min heating. I simultaneously measured the light 

scattering at 445 nm to monitor the amorphous aggregation. From these measurements, I 

could detect distinct differences between amyloid fibrillation and amorphous aggregation. 

Furthermore, in order to obtain more information, CD measurements were performed by 

taking sample out from solution of fluorescence measurements at desired time points. 

At first, amyloid fibrillation was observed under the standard conditions (8.5 μM 

β2m, 0.1 M NaCl, 5 μM ThT, 10 mM HCl at 25 °C with stirring) without heating (Fig.1 

B, C). The increase in ThT and LS intensity occurred simultaneously. Under these 

conditions, the lag time was around ~3 hours and elongation reaction finished at ~5 hours. 

These results were consistent with those monitored by the change in secondary structure 

measured by CD spectra. However, no aggregation occurred in the absence of NaCl: No 

increase in neither ThT nor light scattering was observed with 0.2 ºC/min heating (Fig.1 

D). CD spectra also showed that the structure of β2m remained unfolded (Fig.2 E, F).  

In the presence of 0.1 M NaCl, both of ThT and LS intensities increased at certain 

temperature (Fig.1 G). It was considered that amyloid fibrillation mainly occurred under 

these conditions. However, decrease in ThT was observed by continuous heating at high 

temperature. This decrease suggested degradation of amyloid fibril. Indeed, the change 

in the MRE value at 200 nm indicative of β structure component of β2m amyloid fibrils 

gradually reduced with heating (Fig.1 H, I). However, a large amount of amyloid fibrils 
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was observed in AFM image of Fig.1 G inset, although the AFM image was taken after 

cooling. Therefore, it was not clear whether degradation of amyloid fibrils occurred at 

high temperatures.  

In the presence of 1 M NaCl, amorphous aggregation occurred rapidly 

accompanied by an increase in light scattering, and this results consistent with previous 

study that investigated salt-concentration dependence43,69 (Fig.1 J). Then, I observed that 

light scattering decreased with increasing temperature. Unexpectedly, increasing in ThT 

fluorescence was observed beginning around 45 °C. Thus, it was assumed that amyloid 

fibrils formed accompanied by dissolution of amorphous aggregates. However, CD 

measurements did not show typical spectra of amyloid fibrils: It was likely that 

amorphous aggregates disturbed the correct CD measurements (Fig.1 K, L). AFM image 

also showed that coexisting of amyloid fibrils and oligomer-like or amorphous-like 

structure. 

From these results, it seemed important to verify heat-induced degradation of 

amyloid fibrils, a transition of fibrils to monomers, at moderate salt concentrations, and 

heat-dependent dissolution of amorphous aggregates followed by amyloid fibrillation.  
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Figure 1. Heating-dependent conformational transitions of β2m aggregation. (A) Scheme 

of heating-rate control device. (B) Amyloid fibrillation at 25 ºC by measuring ThT 

fluorescence, light scattering and MRE value at 220 nm obtained from Fig.1 C. (C) CD 

spectra of Fig.1 B at respective time points. (D-F) Aggregation upon heating at 0.2 ºC/min 

by measuring ThT fluorescence, light scattering and MRE value at 220 nm and 200 nm 

under the condition of 0 M NaCl, (G-I) 0.1 M NaCl, (J-L) 1.0 M NaCl. AFM images 

showed the morphologies after heating measurement at room temperature. The scale bar 

represented 1 μm.  
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Degradation of amyloid fibrils with heating 

 It has been assumed that amyloid fibrils are greatly stable under physiological 

conditions3,98. However, as described above, it was indicated that degradation of amyloid 

fibrils occurred upon heating. Therefore, in order to investigate the stability of amyloid 

fibrils, pre-formed amyloid fibrils that made under the conditions of various NaCl 

concentrations at 25 ºC (Fig.1 B, presence of 100 mM NaCl) were heated at 0.5 ºC/min 

accompanied by the CD measurement at 220 nm (Fig.2 A).  

 The CD measurements confirmed degradation of amyloid fibrils at a certain 

temperature, and this temperature was dependent on salt concentration (Fig.2 A). 

Furthermore, AFM images showed that morphology of amyloid fibrils that observed 

before heating (Fig.2 E) disappeared after heating (Fig.2 F). CD spectra also showed that 

pre-formed amyloid fibrils, β-rich spectra, were degraded to an unfolded state at 100 ºC, 

and this changing was observed at each salt-concentration (Fig.2 B-C). From these results, 

it was demonstrated that amyloid fibrils could be degraded at high temperature and the 

stability of fibrils was greatly dependent on salt concentration. Indeed, at NaCl 

concentrations lower than 50 mM, for example 25 mM NaCl, amyloid fibrillation was not 

observed even incubation at 25 ºC, ~12 h (data not shown). On the other hand, above 100 

mM NaCl, for example 200 mM NaCl, I could not observe the degradation of amyloid 

fibrils because degradation temperature was probably higher than 100 ºC. These results 

indicated that amyloid fibrils could be degraded at the low and high temperatures. In other 

words, I observed “cold denaturation” and “heat denaturation” of amyloid fibrils96. 
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Figure 2. Degradation of amyloid fibrils by heating. (A) The denaturation curves of 

amyloid fibrils that formed in the presence of 100 (red), 75 (green) or 50 (blue) mM NaCl. 

(B-D) CD spectra of each sample at 25 ºC (blue), 100 ºC (red) and denatured state (dashed 

line). (E, F) AFM images of amyloid fibrils that formed in the presence of 100 mM NaCl 

(E), and after heating (F). The scale bar represented 1 μm. 
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Dissolution of amorphous aggregates upon heating 

 In the previous study, I reported that amorphous aggregates formed in the 

presence of high salt concentrations due to salting-out effect69. However, I observed the 

dissolution of amorphous aggregate as revealed by decreasing in light scattering (Fig.1 J). 

Furthermore, I observed the transition of amorphous aggregate to amyloid fibrils. I 

investigated these phenomena in detail.  

 At first, it was required to obtain the pre-formed amorphous aggregates. 

Therefore, I prepared amorphous aggregates at a high salt concentration. Then, after 

finishing the amorphous aggregation, heating the solution started at 1 ºC/min (Fig.3 A). 

Decrease in light scattering was observed upon heating. Then, amyloid fibrillation 

occurred at a certain temperature represented by increasing in ThT fluorescence. AFM 

images also showed that amorphous aggregates that formed after 30 min at 25 ºC (Fig.3 

B left) transformed into amyloid fibrils (Fig.3 B right). Therefore, stability of amorphous 

aggregates also had salt-concentration dependence similar to amyloid fibrils. I analyzed 

the light scattering curves by fitting of sigmoidal curve, and obtained the half temperature 

(Tm) (Fig.3 C, D). Then, it was demonstrated that the temperature of dissolution of 

amorphous aggregates was dependent on salt-concentration (Fig.3 D). However, it was 

considered that the value of Tm was not precise because of apparent decrease in light 

scattering in the presence of NaCl concentration above 1.6 M. This drastic decrease in 

light scattering was likely caused by very large aggregates under high salt conditions. It 

was empirically understood that the large aggregates tend to float to liquid surface, 

preventing precise detection. Furthermore, I could detect the increasing in ThT 

fluorescence in the concentration range NaCl from 0.9 M to 1.4 M (Fig.3 E). These results 
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showed that amorphous aggregates had the potential of transform into amyloid fibrils in 

the certain range of NaCl concentration.  

 Taken these results together, I could obtain the relationship between NaCl 

concentration and temperature against protein aggregation (Fig.3 F). It was able to 

understand distinctively amorphous dominant region and amyloid dominant region. 

Furthermore, it was noted that amorphous aggregates have a potential to transform into 

amyloid fibrils, as more stable aggregated state before dissolving into monomers. This 

novel point of view revealed that it is not always the case that denatured proteins form 

aggregates at high temperature. 
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Figure 3. Dissolution of amorphous aggregates upon heating. (A) The kinetics of 

amorphous aggregation at 25 ºC during 30 min were observed by measuring ThT 

fluorescence and light scattering, and representative figure obtained in the presence of 1 

M NaCl. Then, the solution was heated at 1 ºC/min to observe the dissolution of 

amorphous aggregates. (B) AFM images showed that amorphous aggregates that formed 

at 25 ºC after 30 min (left), and after heating (right) in the presence of 1 M NaCl. The 

scale bar represented 1 μm. (C) The changing in ThT fluorescence and normalized light 

scattering with heating extracted from Fig.3 A. The horizontal axis represented 

temperature. The black curve showed that fitting curve to obtain the Tm of amorphous 

aggregates. (D) The changing in normalized light scattering and (E) ThT fluorescence 

with heating in the presence of various NaCl concentrations. (F) The relationship between 

NaCl concentration and temperature for protein aggregation. The solid red circle 

represented Tm of light scattering and blue solid circle represented the temperature when 

reach ThT maximum intensity. The open circle represented apparent value because it 

could not detect in precisely. 
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Heating rate dependence of protein aggregation 

 Up to here, I discussed that transition of amyloid fibrils into monomer or 

transformation of amorphous aggregates into amyloid fibrils with heating. Meanwhile, it 

was needed to investigate the transformation of monomer into amyloid fibrils to reveal 

the heat-dependent protein aggregation mechanism. Therefore, in this section I performed 

the measurements of changing in heating rate to investigate starting temperature of 

amyloid fibrillation. 

 I have already investigated that amyloid fibrillation at heating 0.2 ºC/min as 

shown in Fig.1. Here, I measured protein aggregation kinetics in detail at various heating 

rates: representative data in 0.1 M NaCl was shown in Fig. 4A-C. As noted in Fig. 4A, I 

could not observe the dramatic increase in ThT fluorescence and light scattering at heating 

0.5 ºC/min. This result indicated that heating rate was too fast to form the amyloid fibrils. 

On the other hand, amyloid fibrillation occurred at heating 0.2 and 0.1 ºC/min at the 

certain temperature. Therefore, I obtained the transition temperature of monomer to 

amyloid fibrils by calculating the lag time. In this study, lag time was defined to be the 

time when ThT intensity reached 10 % of maximum. Figure 4 D showed the dependence 

of the lag time on the NaCl concentration and temperature. If heating rate was slower, the 

temperature of starting amyloid fibrillation became lower. However, there was almost no 

difference between 0.2 and 0.1 ºC/min, and it might be expected that transition boundary 

of monomer to amyloid fibril existed in these regions. It was noted that the NaCl 

concentration above 0.3 M, the temperature at lag time became higher. This is because 

that amorphous aggregation, as competitive species against amyloid fibrils, occurred from 

these NaCl concentrations. These results at various temperatures were consistent with 
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previous reports that investigated the NaCl concentration dependence of protein 

aggregation at 37 ºC43,69. 

 In addition to above results, I also investigated the heating-rate dependence of 

aggregation by using CD spectrometry. Representative results are shown in Fig. 4E, F, H, 

I. In the presence of 75 mM NaCl, amyloid fibrillation occurred at around 45 ºC and 

heating rate of 0.3 ºC/min. Under the condition of 0.5 ºC/min, a slight amyloid fibrillation 

also occurred at higher temperature because of the increase in heating rate (Fig. 4E). 

However, unfolded state remained even at high temperature under the heating condition 

of 1 or 2 ºC/min. This features were also shown the CD spectra (Fig. 4F). On the other 

hand, in the presence of 0.3 M NaCl, amyloid fibrillation occurred at any heating rate 

(Fig. 4H). Although maximum MRE value was different for each sample during heating 

measurement, all of the final CD spectra showed a typically β-sheet rich amyloid fibril 

spectrum (Fig. 4I). From these results, under the condition of relatively low NaCl 

concentration, it was considered that amyloid fibrillation could not occur at fast heating 

rate. The temperature increase was considered too fast to form the amyloid fibrils. In 

addition, the temperature reached to that of the degradation before forming amyloid fibrils. 

Meanwhile, under the condition of relatively high NaCl concentration such as 0.3 M NaCl, 

amyloid fibrillation could occur even under a fast heating rate because amyloid fibrils 

were stable at high temperature (Fig. 4G). This showed that heat denaturation of amyloid 

fibrils formed in the presence of 0.3 M NaCl.  

 Taken together, I showed the temperature of amyloid fibrillation and degradation 

by investigating the heating rate dependence of aggregation. 
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Figure 4. Heating rate dependence of protein aggregation to investigate the 

transition of monomer into amyloid fibrils. (A-C) Fluorescence measurements of 

heating rate dependence of protein aggregation heating at 0.5 (A), 0.2 and 0.1 ºC/min 

under the presence of 0.1 M NaCl. (D) The temperature at lag time of each samples were 

plotted against NaCl concentration and temperature. (E, F) CD measurements of heating 

rate dependence of protein aggregation in the presence of 75 mM NaCl by using 1-cm 

cuvette with stirring 800 rpm and monitored the 230 nm of MRE value (E). CD spectrum 

of each sample after heating at 25 ºC was shown in (F). (G) The stability of amyloid fibrils 

that formed in the presence of 0.3 M NaCl at 25 ºC. (H, I) The same experiment as (E,F) 

was performed in 0.3 M NaCl. 
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3.4 Discussion 

Effects of temperature on protein aggregation  

 I investigated that the effects of temperature on protein aggregation, particularly 

amyloid fibrils and amorphous aggregates. Although it is widely considered that protein 

aggregation tends to occur at high temperature, this study suggested that both types of 

aggregates could be dissociated even if aggregates formed under lower temperatures. 

Furthermore, the transition of amorphous aggregates into amyloid fibrils was observed at 

the certain range of temperature and salt concentrations. These phenomena of protein 

aggregation against temperature provide a new insight into structural properties of 

proteins. 

 I summarized the results that obtained in this study as a phase diagram showing 

the relationship between NaCl concentration and temperature (Fig. 5). The temperatures 

at the lag time of amyloid fibrillation that obtained in the heating experiments (Fig. 4) 

were plotted as filled square symbols (Fig. 5A). These points indicated the temperature 

where amyloid fibrillation mainly started. However, it is noted that the lag time was 

dependent on NaCl concentration and temperature. In other word, even under the region 

below the blue area in Figure 5A, amyloid fibrils had the potential to form after a 

prolonged period. In the previous studies, it was also reported that amyloid fibrils of β2m 

formed in the presence of 0.1~0.3 M NaCl43,46,69. Therefore, although it was expected that 

region of amyloid fibrils expand to those of lower salt concentration in Figure 5A, I 

believe that the profile of amyloid fibrils against temperature did not differ from the 

current results. On the other hand, amyloid fibrils were degraded by heating at higher 

temperature, and Tm was plotted as triangle symbols in Figure 5A. Then, it was 

demonstrated that this Tm value was dependent on the NaCl concentrations. Therefore, it 
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was considered that amyloid fibrils were stabilized by increasing the NaCl concentration. 

Taken these results together, I described a U-shaped curve for the boundary between 

unfolded monomer and amyloid fibrils (Fig. 5A). Furthermore, it should be noted that the 

temperature at the lag time shifted to a high temperature under the condition above 0.3 M 

NaCl compared with ~0.2 M. Above around this NaCl concentration, it was reported that 

amorphous aggregates accumulated as kinetically trapped species before starting the 

amyloid fibrillation69. Therefore, in this case, it could be expected that the delay of 

amyloid fibrillation occurs due to the transient amorphous aggregation (Fig. 5A dashed 

red curve).  

 Meanwhile, amorphous aggregation mainly occurred at NaCl concentration (Fig. 

5B). The red circle symbols were plotted as Tm of amorphous aggregates that obtained by 

analyzing the light scattering results. From these results, it could be proposed that, 

although amorphous aggregates were dissociated at the relatively higher temperature, it 

became difficult in the presence of high salt concentration. In other word, stability of 

amorphous aggregates increased by increasing the concentration of NaCl, the same as 

amyloid fibrils. At very high NaCl concentrations, the robust amorphous aggregates 

formed due to strong salting-out effect. Furthermore, the blue circle symbols were plotted 

as the temperature of the ThT maximum intensity (Fig. 5B). These points indicated that 

amyloid fibrillation occurred after the amorphous aggregation at the high temperature. 

From previously reports, I understood that the relationship between amyloid fibrils and 

amorphous aggregates was the same as that of crystals and glasses43,69. Furthermore, it 

was considered that glass-like aggregates produce the scaffold for crystal growth. 

Therefore, it was considered that these phenomena were similar to crystal growth process: 
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Salting-out precipitates can give rise to highly order structures99, and it could understand 

as “Ostwald ripening” that is well known in the field of crystallography100. 

Up to here, I showed that amyloid fibrils would form at high temperature even 

if the high salt concentration produced amorphous aggregation at ambient temperature. 

However, the temperature of amyloid fibril degradation was not clear under the high salt 

concentration. Because the temperature of formation amyloid fibrils was too high to 

investigate the melting Tm of fibrils. I believe that amyloid fibrils formed at high NaCl 

concentrations were also degraded at higher temperature. Therefore, I combined these 

results to understand the protein aggregation mechanism against temperature.  
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Figure 5. The region of protein aggregation based on temperature and NaCl 

concentration. (A) The region of low NaCl concentration was shown with a focus on 

amyloid fibrils. The filled blue square symbols indicated temperature at lag time of ThT 

fluorescence. Each color showed the differences of heating rate, shown in legend. The 

filled triangle symbols indicated the Tm value of amyloid fibrils. The crossing symbols 

indicated the unfolded state. These points were obtained by performing the experiments 

that investigated whether formation of aggregates occur or not at each temperature. (B) 

The region of high NaCl concentration was shown with a focus on amorphous aggregation. 

The red circle symbols indicated the Tm value of amorphous aggregates. The blue circle 

symbols indicated the temperature at the ThT maximum intensity. 
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Free energy change of protein aggregation and phase diagram 

 In a previous study, I proposed that the competitive mechanism of protein 

aggregation69. There were equilibrium of unfolded monomers and aggregated forms, and 

I determined the free energy changes in amyloid fibrillation and amorphous aggregation 

against unfolded monomers (∆GM-F or ∆GM-AA) by ∆G = −RTlnK, where R, T and K are 

the gas constant, temperature, and equilibrium constant between monomers and each 

aggregates, respectively. Furthermore, in the case of temperature-dependence of protein 

stability, I described the profile of ∆G as U-shaped. Therefore, it is considered that 

aggregates have the heat denaturation point and cold denaturation point, similar to the 

native protein folding and unfolding. It is noted that the Ikenoue et al. reported the study 

of cold denaturation of α-synuclein amyloid fibrils96. In order to understand the 

comprehensive protein aggregation mechanism, I combined the region of amyloid 

fibrillation and amorphous aggregation described above, illustrating the changing in free 

energy at the certain NaCl concentration (Fig.6). 

 At first, only amyloid fibrillation occurred in the presence of 100 mM NaCl (Fig. 

6A). At this NaCl concentration, amyloid fibrils were more stable than unfolded state of 

β2m below Tm temperature. Although it seems likely that amyloid fibrillation does not 

occur at low temperature in the phase diagram (Fig. 6A upper), β2m has a potential to 

form amyloid fibrils at that region, as described above. Therefore, it was expected as 

amyloid fibrils were the most stable state even at low temperature. Degradation of 

amyloid fibrils occurred above the Tm temperature (∆GM-F = 0). However, alternative 

types of aggregates, amorphous aggregates could not form at this NaCl concentration due 

to the positive ∆GM-AA value (Fig. 6A lower). 
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 Next, the region appears where amorphous aggregates accumulate as kinetically 

trapped state (Fig. 6B). As described above, the red dash curve indicated that amorphous 

aggregation occurred before amyloid fibrillation due to the delay of lag time compared 

with expected curve. In the presence of 400 mM NaCl, it was considered that amorphous 

aggregates formed kinetically up to around 40 ºC. Therefore, red curve that represented 

the changing in ∆GM-AA was negative, and it was expected that amorphous aggregation 

disappeared at above the ∆GM-AA = 0 (Fig. 6B upper). Similar to the condition of 100 mM 

NaCl, amyloid fibrils were most stable state at 400 mM NaCl. Therefore, amyloid 

fibrillation occurred up to the ∆GM-F = 0. Then, degradation of amyloid fibrils occurred 

above the Tm temperature (∆GM-F = 0) (Fig. 6B lower). However, this Tm point was not 

precisely determined of experimental difficulty.  

 Third, the region that amorphous aggregation is the thermodynamically most 

stable state appears (Fig. 6C). In the presence of 1 M NaCl, it has already been reported 

by my group that β2m formed the amorphous aggregate as a stable state. In other words, 

∆GM-AA (red curve) is the most negative at 1 M NaCl. However, it was a novel finding that, 

upon heating, dissolution of amorphous aggregates occurred and amyloid fibrils formed. 

From these results, I propose that there is a crossing point between ∆GM-F (blue curve) 

and ∆GM-AA (red curve) (Fig. 6C lower). Then, transformation of amorphous aggregates 

into amyloid fibrils occurred above the temperature of this crossing point. This 

phenomenon was similar to the transition of glass-like aggregates into crystals for native 

protein. From this point of view, I would like to emphasize that relationship between 

amyloid fibrils and amorphous aggregates for unfolded proteins are similar to that of 

crystal and glass states of native proteins. Finally, degradation of amyloid fibrils was 

expected at higher temperature (∆GM-F = 0). 
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 Form these results, I explain the phenomena of protein aggregation with heating 

by considering three species, unfolded state, amyloid fibrils and amorphous aggregates. 

Each aggregate has the each critical concentration to form itself, and the critical point is 

dependent on surrounding conditions. Therefore, it is considered that there is a 

competitive mechanism of both types of aggregates even under various temperature and 

heating conditions.  

 

 

Figure 6. The relationship between phase diagram and free energy change. Upper 

figure of (A), (B) and (C) showed that phase diagram between NaCl concentration and 

temperature and the horizontal dashed line indicated that 100 mM NaCl (A), 400 mM 

NaCl (B) and 1000 mM NaCl, respectively. (C). Lower figure of (A), (B) and (C) 

indicated that the changing in ∆G of amyloid fibrils (blue curve) and amorphous 

aggregates (red curve) in the presence of 100 mM NaCl, 400 mM NaCl and 1000 mM 

NaCl, respectively. The letter of “M” indicated the monomers, “F” indicated the amyloid 

fibrils and “AA” indicated the amorphous aggregates. ∆G = 0 was shown by dashed line. 

If the curve cross with this line, that point is the critical point. 
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3.4 Conclusion 

 In this chapter, I focused on the effects of temperature on protein aggregation to 

investigate the generality of competitive aggregation mechanism between amyloid fibrils 

and amorphous aggregates. As the results, I found that the amyloid fibrils and amorphous 

aggregates had the close relationship each other even for heating. For example, the 

transition of amorphous aggregates into amyloid fibrils at high temperature was a 

representative result for demonstrating the competitive mechanism. Furthermore, it is 

interesting that both aggregates could be degraded at higher temperature for unfolded 

protein. It is widely considered as preconceived idea that protein aggregates formed at 

high temperature similar to boiled egg. Although the behavior of native proteins might 

differ from that of unfolded proteins, this study produced that proteins have properties of 

typical substances dissolved in water. Furthermore, I re-recognize that relationship 

between amyloid fibrils and amorphous aggregates was similar to crystals and glasses. 

Due to the kinetic and thermodynamic balance of amorphous aggregates and amyloid 

fibrils, they produce complicate kinetic behavior as represented by the concept of Ostwald 

ripening that kinetically trapped species transform to thermodynamically stable state.  

  



 

 

 

 

 

 

 

Chapter 4. General conclusion 
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 In this study, I aimed to elucidate the protein aggregation mechanism, which is 

one of the most important topics in protein science. In ordered to accomplish this object, 

I focused on two main types of aggregates, amyloid fibrils and amorphous aggregates. 

Because there are obvious differences in structure, formation reaction, morphology, and 

methodologies to distinguish. It is no need to mention that there are many species of 

aggregates, such as oligomers, proto-fibrils, curvilinear, needle-like, noodle-like fibrils 

and so on. However, my point of view is to produce the general protein aggregation 

mechanism. Indeed, I obtained a series of evidence distinguishing amyloid fibrils and 

amorphous aggregates from this study through chapter 2 and 3.  

 In chapter 2, I investigated that salt-concentration dependence and ultrasonic-

intensity dependence of protein aggregation. Although it was difficult to understand the 

effect of ultrasonication because new species was produced, the effect of salt became clear. 

From investigation of salt-concentration dependence, it was found that amyloid fibrils 

and amorphous aggregates have each critical concentration for formation because formed 

species was differ depending on salt concentration. At the certain range of salt-

concentrations, amorphous aggregates formed by rapid reaction before amyloid 

fibrillation occurred. I discussed that these phenomena occurred because amyloid fibrils 

are supersaturation-limited and amorphous aggregates are unlimited species by adopting 

the concept of crystal and glass. Due to this relationship, I propose that protein 

aggregation occur competitively. 

 In chapter 3, I investigated the temperature-dependence of protein aggregation 

in order to elucidate the generality of competitive aggregation mechanism that was 

demonstrated in chapter 2. As a result, I obtained a phase diagram between NaCl 

concentration and temperature against protein aggregation. From this result, it was 
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demonstrated that each aggregate has critical concentration for aggregation and 

dissolution against temperature, which is similar to the salt-effects shown in chapter 2. 

Furthermore, it was found that both types of aggregates were dissociated at high 

temperature. In other word, I observed the reverse reaction of competitive aggregation 

mechanism. Finally, I explained the phenomena occurred by heating by adopting the 

competitive aggregation mechanism, combining the NaCl concentration dependence and 

temperature dependence. Thus, I established a comprehensive phase diagram dependent 

on salt and temperature effects. 

 Taken together these results, I propose the protein aggregation mechanism by 

focusing on the two type of aggregates. Furthermore, I found that many features were 

similar to the relationship between crystal and glass. For example, transition of 

amorphous aggregates into amyloid fibrils was representative results similar to crystal 

growth process governed by Ostwald ripening. Moreover, supersaturation play the key 

role for protein aggregation because this factor determined the aggregation type. In 

connection with this, critical concentration is the one of most important key words for 

understand the competitive protein aggregation mechanism. Taking these properties of 

protein aggregation into account, I discuss and understand the aggregation phenomena. 

Finally, I would like to conclude that this study produced the new insight against present 

complicated research field of protein aggregation. 
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