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CD    circular dichroism 

CMC   critical micelle concentration 

Cytc    cytochrome c 

DTT   dithiothreitol 
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Chapter 1. General introduction  
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1-1. Protein folding and aggregation 

 

 The process by which an unstructured polypeptide chain forms a unique three-dimensional 

native structure is called protein folding. In the early 1960s, C.B. Anfinsen investigated the 

renaturation of ribonuclease A and proposed a well-known postulate, “Anfinsen’s dogma”.1 This 

hypothesis stated that a native protein adopt the most thermodynamically stable structure according to 

its amino acid sequence. Since protein folding is a critical step for intrinsic functions of proteins, 

extensive studies on the molecular mechanism of protein folding have been carried out over the past 

several decades. 

 Meanwhile, it has been demonstrated that a lot of factors such as mutations and alternations 

in environmental conditions cause errors in protein folding, which often results in misfolded structures 

of proteins. Misfolded proteins have a high tendency to form aggregates. Protein aggregates may be 

largely classified two types based on their morphology and structure, amyloid fibrils and amorphous 

aggregates. Amyloid fibrils are highly-ordered aggregates and defined by their fibrillar morphology 

and structure (Figure 1A). They have received much more attention than amorphous aggregates due 

to relations to various diseases (Table 1). Amyloid fibrillation and the deposition of amyloid fibrils in 

the body have been shown to cause neurodegenerative diseases, such as Alzheimer’s disease, 

Parkinson’s disease and Huntington disease.2, 3  

Figure 1. Conformational properties of amyloid fibrils. (A) Morphology of amyloid fibrils revealed 

by atomic force microscopy (AFM). White bar represents 500 nm. (B) Schematic representation of a 

typical cross-β structure in amyloid fibrils. 

A B
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Table 1. Representative human diseases and their related proteins or peptides 

  

 Interestingly, Dobson and coworkers have demonstrated that proteins which are not involved 

in amyloid diseases can also self-assemble into amyloid fibrils in vitro under certain experimental 

conditions, suggesting the formation of amyloid fibrils is a generic property of proteins.2, 4 Recently, 

a variety of computational algorithms have been developed to predict the aggregation and amyloid 

propensity of proteins based on their primary sequence.5-13 An insightful study among them, ZipperDB, 

proposed that all proteins contain potential segments of amyloidogenesis, although this is not 

evidenced by direct experiments in a systematical way.14  

 One more interesting point is that amyloidoigenic proteins and peptides are distinct in their 

primary sequence, structure and function; however amyloid fibrils formed all share the common 

characteristics as follows.4, 15 First, amyloid fibrils can be stained with the fluorescence dyes such as 

Congo red and thioflavin T (ThT), which provides a useful and convenient way to detect and monitor 

amyloid formation in real-time using spectroscopic methods (Figure. 2). Second, amyloid fibrils show 

a hierarchical structure. Mature amyloid fibrils consist of bundles of several protofilaments.16 A 

protofilament is further composed of ß-strands which are stabilized by hydrogen bonds and running 

Disease  Aggregating protein or peptide  

Alzheimer’s disease  Amyloid  peptides, Tau 

Parkinson’s disease  α-synuclein (wild type or mutants) 

Dementia with Lewy bodies  α-synuclein (wild type or mutants) 

Huntington’s disease  Huntingtin 

Amyotrophic lateral sclerosis  SOD1 (wild type or mutants), TDP-43 (wild type 

or mutants), FUS (wild type or mutants) 

Frontotemporal dementia with Parkinsonism Tau 

Transthyretin amyloidosis  Transthyretin (mutants) 

Transmissible spongiform encephalopathy  Prion (whole or fragments) 

Type II diabetes  Amylin (fragments) 

Hemodialysis-related amyloidosis  2-microglobulin (wild type or mutants) 
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perpendicular to the fibril long axis, and therefore ß-sheet lies parallel to fibril axis, so to speak a cross-

ß structure. X-ray fibril diffraction indicates that the inter-strand and inter-sheet spacing are 4.8 Å and 

10 Å, respectively (Figure 1B).2, 15, 17, 18  

Figure 2. ThT-based observation of amyloid fibrillation process. ThT, shown as yellow circles, can 

bind to amyloid fibrils and thereby emitting fluorescence. A typical fibrillation process of two steps is 

depicted: nucleation and subsequent fibril elongation.  

 

 High stability and mechanical stiffness, as a result of the extensive hydrogen bond network 

in the tightly packed β-sheet structure, make amyloid fibers very attractive for a variety of applications 

in nanotechnology and biotechnology including the development of drug delivery system and 

scaffolding cell tissue.19 Studies by Mezzenga and colleagues have practically highlighted the possible 

application and usage of amyloid fibrils by hybridizing amyloid fibrils with carbon-nanomaterials. 

Hybridized amyloid fibrils indeed showed high potency for water purification20 and biosensors.21 In 

addition, amyloid fibrils have shown biologically-beneficial roles, i.e., functional amyloids.2, 22-24 For 

example, Pmel17, deposited as fibrillar structure in vivo, play a key role in regulating mammalian skin 

pigmentation.22 

The underlying mechanisms of amyloid fibrillation have been revealed. Amyloid fibrils 
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formed via two sequential processes, i.e., spontaneous amyloid formation or seed-independent 

amyloid formation4, 15 (Figure. 2) although much still remains to understand the detailed molecular 

and mechanical mechanism of amyloid formation. Rapid fibril growth phases appear following a lag 

time during which productive nuclei for amyloidogenesis formed. Therefore, the addition of 

preformed amyloid fibrils as a seed skips the rate-limit step of nucleation and exhibits generally 

elongation phases, i.e., seeded amyloid formation or seed-dependent amyloid formation. As nuclei are 

kinetically and thermodynamically unstable, their life span is very short, which hampers detailed 

investigation of the mechanism of nucleation and the structure of nuclei. Nuclei have been considered 

to be templates for amyloid fibrillation, which may determine types of amyloid fibrils.25 Nucleation 

may be susceptible to ambient conditions. Thus, distinct types of nuclei formed depending on distinct 

conditions may produce polymorphic characters of amyloidogenesis. 

 Compared with amyloid fibrils, amorphous aggregates lack well-defined ordered structure. 

They often show spherical morphologies without characteristic secondary structures although recent 

studies have shown the presence of secondary structures in amorphous aggregates.26 In the 

pharmaceutical industry, control of amorphous aggregates is a major task for purification and 

manufacture of therapeutic protein products.27 Amorphous aggregation is also responsible for diseases 

such as amorphous aggregates of α-crystallin for cataracts28 and for the problem in the immune system. 

In contrast to deleterious effects of amorphous aggregation, amorphous aggregates serve usefully as 

an initiator for the immune system.29 

 Amorphous aggregation and amyloid fibrillation have been distinguished by the kinetics of 

their formation.30 Amyloid fibril formation occurs through nucleation-dependent process with a lag 

phase and growth phase as mentioned above while amorphous aggregates form rapidly without an 

appreciable lag phase due probable to tremendous heterogeneous nucleation. Thus, amorphous 

aggregation does not show seed-dependent kinetics. 
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Although unified terminology of protein aggregation is still required, investigation and 

characterization of each type of protein aggregates as well as their comparison are challenging and 

important for our deeper understanding of protein science and for providing basis and hint for 

prevention and cure of protein aggregation-related diseases. 
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1-2. Effects of alcohols on protein aggregations 

 

Alcohols are moderately hydrophobic solvents useful for addressing the role of water in the 

conformation and stability of proteins. Previous studies demonstrated that alcohols can denature the 

rigid native structure of proteins and stabilize α-helical conformations by strengthening the local 

hydrogen bonds and weakening intermolecular hydrophobic interaction due mainly to the decreases 

in the polarity of the solvent relative to pure aqueous solution.31-35 Moreover, two types of highly 

fluorinated alcohols, 2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 

exhibit marked alcohol effects as a result of their dynamic cluster formation.34, 36 Alcohols often cause 

protein precipitation at neutral pH by decreasing solubility of proteins. For example, ethanol-induced 

aggregation and precipitation have been well applied to generate functional therapeutic products by 

fractionating plasma proteins.37, 38 

 Since alcohols are convenient aggregation-inducing media which are compatible with a 

variety of biophysical techniques, alcohol-mediated formation of amyloid fibrils, particularly by TFE 

39-50 and HFIP36, 41, 49, 51, has been extensively examined for the last decade. Among them, Yamaguchi 

et al. explored details on alcohol effects on amyloid fibrillation. They revealed that amyloid formation 

of K3 fragment of β2-microglobulin (β2m) showed a bell-shaped dependence on the TFE 

concentration, which was simply induced by the decrease in hydrophobic interactions and the increase 

in polar interactions between amino acid residues in the peptide with increasing TFE concentration.41 

A similar mechanism was also applied to describe the bell-shaped dependence of islet amyloid 

polypeptide fibrillation on the concentration of HFIP.36 In addition to the ability to regulate protein 

aggregation behavior, TFE and HFIP induce the structural polymorphism of amyloid fibrils. β2m 

monomers polymerized into amyloid fibrils with distinct structures in a concentration-dependent 

manner in the presence of TFE.47 Assembly of peptide-naphthalenediimides conjugates in the absence 
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and presence of alcohols displayed the different handedness and morphology, which in turn led to the 

alternation in the assembly-dependent device functionality.52-54 

 Although extensive studies have been performed to elucidate the mechanism of alcohol-

induced amyloid fibrillation, the linkage between an alcohol-induced decrease in solubility and 

amyloidgenesis has not been revealed. Furthermore, there is still no systematic investigation on the 

effects of TFE and HFIP on protein solubility and amyloidogenesis. Therefore, the study on alcohol-

induced protein aggregation in terms of solubility will provide us with deeper understanding on the 

underlying mechanism of protein aggregation. 
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1-3. Effects of ultrasonication on protein aggregations 

 

Ultrasonication has been commonly used for preparing fibril seeds. It breaks long fibrils into 

short fibrils with narrow distributions of the fibril length, leading to the dramatic increase in the 

number of active fibril ends where monomers are incorporated for fibril elongation.55 It has been 

generally accepted that seeded amyloid formation provided more homogeneous amyloid fibrils than 

spontaneous amyloid formation based on kinetic adaptation of amyloid fibrillation in nature. Moreover, 

ultrasonication-treated short and homogeneous fibrils provided a chance to characterize overall 

structures of amyloid fibrils at the residue level using solution-state nuclear magnetic resonance 

(NMR) spectroscopy. β2m amyloid fibrils were largely characterized by flexible unstructured regions 

which were exposed to solution and rigid core regions which were buried and protected from 

solution.56 

Recent studies showed that ultrasonication is a highly efficient agitation for generating 

amyloid fibrils.57-60 Stathopulos and coworkers first proved that ultrasonication caused the formation 

of amyloid-like aggregates of various proteins.57 Oohashi and colleagues next showed that 

ultrasonication promoted the structural conversion of β2m from monomers to fibrils.58 The remarkable 

accelerating effect was mainly ascribed to ultrasonication-induced continuous growth and collapse of 

cavitation microbubbles,61, 62 which induces the denaturation and condensation of proteins on the 

water-air interface of microbubbles. In addition, ultrasonication also generates large shearing force 

due to the solvent flow,63-65 which favors the growth of amyloid fibrils through the secondary 

nucleation.  

Recently, Yoshimura et al. has proposed that the formation of amyloid fibrils is analogous to 

protein crystallization occurred in a supersaturated solution. Accordingly, accelerated fibril formation 

is simply explained by ultrasonication-induced disruption of supersaturation.30 In contrast, the kinetics 
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of amorphous aggregation do not depend on ultrasonication treatment. Thus, it was viewed that 

amyloid fibrillation and amorphous aggregation can be simply distinguished by their kinetics of 

formation. Overall, ultrasonciation, which disrupts persistant supersaturation, is an effective method 

to elucidate the real aggregation propensity and to compare different types of protein aggregation. 
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1-4. Content of this thesis 

 

Recent progress in elucidating protein aggregation from microscopic viewpoints has revealed 

that subtle changes in molecular interactions can lead to two morphologically distinct aggregates, 

amyloid fibril and amorphous aggregate. However, the detailed mechanism how proteins can form 

these two types of aggregates based on macroscopic viewpoints is still unclear. 

In chapter 2, I studied the alcohol-induced fibrillation of hen egg-white lysozyme at various 

concentrations of ethanol, TFE, and HFIP. Under the conditions where the alcohol-denatured lysozyme 

retained metastability, ultrasonication effectively triggered fibrillation. The optimal alcohol 

concentration depended on the alcohol species. HFIP showed a sharp maximum at 12-16%. For TFE, 

a broad maximum at 40-80% was observed. Ethanol exhibited only an increase of fibrillation above 

60%. These profiles were opposite to the equilibrium solubility of lysozyme in water/alcohol mixtures. 

I proposed an alcohol-dependent protein misfolding funnel useful for describing protein aggregation. 

In chapter 3, the aggregation behavior of the physiologically relevant two types of cytochrome 

c (Cytc), metal-bound Cytc, and its fragment with high amyloidogenicity as predicted in alcohol/water 

mixtures was examined. Based on the results, I addressed the biological implications of Cytc 

aggregation based on the physiologically relevant and distinct conformational states of holo and apo 

Cytc. The aggregation of Cytc and its fragment has also been discussed in terms of metastability and 

the degree of supersaturation. I proposed that a phase diagram constructed by a macroscopic view of 

thermodynamic solubility with the incorporation of a microscopic view of the secondary structure 

content of monomers and aggregates is useful for understanding the aggregation behaviors of proteins. 

In chapter 4, I will summarize the contents of my thesis to provide general conclusions. 
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Chapter 2. Solubility and supersaturation-dependent 

protein aggregation revealed by ultrasonication 
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2-1. Introduction 

 

In the last decade, alcohol-induced formation of protein aggregates, particularly by TFE40-

49, 66 and HFIP,36, 41, 49 has been focused on. It is noted that these alcohols not only promote fibrillation, 

but also induce amorphous aggregation of proteins,34, 41 arguing that amyloid fibrillation and 

amorphous aggregation share a common mechanism, although they are distinct in their morphologies 

(Figure 1, Chapter 1). 

Recent study revealed that amyloid fibrillation and amorphous aggregation are similar to the 

crystallization and glass formation of solutes, respectively, at concentrations above the solubility limit 

(i.e., critical concentration).30, 36 When its concentration is above solubility, a solute is excluded from 

the solution, often precipitating as crystals. However, a high free energy barrier of crystallization 

retains supersaturation.67, 68 In the metastable region of supersaturation, spontaneous nucleation does 

not occur and seeding is required for crystallization. In the labile region, spontaneous nucleation can 

occur after a certain lag time producing crystals. A further increase in the driving forces of precipitation 

causes glass transition producing glass. Although there is no considering of the supersaturation, the 

fibrillation above the solubility limit is similar to the helical polymerization model proposed by 

Oosawa and Kasai,69 in which the equilibrium constant between monomers and helical aggregates is 

the critical concentration. 

Analogies of crystallization and amyloid fibrillation30, 36, 70, 71 suggest that alcohol-dependent 

amyloid fibrillation can be understood by the decreased solubility of polypeptides in alcohol/water 

mixtures. Although a decrease in protein solubility in alcohol/water or SDS/water mixtures was 

reported for lysozyme,72 prion proteins,73 and RNase Sa,74 a linkage between the decreased solubility 

and amyloidogenicity has not been systematically argued. As far as I know, there is no report on the 

effects of TFE and HFIP on the solubility of peptides or proteins. In this study with hen egg-white 
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lysozyme, I examined the role of solubility and supersaturation in alcohol-dependent amyloid 

fibrillation. To verify supersaturation, I used ultrasonication, one of the most effective agitations for 

abolishing metastability and thus effectively producing amyloid fibrils.30, 58, 59, 75, 76 The results show 

that amyloid fibrillation of lysozyme is largely determined by the equilibrium solubility, often difficult 

to achieve because of the metastability of supersaturation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



１５ 

 

2-2. Materials and Methods  

 

Materials. ThT was obtained from Wako Pure Chemical Industries, Ltd. Ethanol, TFE, HFIP 

and other reagents were obtained from Nacalai Tesque (Kyoto, Japan). Hen egg-white lysozyme was 

purchased from Nacalai Tesque (Kyoto, Japan) and used without further purification. 

Sample preparation of hen egg-white lysozyme. Lysozyme was dissolved in 250 mM 

sodium acetate buffer (pH 4.8) at 15, 50 and 100 mg mL-1. Then, the protein solutions were diluted 

with alcohols to desired alcohol concentrations with a final acetate buffer concentration of 25 mM. 

Although alcohols increased the pH because of their hydrophobicity, I did not adjust the pH. The 

apparent pH in 10% ethanol, TFE, and HFIP was all 4.8, and in 50% ethanol, TFE, and HFIP, was 5.7, 

5.0, and 5.2, respectively. It should be noted that alcohol concentrations in this paper are 

(volume/volume) percentages. I also examined the effects of the order of sample preparation by 

initially dissolving the lyophilized lysozyme directly into 90% TFE and then decreasing the TFE 

concentration by dilution. The concentration of lysozyme was determined spectrophotometrically by 

using absorbance at 280 nm with an extinction coefficient of 2.63 mL mg-1 cm-1.77 The final 

concentrations of lysozyme used were 1.5, 5, and 10 mg mL-1. Unless otherwise mentioned, the 

lysozyme concentration was 1.5 mg mL-1. 

Real-time monitoring of aggregation with and without agitation. The protein solutions 

with a total volume of 1.5 mL, containing 1.5 mg mL-1 or 5 mg mL-1 lysozyme, 5 M ThT, and alcohol 

at various concentrations, were incubated in a 1-cm light path cuvette at 25 ºC in the absence and 

presence of agitation. Cuvettes were sealed tightly to prevent volatilization of alcohols, and firmly 

fixed in the spectrophotometer. ThT fluorescence and light scattering were measured using a Hitachi 

fluorescence spectrophotometer F4500 (Hitachi, Tokyo, Japan) with the excitation wavelengths at 445 

nm and 350 nm, respectively. The lag time for aggregation was defined as the time at which the ThT 
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fluorescence or light scattering intensity reaches one-tenth of the maximum. Two types of agitation 

(i.e. stirring and ultrasonication) were employed. For agitation with a stirring magnet, the stirring 

speed was set at 600 rpm. For agitation with ultrasonic irradiation, the sample solution was irradiated 

with ultrasonic pulses by tightly attaching an ultrasonic generator (Elekon, Tokyo, Japan) to a sidewall 

of the cuvette as described previously.30 Ultrasonic agitation was combined with continuous stirring 

with a magnet at 600 rpm and subjected to cycles of ultrasonication for 1 min at 2-min intervals. The 

frequency of the ultrasonic waves was 27.5 kHz. The aggregation processes agitated with stirring in 

the absence and presence of 5% (w/w) seed fibrils were also examined using a Hitachi F4500 

fluorescence spectrophotometer. Fibril seeds, i.e. short lysozyme fibrils, were prepared by 

fragmentation of mature fibrils with manual sonication treatment. 

Real-time monitoring of aggregation with microplate. Lysozyme at 10 mg mL-1 dissolved 

in 25 mM sodium acetate buffer (pH 4.8) containing alcohols at various concentrations (0-90%) was 

applied to each of the 96 wells of a microplate. Using the method established in our previous study,75 

the microplate placed at the center of a water bath-type ultrasonic transmitter (ELESTEIN SP070-PG-

M; Elekon, Tokyo, Japan) was ultrasonicated from three directions. The microplate was subjected to 

cycles of ultrasonication for 1 min at 9-min intervals, and maintained at 25 °C throughout the 

experiment. The power and output of the sonication were set to 17–20 kHz and 350 W, respectively. 

Before and after 48 h incubation, a 1-μl aliquot of sample was added to 200 μL of a 50 mM glycine-

NaOH buffer (pH 8.5) containing ThT at a final concentration of 5 M, and the fluorescence intensity 

at 490 nm was measured with an excitation wavelength of 445 nm. 

ThT assay at neutral pH. Aliquots (5 L) of the sample solutions after reactions at pH 4.8 

were added to 1 mL of the 50 mM glycine-NaOH buffer (pH 8.5) containing 5 M ThT. Fibril 

formation was assayed based on the ThT intensity at 480 nm excited at 445 nm using a Hitachi F7000 

fluorescence spectrophotometer. 
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Circular dichroism (CD) measurements. CD measurements of lysozyme solutions were 

performed at 0.15 mg mL-1 in 25 mM sodium acetate buffer (pH 4.8) containing various alcohol 

concentrations using a Jasco J820 spectropolarimeter at 25 ºC. The sample solution (1.5 mg mL-1) was 

diluted 10 fold for far-UV CD experiments. Far-UV CD spectra were recorded using a quartz cuvette 

of 1-mm path length. The spectra were expressed as mean residue ellipticity, [] (deg cm2 dmol−1), 

after subtracting the solvent background. 

Determination of concentrations of residual monomers. The sample solutions after 

reactions were centrifuged at 15,000 rpm and at 25 ºC for 30 min. Then, the concentration of residual 

monomers in the supernatant was determined spectrophotometrically.77  

AFM measurements. Sample solutions of 1.5 mg mL-1 lysozyme after reactions were 

diluted 10 fold, then a 15-L aliquot was spotted on a freshly-cleaved mica plate. The residual solution 

was blown off with compressed air and air-dried after 10 seconds. AFM images were obtained using 

a Nano Scope IIIa (Digital Instruments) as reported previously.30, 41 

Dynamic light scattering measurements. To examine aggregation states of soluble proteins, 

dynamic light scattering measurements were performed using a Zetasizer instrument (DynaPro; Wyatt 

Technology Corporation, USA) at 25 °C using a standard cuvette with a path length of 1 cm. Lysozyme 

at 1.5 mg mL-1 was dissolved in 25 mM sodium acetate buffer (pH 4.8), containing 40% TFE, 16% 

HFIP, and 65% ethanol. Scattering data were collected as an average of 20 scans collected over 200 

seconds. The data were processed in accordance with the manufacturer’s software (DYNAMICS; 

Wyatt Technology Corporation). The Stoke–Einstein relationship, together with refractive indices and 

temperature-corrected viscosities of water provided by the DYNAMICS software, was used to 

calculate the hydrodynamic radius of protein solutions. 
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2-3. Results  

 

Alcohol-Induced Transitions under Quiescent Conditions  

The effects of TFE, HFIP, and ethanol on hen egg-white lysozyme at 1.5 mg mL−1 at pH 4.8, 

where the pH value is in the absence of alcohol, were examined by CD spectroscopy under quiescent 

conditions (Figure 1-4). The spectra were measured ∼5 min and 48 h after sample preparation. In the 

absence of alcohols, lysozyme composed of predominantly α-helical and β-sheet domains had a CD 

spectrum with minima at 208 and 222 nm with an ellipticity of around −10 000 deg cm2 dmol−1 at 222 

nm (Figure 1A).  

The addition of TFE caused a cooperative transition at 30−40%, producing an α-helical 

conformation (Figure 1A,D), consistent with previous reports.31, 35 The effects of HFIP, showing a 

highly cooperative transition at 10−16%, were stronger than those of TFE (Figure 1B,D). HFIP at 8% 

brought about the aggregation of the solution, resulting in a decrease in the CD intensity (Figure 1B,D). 

The effects of ethanol were weakest among the three alcohols, causing spectral changes above 60% 

(Figure 1C,D). Spectral changes at higher concentrations of ethanol indicated the formation of β 

structures (Figure 1C, Figure 4). 

Upon incubation for 48 h without agitation, no change was observed for the solutions 

containing TFE (Figure 1D, Figure 2). The aggregates observed in the presence of 8−12% HFIP 

dissolved with time (Figure 1B,D, Figure 3B−D), suggesting that the aggregation is transient. The 

effects of ethanol were weakest among the three alcohols causing spectral changes above 60%, 

suggesting the formation of β structures (Figure 1C,D). In the presence of ethanol above 70%, 

aggregation was accompanied by a further decrease in the far-UV CD intensity (Figure 1C,D, Figure 

4C−F). The aggregates that formed under quiescent conditions were examined by ThT binding at pH 

4.8 and 8.5, light scattering, and CD (Figures 1−5). The transient aggregates that formed at 8−12% 
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HFIP had a high light scattering intensity but no ThT fluorescence, suggesting that they are amorphous 

aggregates probably of the native lysozyme. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Alcohol-induced conformational transitions of lysozyme monitored by CD in the absence 

of agitation. Far-UV CD spectra of lysozyme at various concentrations of (A) TFE, (B) HFIP, and (C) 

ethanol. Arrows indicate increasing alcohol concentrations. The up arrows indicate the increase in 

ellipticity (B) from 0 to 8% HFIP and (C) from 80 to 90% ethanol. (D) Ellipticities at 222 nm obtained 

5 min (○, Ä, ◊) and 48 h (●, ▲, ⧫) after sample preparation plotted against TFE (○, ●), HFIP (Ä, ▲), 

and ethanol (◊, ⧫) concentrate. 
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Figure 2. TFE-dependent aggregation kinetics of lysozyme with and without agitation. Aggregation 

at 1.5 mg mL-1 lysozyme was monitored by ThT fluorescence and light scattering (left) and far-UV 

CD (right) in 0 (A), 10 (B), 20 (C), 30 (D), 40 (E), 50 (F), 60 (G), 70 (H), and 80 (I) 90% (J)TFE. ThT 

(left axis) and light scattering (right axis) intensities with sonication plus stirring (●, ▲), with stirring 

(○, ), and without agitation (solid lines, broken lines) were plotted as a function of incubation time. 

The far-UV CD spectra with sonication plus stirring (broken lines), with stirring (broken and dotted 

lines), or without agitation (dotted lines) were recorded at 48 h after sample preparation. Spectra 

measured immediately (5 min) after samples were dissolved are shown for comparison (solid lines). 
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Figure 3. HFIP-dependent aggregation kinetics of lysozyme with and without agitation. Aggregation 

at 1.5 mg mL-1 lysozyme was monitored by ThT fluorescence and light scattering (left) and far-UV 

CD (right) in 6 (A), 8 (B), 10 (C), 12 (D), 14 (E), 16 (F), 18 (G), 20 (H), 40 (I), and 90% (J). ThT (left 

axis) and light scattering (right axis) intensities with sonication plus stirring (●, ▲), with stirring (○, 

), and without agitation (solid lines, broken lines) were plotted as a function of incubation time. The 

far-UV CD spectra with sonication plus stirring (broken lines), with stirring (broken and dotted lines), 

and without agitation (dotted lines) were recorded at 48 h after sample preparation. Spectra measured 

immediately (5 min) after samples had dissolved are shown for comparison (solid lines). 
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Figure 4. Ethanol-dependent aggregation kinetics of lysozyme with and without agitation. Formation 

of aggregates at 1.5 mg mL-1 lysozyme was monitored by ThT fluorescence and light scattering (left) 

and far-UV CD (right) in 50 (A), 60 (B), 65 (C), 70 (D), 75 (E), 80 (F) , and 90% (G). ThT (left axis) 

and light scattering (right axis) intensities with sonication plus stirring (●, ▲), with stirring (○, ), and 

without agitation (solid lines, broken lines) were plotted as a function of incubation time. The far-UV 

CD spectra with sonication plus stirring (broken lines), with stirring (broken and dotted lines), and 

without agitation (dotted lines) were recorded at 48 h after sample preparation. Spectra measured 

immediately (5 mins) after samples had dissolved are shown for comparison (solid lines). 
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Figure 5. Solubility of lysozyme in water/alcohol mixtures. The concentrations of remaining 

monomers and the ThT and light scattering intensities of 1.5 mg mL−1 lysozyme after incubation were 

normalized and plotted against (A) TFE, (B) HFIP, and (C) ethanol concentrations. Residual 

monomers at pH 4.8 with sonication under stirring (⧫) and without agitation in the absence (◊) and 

presence (filled gray diamond) of seeds were quantified and plotted. ThT (red ○) and light-scattering 

(blue ▲) intensities at pH 4.8 obtained by real-time observations and the ThT intensity (red ●) at pH 

8.5 were plotted against alcohol concentration. 
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Alcohol-Induced Transitions under Ultrasonication 

The effects of agitation on the lysozyme solution at various concentrations of alcohol−water 

mixtures were examined (Figure 2−4). I used an attachment by which the ultrasonic pulses can be 

applied directly to the cuvette of the fluorescence spectrophotometer.30 This attachment enabled the 

real-time monitoring of the effects of ultrasonication. I compared the effects of stirring the solution 

with the effects of ultrasonication plus stirring. The reaction kinetics were monitored by measuring 

ThT fluorescence at 480 nm and light scattering at 350 nm. 

Upon stirring in the presence of 40% TFE, light scattering increased after a lag time of 10 h, 

followed by a moderate increase in ThT fluorescence with a lag time of around 20 h (Figure 2E). 

Ultrasonic pulses accelerated these changes: the increase in ThT fluorescence and light scattering 

occurred concomitantly at 8 h (Figure 2E). The final fluorescence intensity was much greater than that 

with stirring. Although no change was observed at 80% TFE under stirring even after 70 h, 

ultrasonication plus stirring caused an increase in ThT fluorescence and light scattering at 10 h (Figure 

2I). The concomitant increase in ThT fluorescence and light scattering indicated a highly cooperative 

effect. Below 30% TFE, there was no change in light scattering after 48 h even with ultrasonication 

plus stirring (Figure 2A−D).  

The products formed by applying ultrasonic pulses were examined by CD and AFM (Figure 

2, Figure 6). The CD spectra in 40−80% TFE showed the formation of β-sheet dominated structures, 

and the AFM images showed that the major products had a fibrillar morphology, confirming that the 

ultrasonic pulses produced amyloid fibrils. 

Fibrillation as described above is coupled with alcohol denaturation of the native state. To 

determine the role of denaturation, I conducted the same measurements except starting with lysozyme 

directly dissolved in 90% TFE at pH 4.8 and then diluted at respective TFE concentrations (Figure 7). 

The reactions monitored by light scattering and ThT fluorescence were similar over a wide range of 



３０ 

 

TFE concentrations although the lag time was shortened by 3 to 4 h. This indicated that even if the 

denaturation of the native state affects the lag time, the equilibrium between the soluble and fibrillar 

forms is independent of the method of sample preparation. The shorter lag time implies that additional 

conformational states exist before complete denaturation to the amyloid-competent TFE denatured 

state. 

HFIP is an alcohol that is more effective than TFE in generating amyloid fibrils.6,10 At 16% 

HFIP, stirring produced amyloid fibrils with a lag time of 8 h has monitored with ThT fluorescence, 

which was preceded by an increase in light scattering (Figure 3F). It is noted that this lag time (∼8 h) 

is similar to that in the presence of 40% TFE (Figure 2E), indicating that the apparent lag time is 

determined by the combined effect of the alcohol species and its concentration. Ultrasonication slightly 

shortened the lag time by ∼1 h. Light scattering and ThT fluorescence increased steeply in comparison 

to stirring alone, indicating increased cooperativity. The formation of fibrils was confirmed from CD 

spectra and AFM images (Figure 3F, Figure 5G). 

In 8−12% HFIP, the mixing of lysozyme with HFIP caused transient aggregation, which 

disappeared within 10 h (Figure 3B−D). Agitation of the solution by either stirring or ultrasonication 

plus stirring resulted in the formation of amyloid fibrils before the complete dissolution of aggregates. 

Because of the competition between the dissolution of aggregates and the formation of fibrils, light 

scattering showed a minimum at 2 h for 8% HFIP and at 1 h for 12% HFIP, the same time when the 

ThT fluorescence started to increase. It was noted that the far-UV CD spectrum at 8% HFIP showed a 

sudden decrease in the CD signal because of the formation of large aggregates (Figure 1B), leading to 

the low reproducibility of the CD signal. This was also true for the light-scattering intensity at 8% 

HFIP (Figure 3B). At other HFIP concentrations, the reproducibility was high for both CD and light-

scattering signals. 

The effects of ultrasonication on the lag time were weaker in the HFIP solutions than in the 
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TFE and ethanol solutions (see below). The absence of accelerating effects on fibrillation suggested 

that the transient aggregates, possibly present even in the 16% HFIP solution, include nucleus-

competent oligomers. 

I also examined the effects of agitation on lysozyme solution at various concentrations of 

ethanol (Figure 4). At 65% ethanol (Figure 4C), although stirring did not bring about apparent effects, 

ultrasonication plus stirring induced amyloid fibrillation at 10 h. At higher ethanol concentrations 

(above 80%), aggregation of the solution occurred quickly after preparation of the solution, and no 

clear effect of agitation was observed (Figure 4F,G). The products at 70−75% ethanol were a mixture 

of mature and protofibrils judging from the CD spectra and AFM images (Figure 4D,E, Figure 5K). 

At 80 and 90% ethanol, although the CD spectrum indicated the β-sheet-dominant structure, the AFM 

images revealed largely amorphous aggregates (Figure 4F,G, Figure 5L). 
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Figure 6. Aggregates of lysozyme formed under distinct alcohol conditions with sonication plus 

stirring examined by AFM. AFM images of 1.5 mg mL-1 lysozyme after treatment with sonication and 

stirring in 0 (A), 40 (B), 60 (C) and 80% (D) TFE; in 6 (E), 8 (F), 16 (G) and 18% (H) HFIP; in 50 (I), 

65 (J), 75 (K), and 90% (L). The scale bars represent 1 m. It should be noted that the molecular 

species of lysozyme at 8% HFIP are a coexistence of mature fibrils, protofibrils, and amorphous 

aggregates as shown in the phase diagram (Figure 13). Although mature amyloid fibrils are shown in 

the AFM images (F), the low CD signal intensity which is around 25% of the mature fibrils (Figure 

3B) and the low ThT fluorescence which is around 60% of the mature fibrils (Figure 4B) suggest a 

mixture of protofibrils and amorphous aggregates. 
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Figure 7. Effects of the method of sample preparation on aggregation kinetics and solubility of 

lysozyme in water/TFE mixtures. In these experiments, lysozyme was first dissolved with 90% TFE 

then diluted using 25 mM sodium acetate buffer (pH 4.8). (A,B) The aggregation kinetics of 1.5 mg 

mL-1 lysozyme during the 0-24 h incubation period was monitored by using the ThT assay (A) and 

light scattering (B) under sonication treatment with continuous stirring in real time. (C) The lag times 

of aggregation of lysozyme dissolved in TFE and then diluted with buffer (black) were compared with 

those of lysozyme dissolved in buffer to which TFE was then added (red). The lag times based on ThT 

intensity were plotted against TFE concentrations. (D) The concentrations of remaining monomers 

(diamonds) and the ThT (triangles) and light scattering (circles) intensities of 1.5 mg mL-1 lysozyme 

after 24 h-incubation were normalized and plotted against TFE concentrations. The results of standard 

experiments in which lysozyme was first dissolved in sodium acetate buffer and then TFE was added 

are shown by red symbols. The results of reverse experiments in which lysozyme was first dissolved 

in TFE and then diluted with buffer are shown by black symbols. The maximum ThT intensities in A 

were used for D. 
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Remaining Soluble Proteins 

For the three types of alcohols, I examined the soluble protein concentration after incubation 

with or without agitation (Figure 5). When the ultrasonication-dependent bursts of signals ended, I 

stopped the ultrasonic irradiation and estimated the soluble protein concentration after centrifugation. 

When the ultrasonication-dependent burst reaction did not occur within 48 h, the soluble protein 

concentration was determined after the incubation periods as indicated in Figure 5. 

For TFE and HFIP, after incubation for 48 h under quiescent conditions, the concentration 

was the same as the initial lysozyme concentration except for 12% HFIP, where some turbidity 

remained. As for ethanol above 80%, residual soluble lysozyme decreased, where amorphous 

aggregation continued. 

For all three types of alcohols, after fibrillation induced by ultrasonication, the remaining 

soluble lysozyme was close to zero (Figure 5). The dependence of residual soluble proteins on the 

alcohol concentration exhibited an opposite profile to those of ThT fluorescence and light scattering, 

indicating that the formation of fibrils is linked to the decrease in soluble protein concentration. The 

same relationship between an increase in fibrillilation and a decrease in solubility was also observed 

at high concentrations of lysozyme: 5 and 10 mg mL−1 (Figures 8 and 9). Moreover, the dependence 

of residual soluble proteins on the TFE concentration was independent of the order of sample 

preparation (Figure 7D): the concentrations of residual soluble proteins were almost identical. 

To address the oligomeric state of soluble proteins under supersaturation, I performed 

dynamic light scattering measurements at 1.5 mg mL−1 lysozyme (Figure 10). The distribution profile 

of species exhibited a single dominant peak with hydrodynamic radii of 1.5−1.9 nm in both the absence 

and presence of alcohol, indicating that the soluble lysozymes exist as monomers. The results are 

consistent with the report by Harper and Lansbury,71 suggesting that dominant species in soluble 

fractions under supersaturation are monomers. 
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Chemical degradation of lysozyme after ultrasonication treatment was investigated by high-

performance liquid chromatography (HPLC) and SDS−polyacrylamide gel electrophoresis (Figure 11). 

For both analyses, ultrasonic agitation was combined with continuous stirring using a stirring magnet 

at 600 rpm and subjected to cycles of ultrasonication for 1 min at 2 min intervals. The results of HPLC 

showed that at least 80% of the lysozyme remains intact after 24 h. SDS−polyacrylamide gel 

electrophoresis detected no degradation after 24 h. Taken together, the chemical degradation of 

lysozyme induced by ultrasonication is minimal and does not affect our interpretation. 

At 16% HFIP, I performed the seeding experiments with 5% (w/w) fibril seeds added to the 

monomers (Figure 12). Light scattering and ThT fluorescence increased without a lag time. No 

residual monomer was detected after the ending fibril extension. These confirmed that the decrease in 

the quantity of monomers is not caused by the specific effects of ultrasonication but is a general 

consequence of amyloid fibrillation (Figure 5B and 12). 
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Figure 8. Aggregation kinetics and solubility of lysozyme at 5 mg mL-1 in water/TFE mixtures. (A,B) 

Amyloid fibrillation of lysozyme at 5 mg mL-1 monitored by ThT assay (A) and light scattering (B) in 

real time in 25 mM sodium acetate buffer (pH 4.8) under sonication treatment with continuous stirring. 

(C) The far-UV CD spectra of lysozyme solutions after incubation as shown in A. (D) Concentrations 

of remaining monomers () and ThT (■) and light scattering (▲) intensities after incubation as shown 

in a Normalized values were plotted against TFE concentration. (E,F) AFM images of fibrils formed 

in 40 and 70% TFE. The scale bars indicate 1 m. 
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Figure 9. Alcohol concentration dependence of the amyloid fibrillation and solubility of lysozyme at 

10 mg mL-1 in 25 mM sodium acetate buffer (pH 4.8). Aggregation was performed with microplates 

with a water bath-type ultrasonic transmitter (ELESTEIN SP070-PG-M; Elekon, Tokyo, Japan). The 

microplate was subjected to cycles of ultrasonication for 1 min at 9-min intervals, and maintained at 

25 °C. Normalized values of ThT intensities (triangles) and residual monomers (circles) after 

incubation for 48 h in alcohol in the absence (A, D, G) and presence (B, C, E, F, H, I) of sonication 

treatment are shown. Error bars for the three independent sets of measurements are shown. AFM 

images of amyloid fibrils formed in 60% TFE (C) and HFIP (F) and in 50% ethanol (I). The scale bars 

indicate 1 m. 
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Figure 10. Dynamic light scattering measurements of lysozyme in alcohol/water mixtures. The 

hydrodynamic radius (RH) of 1.5 mg mL-1 lysozyme in 25 mM sodium acetate buffer (pH 4.8) 

containing no alcohol (A), 40% TFE (B), 16% HFIP (C), and 65% ethanol (D) was 1.8, 1.5, 1.7, and 

1.9 nm, respectively. Estimated relative amount of mass for each peak is represented by %Mass. The 

RH values were obtained from averaging 20 individual measurements. Solvent parameters of water 

were used in all measurements. The RH values in ethanol were corrected using viscosity of 65% ethanol. 

The results indicate that soluble lysozymes under supersaturation are monomers for the three types of 

alcohols. This is probably true even for the remaining soluble lysozymes after fibrillation. 
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Figure 11. Effects of ultrasonication on the chemical structure of lysozyme monitored by HPLC (A-

C) and SDS-PAGE (D). Chemical modification was monitored by elution profiles of analytical 

reverse-phase HPLC at 220 nm after incubation of lysozyme at 1.5 mg mL-1 in 25 mM sodium acetate 

buffer (pH 4.8) under no agitation (A), incubation under sonication plus stirring in 25 mM sodium 

acetate buffer (pH 4.8) (B) or incubation under sonication plus stirring in 25 mM sodium acetate buffer 

(pH 4.8) with 10% TFE (C). Incubation periods were 0 (black), 6 (green), 12 and 15 (blue), 24 (red), 

and 48 h (magenta). Relative peak heights compared with the peak height at 0 h are shown in 

percentage. (D) SDS-PAGE analyses of lysozyme at 1.5 mg mL-1 in 25 mM sodium acetate buffer (pH 

4.8) with 10%TFE. The lysozyme solutions were incubated with and without treatment of sonication 

plus stirring for 2, 4, 6, 12, and 24 h. The first (1) and final lanes (10) indicate marker proteins for 

molecular weight. 
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Figure 12. Seed-dependent fibril elongation. (A) Fibril elongation of 1.5 mg mL-1 lysozyme in the 

presence of 5% (w/w) fibril seeds with stirring in 16% HFIP and 25 mM sodium acetate buffer (pH 

4.8) was monitored by the ThT (○) and light scattering () intensity. The results of ThT (●) and light 

scattering intensities (▲) with sonication plus stirring are shown for comparison. (B) Far-UV CD 

spectra of lysozyme solutions subjected to sonication plus stirring (broken line) and incubated in the 

presence of 5% fibril seeds (solid line) were recorded. Spectra (solid line) measured soon (5 mins) 

after samples had dissolved are shown for comparison. The same data in Figure 2B were used for A 

and B. (C) The AFM images of amyloid fibrils of lysozyme formed in the presence of 5% fibril seeds 

in 16% HFIP. The scale bars indicate 1 m. 
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Phase Diagram Dependent on Protein and Alcohol Concentrations 

Because formations of amyloid fibrils or amorphous aggregates are intermolecular reactions, 

the alcohol-induced solidification over soluble states will depend on the protein concentration. I 

examined ultrasonication-dependent fibrillation at 5 mg mL−1 for the three alcohols and at 10 mg mL−1 

for TFE (Figures 8 and 9) using a microplate and a bath-type ultrasonicator. As expected, the higher 

the protein concentration, the larger the range of alcohol concentration inducing the ultrasonication-

dependent transitions. At higher lysozyme concentrations, the formation of gels (i.e., viscous 

aggregates with light transparency) sometimes occurred. Various types of conformational states 

including amorphous aggregates, amyloid fibrils, and native structure may participate in the formation 

of gels, although the exact mechanism of gelation is unclear. 

On the basis of the alcohol-dependent transitions of lysozyme at different protein 

concentrations, I constructed phase diagrams of conformational states (Figure 13). For the three 

alcohols, an increase in protein concentration enlarged the region of amyloid fibrils. As for TFE, 

amorphous and gel regions existed at higher TFE concentrations. As for ethanol, a mixture of 

protofibrils and amorphous aggregates prevailed above 80%. The phase diagram shows that the 

equilibrium conformation of lysozyme is determined by combined effects of protein concentration and 

solubility at various water/alcohol mixtures. This leads to a V-shaped region of amyloid fibrillation, 

the bottom concentration of which depends on the hydrophobicity of alcohols (i.e., HFIP < TFE < 

ethanol). Importantly, these phase diagrams were disclosed only after overcoming the metastability by 

ultrasonication and enable us easily to predict the phase behavior of lysozyme with respect to the 

changes in environmental conditions. 
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Figure 13. Phase diagrams of lysozyme in water/alcohol mixtures of (A) TFE, (B) HFIP, and (C) 

ethanol. Blue, monomers; red, amyloid fibrils; yellow, dominantly mature fibrils with a small quantity 

of amorphous aggregates and protofibrils; magenta, amorphous aggregates with a small quantity of 

protofibrils; and green, monomers with a small quantity of protofibrils. Dominant species detected at 

1.5, 5, and 10 mg mL−1 and various alcohol concentrations are indicated by symbols. Molecular 

species in gel states are highlighted by open circles on the symbols. 
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2-4. Discussion 

 

Decreased Solubility of Proteins in Alcohol/Water Mixtures  

Alcohols are hydrophobic solvent dissolving protein hydrophobic groups. Because peptide 

bonds are polar, they tend to be excluded from hydrophobic alcohols. Consequently, alcohols denature 

the proteins by destabilizing hydrophobic interactions and stabilize the “open helical conformations” 

by strengthening the hydrogen bonds.31, 35 However, water is a polar solvent forming hydrogen bonds 

with peptide groups and tends to exclude hydrophobic groups of proteins. When the intramolecular 

hydrophobic interactions of proteins are stronger than the solvation effects, proteins fold, forming 

native structures with increased solubility. Thus, both water and alcohols are good solvents for 

polypeptides although the conformation of polypeptides changes so as to decrease the overall free 

energy. Then what is the solubility of polypeptides in water/alcohol mixtures? 

There is evidence that the solubility of polypeptides decreases in water/alcohol mixtures 

where the concentration range depends on the alcohol species. Ethanol-dependent precipitation is a 

routine method for fractioning serum proteins.78 Relatively high concentrations of ethanol are known 

to induce fibrillar aggregates.79-81 For TFE and HFIP, only moderate concentrations are effective for 

inducing fibrillar aggregates (Figures 5 and 13). 2-Methyl-2,4-pentanediol has been used to induce 

protein crystals.82 In this article, I showed that the concentration of monomers decreases significantly 

under the conditions where fibrils form (Figure 5). Thus, I can conclude that fibrillation is coupled 

with the decreased solubility of proteins at certain concentrations of alcohol/water mixtures. 

 

Mechanism of the Decreased Solubility 

Why does the solubility decrease in alcohol/water mixtures, in particular, with TFE and 

HFIP? These highly fluorinated alcohols are known to form dynamic clusters over a certain range of 
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concentration.34 These hydrophobic clusters probably interact with hydrophobic regions of proteins, 

inducing extensive hydrophobic interactions among solvents and solutes, resulting in a decrease in the 

equilibrium solubility. Further increases in the TFE or HFIP concentration increase the hydrophobicity 

enough to accommodate the hydrophobic polypeptides, causing redissolution at high concentrations. 

Whereas HFIP showed a clear minimum in solubility at 8−16%, the minimum for TFE shifted to the 

higher concentration range of 40−70% (Figures 5 and 13). In the case of ethanol with moderate alcohol 

effects, only the decrease in solubility is evident. 

A similar mechanism will apply for the effects of SDS. SDS around the CMC has been 

known to induce protein aggregation and amyloid fibrillation.41, 66, 73, 83-88 Because SDS has a 

hydrophobic tail, it tends to interact with other SDS molecules. Slightly below the CMC, the 

interactions are dynamic and unstable. In the presence of hydrophobic solutes such as denatured 

proteins, marginal and dynamic clusters of SDS also interact with denatured proteins, producing larger 

aggregates. As for some proteins and peptides, amyloid fibrils are more stable than amorphous 

aggregates, eventually leading to the formation of fibrils. Above the CMC, SDS can form stable 

micelles so that peptides or proteins become fully accommodated on or in SDS micelles, forming open 

helical structures31, 35 similar to those formed in the presence of high concentrations of TFE or HFIP. 

 

Impact of Supersaturation 

Although the equilibrium solubility shows a minimum at moderate concentrations of 

alcohol/water mixtures, supersaturation prevents the smooth conversion of soluble lysozyme to 

aggregated forms (Figure 5). For both TFE and HFIP, agitation of the solution is essential to provoke 

aggregation. Under certain conditions, stirring of the solution is not enough and an intensive agitation 

by ultrasonication is required to surmount the metastability of supersaturation. Seeding with preformed 

fibrils was also effective at overcoming the metastability (Figure 5B, Figure 12). Because the chemical 
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decomposition of lysozyme was minimal (Figure 11), agitation by ultrasonication works effectively to 

minimize the effect of supersaturation as confirmed in previous studies.59, 76 

I previously showed that whereas supersaturation is essential for the formation of crystal-

like amyloid fibrils, the formation of glassy amorphous aggregation occurs without supersaturation 

and thus without a high free energy barrier.30, 76 Indeed, ethanol above 80% induced amorphous 

aggregation rapidly even under quiescent conditions, consistent with the above view of crystalline 

amyloid fibrils versus glassy amorphous aggregates. 

Although various kinds of agitation can overcome the metastability of supersaturation, 

additive effects of ultrasonication on stirring indicate that ultrasonication is particularly effective at 

subduing supersaturation. Ultrasonication produces cavitation bubbles. It is likely that both stirring 

and ultrasonication produce a water/air interface on which nucleus-competent aggregates form. In 

addition, ultrasonication produces shearing forces that are due to the rigorous local flow of solvent 

accompanied by the formation and disappearance of cavitation bubbles. Although ultrasonication 

produces OH radicals potentially causing various chemical reactions, the chemical damage to 

lysozyme under our experimental conditions was minimal. In addition, ultrasonication-induced 

heating is not a dominant factor because the temperature increase was kept to a minimum by using a 

temperature-controlled water bath and a long quiescent period (2 and 9 min) between 1 min periods 

of ultrasonic radiation.30, 59 

Although the solubility of proteins decreases at moderate concentrations of TFE or HFIP, 

metastability prevents the conversion of monomers to crystal-like amyloid fibrils. The persistence of 

supersaturation can be disclosed by observing the effects of ultrasonication. Combining the results of 

this study, I propose a protein misfolding funnel (Figure 14) contrasting with a classical protein folding 

funnel in which the combined effects of entropy and energy terms without kinetic trapping establish a 

funnel-like energy landscape with mimimal frustration.89, 90 The funnel shape defined by equilibrium 
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solubility depends on the type of alcohols. When the precipitates are glassy amorphous aggregates, 

they appear spontaneously with a decrease in solubility. When the precipitates are crystals or crystal-

like amyloid fibrils, metastability seals the funnel. Strong agitation opening the seal is essential to 

disclosing the misfolding funnels. 

 

 

 

Figure 14. Solubility- and supersaturation-dependent protein misfolding funnels. The funnel shape 

defined by the equilibrium solubility depends on the type of alcohol. For HFIP and TFE, funnels are 

formed at around 12−16 and 40−80%, respectively. When the precipitates are crystals or crystal-like 

amyloid fibrils, metastability seals the funnel (left) and strong agitation such as ultrasonication (right) 

is essential to opening the funnel. When the precipitates are glassy amorphous aggregates, they appear 

spontaneously (left). The HFIP- and protein-concentration-dependent phase diagrams under 

supersaturation (left) and under equilibrium with ultrasonication (right) are shown at the bottom. 
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Chapter 3. Amorphous aggregation of cytochrome c 

with inherently low amyloidgenicity is characterized by 

the metastability of supersaturation and the phase 

diagram 
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3-1. Introduction 

 

A failure in quality control is mostly accompanied by the formation of insoluble protein 

aggregates. Two types of aggregates are generally formed over the solubility limit and are 

discriminated by their conformational uniqueness, morphologies, and aggregation mechanisms.30, 36, 

91-93 One type of aggregate is the amyloid fibril. Mature amyloid fibrils comprise several 

protofilaments that accommodate ordered -sheets stabilized by backbone hydrogen bonds between 

adjacent monomers.15 The other form is the amorphous aggregate, which displays no characteristic 

morphology.30, 36, 94 

In previous chapter, it has been shown that lysozyme whose amyloidgenic mutants in human 

are involved in hereditary systemic amyloidosis aggregated into distinct aggregates depending on 

alcohol concentration. Disease-unrelated myoglobin has been also shown to form amorphous 

aggregates and amyloid fibrils in the presence and absence of heme, respectively.95, 96 Furthermore, 

apomyoglobin formed not only amyloid-like fibrils, but also amorphous aggregates in a manner that 

depended on the ligand species.97 The lack of studies on the aggregation of proteins that accommodate 

cofactors and/or metals, and the similarity of Cytc to myoglobin prompted us to investigate the 

aggregation behavior of Cytc. 

Cytc shares several common features with myoglobin in that, for example, the two proteins 

are small -helical globular proteins and contain a hydrophobic prosthetic group of heme for their 

functions.98, 99 Moreover, in spite of extensive studies on the folding and function of Cytc,100-106 its 

aggregation behavior remains poorly understood. Previous studies reported that the release of Cytc 

due to mitochondrial dysfunction was associated with Parkinson’s disease107 and apoptosis103, 104, and 
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also that oligomeric Cytc disrupted cell membranes,108 implying a relationship between Cytc 

aggregation and cytotoxicity. 

I herein investigated the aggregation of Cytc using an alcohol/water mixture and 

ultrasonication in an attempt to reveal intrinsic amyloidogenicity.76, 91, 92 I also addressed the biological 

implications of Cytc aggregation based on the physiologically relevant and distinct conformational 

states of holo and apo Cytc. The aggregation of Cytc and its fragment has also been discussed in terms 

of metastability and the degree of supersaturation. I proposed that the amorphous aggregation of 

proteins may be viewed as a generic property of proteins, and that a phase diagram constructed by a 

macroscopic view of thermodynamic solubility with the incorporation of a microscopic view of the 

secondary structure content of monomers and aggregates is useful for understanding the aggregation 

behaviors of proteins. 
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3-2. Materials and Methods  

 

Chemicals. ThT and horse heart Cytc were obtained from Wako Pure Chemical Industries, 

Ltd. (Osaka, Japan). Two types of alcohol, TFE and HFIP, FeCl3·6H2O, and other reagents were 

purchased from Nacalai Tesque (Kyoto, Japan). The peptide fragment LIAYLK was synthesized by 

Toray Research Center, Inc. (Tokyo, Japan). 

Preparation of holo Cytc (holoCytc), apo Cytc (apoCytc), and a fragment of Cytc. Silver-

bound apo Cytc (Ag-apoCytc) and apoCytc were prepared using horse heart Cytc based on the method 

proposed by Fisher et al.100 The preparation of Ag-apoCytc was initiated by adding silver sulphate 

(Ag2SO4) to holoCytc in deionized water. The mixture was incubated at 40 C overnight to ensure the 

replacement of thioether bonds between the heme moeity and two cysteine residues (Cys 14 and Cys 

17) with silver mercaptide bonds between the thiol groups and Ag. After centrifugation at 22,300 g to 

remove the heme aggregates that precipitated, the supernatants of Ag-apoCytc were collected and 

passed through a size exclusion column equilibrated with deionized water to further eliminate the 

remaining heme moieties. 

ApoCytc was prepared by adding 1 M dithiothreitol (DTT) and 6 M guanidine chloride to 

Ag-apoCytc solutions in order to dissociate Ag from Ag-apoCytc at 25 C for 3 h in the dark. After 

removing the greenish yellow precipitates of Ag by centrifugation at 22,300 g for 30 min, the 

transparent supernatants of apoCytc solutions were collected and then applied to a size exclusion 

column equilibrated with deionized water to exchange with salt-free water. 

The concentrations of all Cytc samples were determined with the molar extinction 

coefficients: 1.06 × 105 M-1 cm-1 at 410 nm for holoCytc109 and 1.09 × 104 M-1 cm-1 at 280 nm for Ag-

apoCytc and apoCytc.110 The samples of Ag-apoCytc and apoCytc were stored at -20 °C after 

lyophilization. Due to its slow dissolution, Ag-apoCytc in deionized water was mostly used for various 
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measurements without lyophilization. 

The concentration of the LIAYLK fragment was spectroscopically determined based on a 

molar extinction coefficient of 1490 M-1 cm-1 at 280 nm, which was calculated based on the 

sequence.111 

Fluorescence spectroscopy. The tryptophan fluorescence values of holoCytc, Ag-apoCytc, 

and apoCytc were measured with excitation at 295 nm using a Hitachi F4500 fluorescence 

spectrophotometer (Hitachi, Tokyo, Japan) at 37 C. Emission profiles from 300 to 400 nm were 

recorded. The slit widths of excitation and emission were 5 and 10 nm, respectively. The protein 

concentration and path length of the quartz cuvette were 0.1 mg ml−1 and 0.5 cm, respectively. 

Measurements of one-dimensional proton NMR. One-dimensional proton (1H) NMR 

spectra of holoCytc, Ag-apoCytc, and apoCytc were obtained using the AVANCE II-800 spectrometer 

(Bruker BioSpin, Germany) equipped with a cryogenic probe at 37 C. A standard pulse sequence with 

water suppression by excitation sculpting (zgesgp from Bruker Topspin using the standard parameter 

set) was employed. Samples in deionized water containing 0.24 mg ml-1 of protein and 10% D2O were 

used. Data were processed using TopSpin 3.2 (Bruker BioSpin, Germany). 

Preparation of samples of Cytc and its fragment to monitor aggregation. HoloCytc, 

apoCytc, and the LIAYLK fragment at 15, 6, and 2 mg ml-1, respectively, were initially dissolved in 

sodium acetate buffer (pH 4.8) with proper molar concentrations. The final concentration of sodium 

acetate was adjusted to 25 mM with the desired alcohol or iron concentrations. Ag-apoCytc in 

deionized water was mixed with sodium acetate buffer (pH 4.8) and alcohols (TFE or HFIP) in order 

to reach the final concentration of 25 mM sodium acetate and desired alcohol or iron concentrations. 

The alcohol concentrations in this study were expressed by volume/volume (v/v). Further pH 

adjustments were not performed on the addition of alcohols to protein solutions. 

Samples were incubated with and without ultrasonication at 37 C. Regarding ultrasonic 
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irradiation, sample solutions in 1.5-ml Eppendorf tubes were placed at the center of a water bath-type 

ultrasonic transmitter (ELESTEIN SP070-PG-M; Elekon, Tokyo, Japan), and subjected to cycles of 

ultrasonication at 37 °C for 1 min at 2-min intervals throughout the experiments. 

ThT assay and determination of residual monomer concentrations. A 5-L aliquot of the 

sample solutions after reactions was mixed with 1 mL of 5 M ThT in the 50 mM glycine-NaOH 

buffer (pH 8.5) as described in our previous studies.91, 92 The ThT fluorescence intensity at 485 nm, 

excited at 445 nm, was measured using a Hitachi F4500 fluorescence spectrophotometer at 37 °C. 

 After being incubated, samples were centrifuged at 21,500 g for 30 min. The supernatants 

were collected and assayed spectrophotometrically using the absorbance and molar extinction 

coefficients described above. 

Circular dichroism (CD) measurements. CD measurements were performed on a Jasco 

J820 spectropolarimeter (Tokyo, Japan) at 37 °C. The far-UV CD spectra of holoCytc, Ag-apoCytc, 

apoCytc, and LIAYLK in 25 mM sodium acetate (pH 4.8) containing various alcohol concentrations 

were measured using a quartz cuvette with a 0.1-cm pathlength. The secondary structure content was 

estimated from the far-UV CD spectra by the BeStSel algorithm.112 

Regarding near-UV CD experiments, protein samples were measured in 25 mM sodium 

acetate buffer (pH 4.8) without alcohol in a quartz cuvette with a 1-cm light path. A cell holder 

equipped with a water circulator was used to keep the sample temperature constant at 37 ℃. Spectra 

were presented as mean residue ellipticity, [] (deg cm2 dmol−1), after subtraction of the solvent 

background. 

AFM measurements. Sample solutions after reactions were subjected to a 20-fold dilution. 

A 20-L aliquot was then applied to a freshly-cleaved mica plate. After 1 min, the residual solution 

was blown off with compressed air and air-dried. Nano Scope IIIa (Bruker, Germany) was used for 

imaging, as reported previously.92 
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Fourier-transform infrared (FTIR) spectroscopy. 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. A total of 128 scans were accumulated in the 400-4000 cm−1 region with a 1-

cm−1 resolution. In order to avoid the contribution of water vapor peaks to the spectra, the instrument 

was purged with dry-air. Cytc samples were prepared either by dissolving the lyophilized protein in 

D2O buffer or spinning down the sample prepared in normal buffers repeatedly in a TLA-100 

(Beckman, USA) ultracentrifuge at 100,000 g and redissolving the pellet in a buffer containing D2O. 

A protein concentration of approximately 4 mg ml-1 was used in the measurements. pD was determined 

before the addition of alcohol, as pD = pD* + 0.4, where pD* is the pH meter reading and 0.4 is the 

correction for the isotope effect. The recorded spectra were corrected by the subtraction of appropriate 

buffer spectra and the removal of remaining vapor peaks. 

In order to estimate the secondary structure, peak fitting of the amide I’ band (1600-1700 

cm-1) by Gaussian-shaped components was performed as described earlier.26, 92, 93 The position and 

number of components were determined from the second derivative analysis of spectra. The width of 

the Gaussian curves was maximized in 15 cm-1. Secondary structures were assigned to the 

corresponding components based on a previous study.26 Fitting was carried out in the 1570-1730 cm-

1 wavenumber range in order to appropriately treat the borders of the amide I region. Regarding 

comparisons of the spectral shape, spectra were normalized to have the same area in the 1600-1700 

cm-1 region. 

Isothermal titration calorimetry (ITC). Each Cytc solution in 25 mM sodium acetate (pH 

4.8) was degassed for 3 min before being loaded into the calorimeter. Calorimetric experiments were 

performed with a VP-ITC instrument (Malvern, UK) at 37 °C. In the injection syringe, 1 mM 

FeCl3·6H2O dissolved in 25 mM sodium acetate (pH 4.8) was titrated into 30 µM Cytc (holoCytc or 

apoCytc) in the ITC cell. Titration experiments consisted of 40 injections spaced at intervals of 600 
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sec. The injection volume was 2 μl for the first injection and 7 μl for the remaining injections. The cell 

was continuously stirred at 307 rpm. Data was processed using the MicroCal Origin 7.0 software. 
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3-3. Results 

 

Conformational characterization of the three Cytc types  

In order to investigate the aggregation propensity of Cytc, I first prepared the two apo forms 

of Cytc from holoCytc: apoCytc, which was lacking heme held through two thioether bonds to cysteine 

14 and 17, and Ag-apoCytc, in which Ag atoms bound to cysteines instead of heme. I then performed 

a structural characterization of the three types of Cytc using several approaches including CD, 

fluorescence, infrared, and solution-state NMR spectroscopies (Figure 1). 

The far-UV CD spectrum of holoCytc showed the typical pattern of an -helix-rich 

conformation with a minimum at approximately 220 nm (Figure 1A). ApoCytc and Ag-apoCytc 

showed a minimum at approximately 200 nm without a characteristic peak, indicating that the 

secondary structures were largely unfolded, which is consistent with previous reports.100, 105 The 

profile of the near-UV CD of holoCytc displayed a unique spectrum with several peaks, suggesting 

that holoCytc retained three-dimensional conformations. The low amplitudes of apoCytc and Ag-

apoCytc in the near-UV spectra suggested that the two apo forms were mostly disordered (Figure 1B). 

The far- and near-CD spectra of the two apo proteins were slightly different. 

The single tryptophan fluorescence of holoCytc did not show an emission profile due to 

efficient energy transfer from the excited tryptophan at position 59 to the porphyrin ring (Figure 1C). 

This result indicated that interior heme was in close proximity to tryptophan in compactly-folded 

states.100 However, the apo proteins both showed intense fluorescence, indicating the absence of heme. 

Wavelengths at the maximum intensity were different: 347 nm for apoCytc and 341 nm for Ag-

apoCytc. Therefore, based on the blue shift from 347 to 341 nm, it was conceivable that tryptophan 

59 was buried in a more hydrophobic environment upon the binding of Ag. 

FTIR spectroscopy was also used for investigating structural states. The amide I region 
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(1600-1700 cm-1) of the infrared spectra, which was mainly due to C=O stretching of the peptide 

backbone, was previously shown to be sensitive to the secondary structure.113 HoloCytc had a high α-

helix content (Figure 1D and Table 1). The spectral maximum of the apo forms was shifted to the 

lower wavenumber region, revealing a more disordered structure. A comparison of Ag-apoCytc and 

apoCytc revealed a difference manifested in a higher β-sheet content with the appearance of the signal 

of an antiparallel β-sheet at approximately 1684 cm-1 (Figure 1D and Table 1). 

One-dimensional 1H NMR spectra provided further information on the distinct structural 

states of Cytcs (Figure 1E, F). The spectrum of holoCytc showed the wide distribution of peaks 

spanning from 6 to 10 ppm, suggesting folded structures (Figure 1E). On the other hand, apo 

proteins showed the narrow distribution of NMR peaks centered at 8.5 ppm, indicative of largely 

unstructured states. Chemical shifts in the higher field region ( 0 ppm) arose from the hyperfine shift 

due to the iron of the heme (Figure 1F). Thus, the absence of hyperfine-shifted peaks in the apo 

proteins demonstrated the absence of heme. Although the global pattern of the spectra of two apo 

proteins was similar, some chemical shift regions such as 7.5-8.5 ppm and 1.0-1.5 ppm showed marked 

differences. Thus, the unfolded conformations of the apo forms were different, as was also revealed 

by CD, fluorescence, infrared data, and NMR results. 

 

 

 

 

 

 

 

 



５７ 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structural characterization of the three Cytc types. (A-D) CD spectra in the far (A) and near 

UV regions (B), emission profiles of tryptophan fluorescence (C), and infrared spectra in the amide I 

region (D) of holoCytc (solid line), apoCytc (dashed line), and Ag-apoCytc (dotted line) in 25 mM 

sodium acetate buffer (pH 4.8) are shown (A-C), and in the same buffer in D2O at 25 °C (D). (E,F) 

One-dimensional proton NMR spectra of the three Cytc types in deionized water are displayed with 

corresponding labeling. Low and high field regions are separately presented for the main chain and 

aromatic residues (E) and the methyl groups of side chains for simplicity (F). 
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Table 1. Secondary structure analysis of various forms of Cytc by infrared spectroscopy 

HoloCytc 

No alcohol 20% TFE (10 min) 20% TFE (15 h) 10% HFIP (10 10% HFIP (15 h)

cm-1 frac.a str.b cm-1 frac. str. cm-1 frac. str. cm-1 frac. str. cm-1 frac. str.
1630 0.24 B 1628 0.13 B 1628 0.11 B 1630 0.07 B 1630 0.03 B
1642 0.18 R 1642 0.11 R 1641 0.11 R 1638 0.12 R/B 1637 0.28 R/B
1655 0.44 H 1651 0.64 H/Rc 1650 0.66 H/R 1650 0.73 H/R 1652 0.61 H/R
1674 0.13 T 1675 0.12 T 1675 0.13 T 1677 0.08 T 1677 0.07 T

ApoCytc 

No alcohol 30% TFE (10 min) 30% TFE (15 h) 10% HFIP (10 10% HFIP (15 h)

1635 0.09 B 1624 0.05 B 1617 0.11 B 1631 0.04 B 1632 0.10 B
1646 0.53 R 1632 0.12 B 1638 0.35 R/B 1640 0.07 R/B 1638 0.03 R/B
1652 0.19 H 1649 0.76 R/H 1647 0.14 R 1648 0.78 R/H 1645 0.26 R
1672 0.19 T 1675 0.12 T 1654 0.21 H 1676 0.11 T 1651 0.48 H/R

     1673 0.19 T  1674 0.13 T
     1694 0.01 AP    

Ag-apoCytc 

No alcohol 10% TFE (10 min) 10% TFE (15 h) 4% HFIP (10 min) 4% HFIP (15 h) 

1638 0.52 R/B 1617 0.13 B 1617 0.19 B 1617 0.14 B 1617 0.24 B
1646 0.05 R 1638 0.39 R/B 1638 0.40 R/B 1638 0.33 R/B 1638 0.26 R/B
1652 0.15 H 1650 0.24 R/H 1650 0.21 R/H 1649 0.32 R/H 1648 0.27 R/H
1669 0.28 T 1669 0.23 T 1671 0.19 T 1670 0.21 T 1654 0.01 H
1684 0.01 AP 1684 0.01 AP 1694 0.01 AP 1685 0.01 AP 1672 0.22 T

      1686 0.01 AP

Experiments were performed in D2O containing 25 mM sodium acetate (pD 4.8) in the absence or 

presence of the given percentage of TFE or HFIP. Baseline- and vapor-corrected spectra were fit by 

Gaussians positioned at wavenumbers determined from the second derivatives of the spectra. aThe 

fraction of the component and bassigned secondary structure are presented. The following 

abbreviations were used: B, β-sheet; H, α-helix; R, random coil; T, turn; AP, high frequency component 

suggesting the presence of an antiparallel β-sheet. cIn several cases, it was difficult to distinguish a β-

sheet from a random coil or a helix from a random coil when they were largely overlapping. In such 

cases, both structures were indicated. 
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Observation of holoCytc aggregation in alcohol and water mixtures  

I examined the TFE- and HFIP-induced structural transitions of holoCytc and its aggregation 

behaviors using CD spectroscopy and ultrasonication (Figures 2A-D and 3). A series of far-UV CD 

spectra of holoCytc at various TFE concentrations were obtained just after sample preparation. CD 

spectra showed conformational transitions from the native states to TFE-induced helical states with an 

increase in TFE concentrations from 0 to 70%. In the absence of TFE, the CD spectrum of native 

holoCytc displayed a pattern of α-helix-rich proteins with minima at 208 and 222 nm (Figure 1A). 

However, the spectrum at a TFE concentration of 20% showed a large increase in the CD signal at 208 

nm (Figure 2A), which was suggestive of marked increases in α-helical structures, whereas the 

addition of TFE at a concentration of 10% TFE did not change the spectrum (Figures 2B and 3B). 

Increases in the concentration of TFE strengthened internal hydrogen bonds, thereby reorganizing 

structures to denatured states with open helical conformations, as was previously observed in our 

alcohol-induced conformational transitions of lysozyme91 and insulin.92 An increase in the 

concentration of TFE to 40% further increased the CD signal at 208 nm, and no significant changes 

were observed in CD spectra at higher TFE concentrations (Figures 2B and 3C-E). Thus, the 

conformational transition of holoCytc occurred between TFE concentrations of 10 and 40% before the 

incubation, as shown in the transition curve against TFE concentrations (Figure 2B). 

 The far-UV CD spectra of holoCytc, which was incubated for 15 h in the absence and 

presence of ultrasonication, were obtained at each TFE concentration (Figures 2A and 3). 

Ultrasonication is one of the most efficient inducers of amyloid fibrillation, which reveals the 

phenotype of protein aggregates in equilibrium.76, 91, 92 Although slight changes were observed in 

spectra with the ultrasonication treatment at several TFE concentrations, no significant changes 

occurred in the CD spectra (Figure 2A). The concentrations of residual monomers after the incubation 

with ultrasonic irradiation were similar to those before the incubation (Figure 2B). A similar behavior 
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was observed using FTIR spectroscopy. 

HoloCytc exhibited some conformational changes upon the addition of TFE at a 

concentration of 20%. However, no further transition was observable after a 15-h incubation (Figures 

4A). No aggregates were detectable on AFM images, consistent with the low ThT intensity (Figure 

5A). These results indicated the absence of structural changes and aggregate formation of holoCytc, 

even after the treatment with ultrasonication. 

HFIP is also employed to examine the relationship between alcohol-induced structural 

changes and aggregation (Figures 2C and 3F-L). HFIP induced structural transitions to -helix-rich 

states at lower concentrations than those of TFE, ranging from 4 to 20% (Figure 2D). The pattern of 

the spectrum at a HFIP concentration of 8% was similar to that at a TFE concentration of 20%, however, 

the lower CD signal resulted from rapid aggregation and precipitation (see below) (Figure 3G). This 

aggregation behavior was also observed at HFIP concentrations of 10, 12, and 16% (Figures 2C and 

3H, I). 

Further incubations at these HFIP concentrations led to decreases in CD signals, which 

stemmed from the progression of aggregation coupled with the precipitation of holoCytc regardless of 

ultrasonication. The AFM images obtained showed amorphous aggregates without fibrillar species 

(Figures 5B, C) and the concentrations of the residual monomers and intensity of ThT fluorescence 

were markedly low (Figures 2D and 5B, C). 

In contrast, at HFIP concentrations of 4% and higher in the range of 20-70%, no changes in 

CD spectra or the concentration of residual monomers were detected after a 15-h incubation with and 

without ultrasonication (Figures 2D, 3F, and J-L), which indicated that holoCytc aggregates had not 

been formed.  

I then investigated the effect of a HFIP concentration of 10% on holoCytc by FTIR 

spectroscopy. A clear spectral change towards a more disordered structure was detected upon the 
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addition of HFIP (Figures 4B and Table 1). Precipitation was observed during the incubation, however, 

it did not result in significant changes in the spectral shape, suggesting that the structures in soluble 

monomers and insoluble amorphous aggregates were similar in the presence of a HFIP concentration 

of 10% 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. TFE or HFIP-dependent conformational transitions of the three Cytc types with and without 

ultrasonication as monitored by CD spectroscopy. (A-L) The far-UV CD spectra and CD intensities at 

208 nm of holoCytc (A-D), apoCytc (E-H), and Ag-apoCytc (I-L) at the desired alcohol concentrations 

were recorded after a 5-min (black line and circle) and 15-h incubation following sample preparation 

without (blue line and triangle) or with ultrasonication (red line and circle), respectively. For 

comparison, the spectra of each Cytc in the absence of alcohol are presented (green line). The 

concentrations of residual monomers (the right axis) after the treatment with ultrasonication in B, D, 

F, H, J, and L are also shown with the purple line and inverted triangle. 
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Figure 3. Alcohol-dependent aggregation of holoCytc monitored by far-UV CD. Far-UV CD spectra 

of holoCytc at 5 mins (black lines) and 15 h when incubated without (blue lines) and with 

ultrasonication (red lines) after sample preparation were determined in the presence of TFE 

concentrations of 0% (A), 10% (B), 40% (C), 60% (D), 70% (E); or HFIP concentrations of 4% (F), 

8% (G), 12% (H), 16% (I), 20% (J), 40% (K), and 70% (L). 
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Figure 4. TFE or HFIP induced conformational changes in Cytcs as followed by FTIR spectroscopy. (A-

F) Infrared spectra in the amide I region are presented for holoCytc (A, B), apoCytc (C, D), and Ag-

apoCytc (E, F). Spectra measured after sample preparation (~10 min) and after a 15-h incubation with 

ultrasonication are presented with solid and dashed lines, respectively. As a comparison, the spectra of 

the corresponding Cytc forms in the absence of alcohol are also presented (dotted lines). Experiments 

were performed in D2O and in 25 mM sodium acetate buffer (pD 4.8) in the presence of TFE or HFIP as 

indicated in the panels. 
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Figure 5. Morphological and tinctorial characterization of Cytc aggregates formed after the 

ultrasonication treatment. (A-I) AFM images (right) and the ThT fluorescence of Cytc (left) under 

distinct alcohol concentrations are shown for holoCytc (A-C), apoCytc (D-F), and Ag-apoCytc (G-I). 

The concentrations of TFE or HFIP used are displayed below the AFM images. The white scale bars 

indicate 1 m.  
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Investigation of the aggregation propensity of Cytc through the removal of heme 

I examined changes in the structure and aggregation properties of apoCytc as a function of 

TFE (0, 10, 20, 30, 50, and 70%) and HFIP (0, 4, 8, 12, 20, 40, and 70%) concentrations in the absence 

and presence of ultrasonication (Figures 2E-H and 6). Increases in TFE concentrations from 0 to 70% 

were accompanied by the conformational transition of apoCytc from random coils to α-helices, as 

observed by increases in CD signals at 208 nm (Figures 2E, F, and 6A-E). The structural transition 

was in the TFE concentration range of 10-50% (Figure 2F), which was similar to that of holoCytc 

(Figure 2B). An incubation for 15 h without ultrasonication did not change the CD spectra, which 

indicated that the conformations at each TFE concentration were stable (Figures 2E, F and 6A-E). 

A 15-h incubation under the ultrasonication treatment with a TFE concentration greater than 

30% decreased ellipticity with the loss of 20-30% of soluble proteins (Figures 2F and 6D, E), which 

suggested the formation of aggregates. I performed AFM measurements and the ThT assay in order to 

investigate aggregation (Figures 5D, E). At TFE concentrations of 30, 50, and 70%, the AFM image 

obviously showed the formation of amorphous aggregates with low ThT fluorescence (Figures 5D, E 

left), which indicated the absence of mature amyloid fibrils. However, although ThT fluorescence was 

low at a TFE concentration of 70% and similar to that at 30%, the AFM image sometimes also showed 

the formation of amyloid fibrils (Figure 5E, right). Considering a typical CD spectrum, which 

represented α-helical structures, it was conceivable that amyloid fibrils formed on the mica surface 

when AFM samples were being prepared. Accordingly, I concluded that apoCytc formed amorphous 

aggregates in solutions at a TFE concentration greater than 30%. 

Infrared spectroscopy of apoCytc in the presence of a TFE concentration of 30% indicated 

a small abrupt change in the spectral shape upon the addition of TFE and an increase in the β-sheet 

content upon aggregation, which was accelerated by ultrasonication with the appearance of the high 

frequency antiparallel β-sheet component (Figures 4C and Table 1). I noted that the protein 
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concentration applied was higher (4 mg ml-1) in these experiments, which increased the fraction of 

aggregates, than in CD measurements. 

Because around 70% of the total concentration of monomers remained after the formation 

of aggregates (Figure 2F), approximately 30% monomers formed aggregates. It is conceivable that 

decreases in the CD intensity at 70% TFE arose from large aggregates. However, FTIR results revealed 

information on the secondary structures of aggregates irrespective of the size of aggregates. 

The addition of HFIP also more effectively induced a conformational transition and the 

aggregation of apoCytc than TFE (Figures 2G, H, and 6F-K). As HFIP concentrations were increased, 

unfolded apoCytc was converted to an α-helix-rich conformation with a minimum at 208 nm. This 

apparent transition was observed in a HFIP concentration range of 4-20% (Figure 2H), which again 

indicated the stronger effects of HFIP than TFE. At HFIP concentrations of 4 and 20-70%, no 

significant changes were observed in the CD spectra after a 15-h incubation, even with the ultrasonic 

treatment, or in the concentrations of residual monomers, which suggested that apoCytc remained 

soluble without aggregation. 

However, apoCytc was more likely to aggregate at HFIP concentrations of 8-12% (Figures 

2G, and 6G, H). After a quiescent incubation of 15 h at HFIP concentrations of 8 and 10%, the CD 

spectrum of apoCytc showed a minimum at approximately 225 nm with a decrease in ellipticity at 208 

nm, which was not a typical CD spectrum of the cross- structures of mature amyloid fibrils (Figures 

2G and 6G). Ultrasonication with the same incubation period induced further decreases in CD signals 

with the same pattern of the spectrum to that recorded before the incubation, which revealed the 

formation of different types of amorphous aggregates generated without ultrasonication. The 

formation of amorphous aggregates at a HFIP concentration of 10% was also revealed based on 

decreases in the concentrations of residual monomers (Figure 2H), low ThT fluorescence, and the 

observation of amorphous aggregates in the AFM image (Figure 5F). In the infrared spectrum of 
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apoCytc in the presence of a HFIP concentration of 10%, I did not observe a significant increase in 

the β-sheet content, even if the aggregation process was clear with the accumulation of insoluble 

material. This also indicated the formation of amorphous aggregates in the presence of HFIP (Figures 

4D and Table 1). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Alcohol-dependent aggregation of apoCytc monitored by far-UV CD. Far-UV CD spectra 

of apoCytc at 5 mins (black lines) and 15 h when incubated without (blue lines) and with 

ultrasonication (red lines) after sample preparation were determined in the presence of TFE 

concentrations of 0% (A), 10% (B), 20% (C), 50% (D), 70% (E); or HFIP concentrations of 4% (F), 

8% (G), 12% (H), 20% (I), 40% (J), and 70% (K). 
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Investigation of the aggregation of Ag-bound apoCytc 

Structural transitions in Ag-apoCytc that depended on TFE concentrations (10, 20, 40, 50, 

and 60%) and ultrasonication were initially examined (Figures 2I, J, and 7A-E). Changes in initial CD 

spectra obtained after sample preparation and cooperative transition were similar to those of apoCytc. 

Increases in TFE concentrations induced alcohol-denatured α-helix-rich structures with a minimum at 

approximately 208 nm, and transition was observed between TFE concentrations of 10 and 40%. 

Although no significant changes were noted in CD spectra at TFE concentrations of 40, 50, and 60% 

regardless of the ultrasonic treatment, marked changes were detected at TFE concentrations of 10 and 

20% after a 15-h incubation (Figures 2I and 7B).  

Under a quiescent incubation with TFE at a concentration of 10%, the CD spectrum showed 

a single minimum at approximately 215 nm, which represented the formation of -structure-rich 

conformations. The incubation with ultrasonication did not markedly change the CD spectrum. The 

AFM image suggested the formation of short curvilinear fibrillar aggregates, i.e., immature fibrils or 

protofibrils (Figure 5G). Since the amount of residual monomers was reduced to 80%, approximately 

20% of the protein molecules were considered to aggregate into fibrillar aggregates. I then examined 

the time-dependent aggregation of Ag-apoCytc in TFE at concentration of 10% (Figure 8). The 

intensity of ThT fluorescence and light scattering gradually increased without a lag time. No 

significant difference was observed in kinetics in the absence or presence of ultrasonication, suggestive 

of aggregation of non-mature amyloid fibrils.114 These results indicated the formation of the immature 

fibrils of Ag-apoCytc at a TFE concentration of 10%. 

The aggregation behaviors of Ag-apoCytc in TFE at a concentration of 20% were similar to 

those at 10% (Figures 5H and 7B). Although a quiescent incubation for 15 h did not change the CD 

spectrum, ultrasonication altered the CD spectrum of unfolded Ag-apoCytc to that of a fibrillar 

conformation with a single minimum at approximately 215 nm (Figure 7B). AFM images revealed the 
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formation of thin and flexible fibrillar aggregates (Figure 5H), which was consistent with the tinctorial 

property of the low ThT fluorescence of immature fibrillar aggregates.114 Although a large amount of 

monomers were still soluble, approximately 20% monomers were incorporated into fibrillar 

aggregates (Figure 2J). 

In the presence of a TFE concentration of 10% at a higher protein concentration (4 mg ml-

1), Ag-apoCytc exhibited an altered infrared spectrum with an increased β-sheet content, which 

indicated an antiparallel β-sheet. The sample incubated under ultrasonication showed further increases 

in the β-sheet content with the growth of a component at 1617 cm-1 in the spectrum (Figure 4E and 

Table 1), which was consistent with the CD results. The formation of an antiparallel β-sheet was 

previously reported in the immature fibrils of β2-microglobulin, while the mature fibrils of proteins 

often consisted of a parallel β-structure.26, 112 

HFIP also effectively induced structural transition and clarified the aggregation tendencies 

of Ag-apoCytc in the concentration range of 0-60% (Figures 2K, L, and 7F-K). As the HFIP 

concentration increased, HFIP-induced structural transitions to the -helix with a minimum at 208 nm 

were observed in the CD spectra. At HFIP concentrations of 20, 40, and 60%, CD spectra obtained 

promptly after sample preparation were similar to those after a 15-h incubation with and without 

ultrasonication (Figure 7I-K).  

Ag-apoCytc was still soluble even after ultrasonication with a HFIP concentration greater 

than 20%. I investigated the aggregation propensity of Ag-apoCytc at a HFIP concentration less than 

20% in more detail (4, 8, 10, and 14%). Aggregation was pronounced at low HFIP concentrations. CD 

spectra that suggested the formation of aggregates after an incubation for 15 h were obtained at HFIP 

concentrations of 4, 8, 10, and 14%. At 4%, the CD spectrum that showed a minimum at approximately 

210 nm was changed to that of -structures. An incubation combined with the ultrasonic treatment 

resulted in the CD spectrum of a typical -structure (Figure 2K) with a decrease in the concentration 



７０ 

 

of residual monomers to 80% (Figure 2L). Furthermore, since the intensity of ThT fluorescence was 

very low and thin and flexible fibrillar aggregates were observed in the AFM image (Figure 5I), I 

concluded that fibrillar aggregates formed at a HFIP concentration of 4%. On the other hand, the CD 

signals and concentration of residual monomers at 8, 10, and 14% were markedly decreased and this 

may have been due to the formation of amorphous aggregates (Figures 2L and 7F-H). Infrared 

spectroscopy of Ag-apoCytc at a concentration of 4 mg ml-1 in HFIP at a concentration of 4% verified 

the formation of a β-sheet rich structure, which was consistent with the CD measurements (Figures 4F 

and Table 1). 

Compared to Ag ions, weak interactions of iron ions (Figure 9) which are physiologically 

more relevant than Ag did not change the secondary structures of the two types of Cytc (holoCytc and 

apoCytc (Figure 10) and did not influence aggregation behaviors by keeping solubility of each Cytc 

(Figure 10), implying that binding affinity for metal ions and structural changes by ion binding would 

be also important for aggregation. 

 

 

 

 

 

 

 

 

 

 

 



７１ 

 

J I K

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Alcohol-dependent aggregation of Ag-apoCytc monitored by far-UV CD. Far-UV CD 

spectra of Ag-apoCytc at 5 mins (black lines) and 15 h when incubated without (blue lines) and with 

ultrasonication (red lines) after sample preparation were determined in the presence of TFE 

concentrations of 0% (A), 20% (B), 40% (C), 50% (D), 60% (E); or HFIP concentrations of 8% (F), 

10% (G), 14% (H), 40% (I), 20% (J), and 70% (K). 
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Figure 8. Aggregation kinetics of Ag-apoCytc at a TFE concentration of 10%. The process of Ag-

apoCytc aggregating into protofibrils was monitored by ThT fluorescence (A) and light scattering (B) 

with (▲, ●) and without sonication (, ○). 
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Figure 9. Intermolecular interactions between the two types of Cytc and iron examined by ITC. (A-

C) ITC thermograms of the titration of Fe3+ to 25 mM sodium acetate buffer (pH 4.8) (A), holoCytc 

(B), and apoCytc (C) are shown in the upper panel. Normalized heat values were plotted against the 

molar ratio ([Fe3+]/[Cytc]) in the lower panel. Thermodynamic parameters of iron binding to Cytc 

could not be determined due to too weak intermolecular interaction. 
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Figure 10. Effects of iron on the aggregation of the physiologically relevant two types of Cytc 

monitored by far-UV CD, ThT fluorescence, and AFM. (A, C, E, and G) Far-UV CD spectra of 

holoCytc (A, C) and apoCytc (E, G) in the presence of 120 μM (A and E) or 1.2 mM (C and G) iron 

ions are shown. The CD spectra were recorded at 5 mins (black lines) and 15 h when incubated with 

ultrasonication (red lines) after sample preparation. For comparison, the spectra of each Cytc in the 

absence of iron ions are also presented (green line). The concentration of Cytc for incubation was 120 

μM. (B, D, F, and H) The ThT fluorescence (left) and AFM images and of Cytc (right) in the presence 

of 120 μM (B and F) or 1.2 mM (D and H) irons after 15 h incubation with ultrasonication. The white 

scale bars indicate 1 μm. 

 

 

 



７５ 

 

The predicted amyloidgenic fragment of Cytc did not form amyloid fibrils 

Eisenberg and co-workers hypothesized that practically every protein contains 

amyloidogenic segments.14 In order to investigate the amyloid-forming capability of specific regions 

of Cytc which might be concealed by other regions, I evaluated the aggregation propensity of Cytc 

residues using various computational algorithms, which were mainly based on the physicochemical 

properties of amino acid residues (Figure 11). Three out of the ten algorithms, including Waltzt,13 did 

not identify any amyloidogenic regions in Cytc. 

By considering the charged residue for the solubility of a fragment and the aromatic residue 

for the concentration determination using spectroscopy, I selected the region L94- K99 (LIAYLK) 

from the three best predicted aggregation-prone regions (residues K8-K13, M80-G84, and L94-K99) 

(Figure 12A). As expected, the far-UV CD spectrum of the L94-K99 fragment exhibited the typical 

profile of unfolded proteins in the absence of alcohol (Figure 12B). Increases in the concentration of 

TFE or HFIP from 0 to 40% led to increases in the CD signals at approximately 218 nm with a low 

amplitude, which suggested a transition to - sheet-rich structures (Figures 12 and 13). Due to the 

short length of the fragment (6 residues), small soluble aggregates of -strands formed through 

intermolecular interactions. 

No significant changes were observed in the CD spectra after a 15-h incubation in the 

absence or presence of ultrasonication, whereas those at HFIP concentrations of 4 and 20% were 

distinct. Furthermore, the concentration of residual monomers did not show a significant decrease 

(Figure 12D, H) and no particles were detected in AFM images (Figure 12E, I), indicating that large 

aggregates had not formed. Markedly low ThT fluorescence suggested that the L94-K99 fragment did 

not form amyloid fibrils (Figure 12E, I). 
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Figure 11. Predictions of aggregation-prone regions in horse heart Cytc using various computational 

algorithms. An orange color indicates the predicted regions prone to form amyloid fibrils. Default 

values and thresholds were used for predictions. A red color indicates the consensus region with 

amyloidgenicity between different algorithms. 
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Figure 12. TFE or HFIP-dependent conformational transitions of the Cytc fragment with and without 

ultrasonication as monitored by CD spectroscopy. (A) The amino acid sequence of horse heart Cytc is 

shown. The residues corresponding to the fragment used here are marked in a red color and residue 

number. (B, F) The far-UV CD spectra of the LIAYLK fragment measured immediately (5 min) after 

sample preparation at TFE concentrations of 0, 10, 20, 30, and 40% (B) or at HFIP concentrations of 

0, 4, 12, 20, 30, and 40% (F). (C, G) The far-UV CD spectra at a TFE concentration of 20% (C) and a 

HFIP concentration of 12% (G) were obtained after a 5-min (black curve) and 15-h incubation 

following sample preparation in the absence (blue curve) and presence of ultrasonication (red curve). 

(D, H) CD signals at 208 nm (left axis) and the concentration of residual monomers (right axis) were 

plotted against the concentrations of TFE (D) and HFIP (H), respectively. (E, I) AFM images of 

fragments after the ultrasonication treatment at a TFE concentration of 20% (E) and a HFIP 

concentration of 12% (I). The white scale bars indicate 1 m. 
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Figure 13. Alcohol-dependent aggregation of LIAYLK monitored by far-UV CD. Far-UV CD spectra 

of LIAYLK at 5 mins (black lines) and 15 h when incubated without (blue lines) and with 

ultrasonication (red lines) after samples preparation were determined in the presence of TFE 

concentrations of 0% (A), 10% (B), 30% (C), 40% (D); or HFIP concentrations of 4% (E), 20% (F), 

30% (G), and 40% (H). 
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3-4. Discussion 

Amorphous aggregation of Cytc with inherently low amyloidogenicity and its biological 

implications  

Cytc is a multi-functional protein for electron transfer102, 106 and signal transduction of 

apoptosis.103, 104 Functional native Cytc which consists of structural ensembles in bulk solution 

samples nonfunctional unfolded conformations, which are more prone to aggregation than folded 

states. Thus, misfolding and aggregation deactivate Cytc by shifting the equilibrium to non-native 

conformations, thereby disrupting protein homeostasis in cells. ApoCytc prepared here represented a 

heme-free apo form of unfolded Cytc that exists during the biogenesis and maturation of Cytc.115 Ag-

apoCytc may reflect a conformational state where metal ions strongly bound to apoCytc. Therefore, 

an investigation on Cytc aggregation is important for obtaining a deeper understanding of the folding 

and function of Cytc based on protein and redox homeostasis. 

By using two biologically relevant molecular species of Cytc and apo Cytc mimicking 

metal-bound states, I revealed the detailed aggregation behaviors of Cytc with alcohol and 

ultrasonication. Regardless of the distinct conformations of monomers depending on the TFE 

concentration (Figures 2B and 14A left panel), no aggregates formed due to the high solubility of 

holoCytc (see the final part of discussion), however, a propensity for amorphous aggregation was 

observed in HFIP-mixed solutions (Figures 2D and 14A right panel). Although no clear definition on 

the type of protein aggregates is available, for simple comparison, I here define that amorphous 

aggregates include partially structured aggregates such as oligomers with  structures and protofibrils 

and soluble aggregates with the small size and molecular weights, and exclude mature amyloid fibrils 

based on their kinetic aspects.30, 91, 92, 116 The low aggregation propensity of holoCytc implied that once 

Cytc matured to a holo form, it exhibited increased folding efficiency by minimizing irreversible 

aggregation. 
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Reinforced hydrophobic interactions among denatured holoCytc with a hydrophobic heme 

induced rapid amorphous aggregation due to the formation of a large number of hetero-nuclei (Figure 

14A right panel). Similarly, recent studies have also shown that the addition of heme altered the 

aggregation pathway of -synuclein from amyloid fibrillation to oligomer-like amorphous 

aggregation117 and favored the formation of amorphous aggregates of apomyoglobin by inhibiting of 

amyloid fibrillation.96 This amorphous aggregation was often observed at high concentrations of 

neutral or kosmotropic salts30, 116 and high temperatures.118  

ApoCytc largely increased the propensity for amorphous aggregation (Figures 2F, J, and 

14B). The removal of heme significantly disrupted the native conformation of Cytc (Figure 1) and 

markedly increased hydrophobicity by exposing a large number of hydrophobic residues in the interior 

of Cytc and around heme. Ag-apoCytc also showed large changes in aggregation behavior with an 

increased propensity for fibrillar aggregates. The binding of Ag was suggested to have altered the 

conformation of apoCytc (Figure 1) to be more appropriate for the formation of fibrillar aggregates. 

This may imply that biased hydrophobic forces to induce amorphous aggregation were reduced by 

structural changes.  

Solid surfaces showed a similar effect to metals. The formation of amyloid-like fibrils in the 

AFM image (Figure 5E, right) may be explained by the adapted conformation of apoCytc to the rugged 

surfaces of the mica for productive nucleation of amyloid fibrillation. Similarly, membrane mimetics 

and the addition of SDS induced the formation of the amyloid-like fibrils of Cytc.119, 120 The extensive 

ultrasonic treatment of the three Cytc types did not induce the formation of mature amyloid fibrils 

(Figure 14), however, ultrasonication is highly effective for revealing the hidden propensity of amyloid 

formation by promoting productive nucleation.30, 76, 91, 92 Even the fragment of Cytc, which was 

predicted to be the most amyloidogenic region (Figure 11 and 12A), did not form mature amyloid 

fibrils (Figure 12). 
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Taken together, these results suggested an intrinsically low propensity for the amyloid 

fibrillation of Cytc and implied that amorphous aggregates including partially structured aggregates 

such as oligomers and protofibrils and soluble aggregates were more likely to be formed than amyloid 

fibrils. Since amorphous aggregation is stochastically easier than amyloid formation, the formation of 

amorphous aggregates may also be viewed as a generic property of proteins. Furthermore, since 

amyloid fibrils are more stable than amorphous aggregates,116, 121 the amyloid fibrillation of Cytc, 

which decreases the turnover of Cytc, is disadvantageous for maintaining proteostasis. The well-

designed maturation process of Cytc may attempt to circumvent the binding of metals or membranes 

to apoCytc in order to decrease amyloidogenicity. The inherently low amyloidogenicity of Cytc may 

eventually be beneficial for homeostasis in cells.122, 123 

Finally, the comparison of aggregation of Cytc and myoglobin will be interesting and useful 

for understanding general aspects of heme-containing -helical proteins. As apomyoglobin forms 

amorphous aggregates, protofibrils, and mature fibrils by controlling the solvent conditions such as 

pH and temperature and adding small hydrophobic ligands or salts,95-97 apoCytc may form mature 

amyloid fibrils under certain conditions. 
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Figure 14. Comprehensive phase diagrams of Cytc aggregation. (A-C) The phase states of holoCytc 

(A), apoCytc (B), and Ag-apoCytc (C) in the water/alcohol mixture after the ultrasonication treatment. 

The soluble and insoluble solid states are represented by symbols as well as a color code and its 

gradation. The triangles (▲), circles (●), and rectangles (■) display monomers, amorphous aggregates, 

and fibrillar aggregates, respectively. Red symbols () indicate the concentrations of residual 

monomers. In order to obtain a better understanding, the regions of soluble monomers, amorphous 
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aggregates, and fibrillar aggregates are also represented in blue, magenta, and yellow, respectively. 

The denser a color, the more possible the existence of a molecular species. The curves at each phase 

diagram indicate solubility curves. The solid and dashed lines signify high and low reliabilities, 

respectively, based on the actual data obtained experimentally in the present study. The molecular 

species that existed at each condition are schematically shown. The secondary structure contents of 

the three Cytc types after ultrasonication, which were predicted from the CD spectra by the BeStSel 

algorithm,112 are shown at the top of each phase diagram. α and β indicate the contents of the α-helix 

and β-sheet in percentages, respectively. n.d. is shown in cases, in which the secondary structure 

content was not be predicted due to the low CD intensity from aggregation and precipitation. 
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The metastability of supersaturation-discriminated protein aggregation: amorphous aggregation 

and amyloid fibrillation  

Phase transitions in soluble proteins to solids such as protein aggregates occur when protein 

concentrations exceed their solubility limit (Figures 2 and 14).30, 71, 91, 92 Thus, decreases in solubility 

are a fundamental driving force for a phase transition, as shown in the solubility curves of Cytc, 

lysozyme, and insulin in phase diagrams (see the next section) (Figures 14 and 15). The physical 

phenomenon of the metastability of supersaturation needs to be considered in phase transition because 

aggregation occurs by overcoming supersaturated states in which proteins maintain soluble states, 

even over the solubility limit (Figure 15A, C). 

Although the degree of supersaturation continues to increase with elevations in protein 

concentrations,124 the metastability of supersaturation for productive nucleation, which corresponds to 

a kinetic energy barrier, is maximal just above the solubility limit and decreases with higher protein 

concentrations. The higher metastability of supersaturation with a low degree of supersaturation 

maintains kinetically-trapped soluble states, while the lower metastability with a high degree of 

supersaturation leads to amorphous aggregation including partially structured aggregates. The 

probability of productive nucleation is maximal at a balanced metastability and degree of 

supersaturation. Therefore, the metastability of supersaturation plays a key role in kinetically 

dominating nucleation-dependent amyloid fibrillation. Although the degree of supersaturation was 

predictable when aggregates, amorphous aggregates or amyloid fibrils, formed (Table 2), no clear 

correlation between aggregation propensity and the degree of supersaturation was observed, which 

suggests that the metastability of supersaturation is a more critical factor than the degree of 

supersaturation in determining the aggregation and aggregate type. 

Strong agitation such as ultrasonication effectively induces amyloid fibrils by disrupting the 

metastability of supersaturation, thereby revealing the true equilibrium between fibrils and residual 
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monomers (Figure 15B, D). However, amorphous aggregation including partially structured 

aggregates generally occurs more rapidly than amyloid fibrillation without a recognizable lag time in 

typical experimental time scales due to the low metastability of supersaturation, as observed in the 

kinetics of the fibrillar aggregation of Ag-apoCytc in 10% TFE (Figure 8), thereby kinetically 

discriminating amyloid fibrillation and amorphous aggregation.30, 91, 92 Therefore, low 

amyloidogenicity vs. a higher propensity for the amorphous aggregation of Cytc is explained by the 

low metastability of supersaturation. Metal or membrane binding may increase the metastability of 

supersaturation for productive nucleation of amyloid formation with balancing the degree of 

supersaturation. 

Proper H-bond networks play an essential role in the formation of nuclei with critical sizes 

by overcoming hydration energy.125 Balanced hydrophobic and electrostatic intermolecular forces as 

well as structural properties to compensate for the entropic costs of molecular associations are also 

determining factors for productive nucleation. These factors may control the metastability of 

supersaturation. Hydrophobic interactions that are too strong form non-productive nuclei with less H-

bonds in an irregular manner, which are incompatible with the well-ordered structure of amyloid fibrils. 

Strong repulsive electrostatic interactions increase solubility while favoring hydration energy. The 

amorphous aggregation of the Cytc fragment suggested that the prediction of the metastability of 

supersaturation is not easy based on the primary sequence alone since the sequence analysis of Cytc 

is based on algorithms trained to recognize amyloid propensity in metal-free proteins. Metastability 

of supersaturation in metalloproteins might be different from that of metal- or cofactor-free proteins. 
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Figure 15. Phase diagrams of the aggregation of lysozyme and insulin in TFE/water mixtures. Phase 

diagrams of lysozyme (A and B) and insulin (C and D) at pH 4.8 before (A and C) and after 

ultrasonication (B and D) in TFE/water mixtures. Dominant species detected at various TFE 

concentrations are indicated by symbols. The secondary structure contents of lysozyme and insulin, 

predicted by the BeStSel algorithm112 from far-UV CD spectra, at 1.5 mg ml-1 are noted at the top of 

the phase diagrams. α and β indicate the α-helical and β-sheet contents, respectively. Ambiguous 

results due to aggregation and precipitation are marked with “n.d.” The phase diagram of lysozyme 

after ultrasonication (B) was reproduced with slight modifications (Chapter 2 Figure 13) and the 

figures (A, C, and D) were newly constructed based on our previous findings.91, 92  
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Table 2. Summary of the degree of supersaturation of protein solutions 

 Degree of supersaturation (σ) 

HoloCytc 

No alcohol n.d. 

TFE 

10%  n.d. 

20%  n.d. 

40%  n.d. 

60%  n.d. 

70%  n.d. 

HFIP 

4% n.d. 

8%  6.9 

10% 8.7 

12%  15.7 

16%  1.7 

20%  n.d. 

40%  n.d. 

70%  n.d. 

ApoCytc 

No alcohol n.d. 

TFE 

10%  n.d. 

20%  n.d. 

30% 0.2 

50% 0.3 

70% 0.5 

HFIP 

4%  n.d. 

8%  4.4 

10% 7.3 

12%  9.0 

20%  0.4 

40%  n.d. 

70%  n.d. 

Ag-apoCytc 

No alcohol n.d. 

TFE 

10%  0.1 

20%  0.3 

40%  n.d. 

50%  n.d. 

60%  n.d. 

4%  0.2 
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The degree of supersaturation (σ) of the three types of Cytcs, lysozyme, and insulin in 25 mM sodium 

acetate buffer (pH 4.8) with and without the given percentage of TFE or HFIP was predicted by the 

following equation: 

σ = (C - C*) / C* 

where C and C* are the protein concentration used and the protein solubility, respectively. C* 

corresponds to the concentration of residual protein monomers at the end of aggregation reaction. “n.d.” 

is shown in cases, in which the protein solutions are unsaturated or the concentration of residual 

monomers cannot be determined. Our previous results were used for the calculation of lysozyme91 

and insulin.92 

HFIP 

8%  14.0 

12%  10.8 

14%  7.3 

20% n.d. 

40%  n.d. 

60%  n.d. 

Lysozyme 

No alcohol n.d. 

TFE 

10% n.d. 

20% n.d. 

30% n.d. 

40% 36.5 

50% 74.0 

60% 74.0 

70% 79.0 

80% n.d. 

90% 1.6 

Insulin 

No alcohol 23.8 

TFE 

10% 66.3 

20% 47.8 

30% 156.1 

40% 1413.2 

50% 87.4 

60% n.d. 

70% 51.4 
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Phase diagrams provide a comprehensive understanding of protein aggregation  

Phase diagrams are schematic representations that comprehensively illustrate the physical 

state of solutes depending on ambient conditions. Thus, they have been widely employed to explain 

the processes and conditions of protein crystallization.67, 125, 126 In recent studies, I successfully showed 

that phase diagrams are a powerful tool for describing protein aggregation using lysozyme (Chapter 2 

Figure 13) and insulin92 in alcohol/water mixtures. Phase diagrams provided a macroscopic view of 

protein aggregation based on the solubility and metastability of supersaturation and illustrated the 

context-dependent types of aggregates. Ultrasonication interrupted the high metastability of 

supersaturation, which trapped soluble lysozyme and insulin at certain alcohol concentrations (Figure 

15A, C), and, thus, amyloid fibrils formed in equilibrium (Figure 15B, D), whereas amorphous 

aggregates including partially structured aggregates rapidly formed and did not depend on the 

ultrasonic treatment (Figure 15C, D). 

I herein constructed phase diagrams for the aggregation of the three Cytc types (Figure 14A-

C) in order to clearly illustrate the aggregation behavior of Cytc. Aggregation patterns and solubility 

curves differed depending on the type and concentration of alcohol as well as the type of Cytc. 

Although the alcohol concentrations at which aggregates formed and the types of aggregates in HFIP 

mixtures were all similar (Figure 14 right panels), those in TFE-mixed solutions were markedly 

different (Figure 14 left panels). 

HoloCytc showed high solubility at all TFE concentrations with no aggregation or 

amorphous aggregation at HFIP concentrations of 8%-16% (Figure 14A). ApoCytc exhibited 

amorphous aggregation at TFE concentrations greater than 30% and HFIP concentrations of 8%-20% 

(Figure 14B). Partially structured fibrillar aggregates of Ag-apoCytc formed at TFE concentrations of 

10%-20% and at a HFIP concentration of 4% with amorphous aggregation at HFIP concentrations of 

4-14% (Figure 14C). As shown in the phase diagrams of the three Cytc types in TFE/water mixtures, 
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the transition from folded states to unfolded states clearly decreased the solubility of Cytc, resulting 

in the aggregation of two apo forms. On the other hand, the aggregation-driving capability of HFIP 

was much stronger than that of TFE with lower protein solubility resulting in lower residual monomer 

concentrations in HFIP solutions. The alcohol concentration ranges promoting aggregation were wider 

in TFE solutions. Thus, protein solubility, a fundamental thermodynamic factor in protein aggregation, 

is closely related to conformational states of proteins which alter the phase diagram of protein 

aggregation. 

In order to link a microscopic structural property to a macroscopic property of the solubility 

and aggregation pattern, I plotted the content of helical and  structures against alcohol concentrations 

(Figures 14 and 15). A comparison of the phase diagrams of Cytc, lysozyme, and insulin showed that 

no clear correlation existed between the content of -helices or -strands and the propensity for 

aggregation was obtained. Hence, these results demonstrated that local microscopic differences in 

protein conformations, even with a similar secondary structure content and solubility, were also 

important for determining the aggregation pathway between amorphous aggregation, including 

fibrillar aggregates, and amyloid fibrils. 

A phase diagram-based investigation of protein aggregation will be useful in other 

aggregation studies by revealing aggregation behavior and will also be beneficial for the development 

of effectors of aggregation by controlling the solubility/metastability of supersaturation and inducing 

selectively-desired aggregates based on the hydrophobic and electrostatic balance. Atomic-level 

approaches such as NMR spectroscopy and molecular dynamic simulations will be useful for obtaining 

deeper insights into the relation between protein conformations and types of aggregates. 
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Chapter 4. Conclusion 
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In the last decade, protein aggregation has become increasingly a hot topic in diverse 

research fields due to its ability to cause a number of severe human pathologies and its potential 

applications to biological and bioinspired materials. So far, most of studies have been focused on how 

environmental factors, including temperature, organic solvent, liposome surface, etc., regulate protein 

aggregation based on microscopic viewpoints. In contrast, understanding of the mechanism underlying 

protein aggregation from macroscopic viewpoints is still limited. In this thesis, I examined the 

aggregation of lysozyme (Chapter 2) and Cytc (Chapter 3) in alcohol/water mixtures and provided 

new macroscopic insights into protein aggregation.  

In the second chapter, I revealed that the presence of moderate concentrations of alcohol, in 

particular TFE or HFIP, decreased markedly solubility of lysozyme with the concurrent alcohol-

induced denaturation. However, the metastability of supersaturation kept denatured lysozyme soluble. 

Disrupting metastability using strong agitation like ultrasonication resulted in the production of 

crystal-like amyloid fibrils. The concept of solubility and supersaturation-trapped amyloid fibrillation 

will be generally applied to amyloidogenesis even under physiological conditions. In contrast, at high 

concentrations of ethanol, amorphous aggregation of lysozyme occurred rapidly due to low 

metastability of supersaturation. On the basis of this new view, I further proposed a protein misfolding 

funnel which is useful for explaining aggregation of proteins. This protein misfolding funnel will also 

be applicable for preparing crystalline precipitates of native proteins. 

In the third chapter, I demonstrated the intrinsically low tendency of amyloid formation of 

Cytc. Cytc and its segment over the solubility limit, i.e., in supersaturated states, formed easily 

amorphous aggregates and protofibrils without appreciable lag time due to the low metastability of 

supersaturation. In spite of similar solubility among three types of Cytc, each type of Cytc showed 

distinct aggregating behaviors as macroscopically represented in the phase diagram of Cytc 

aggregation, which suggested that a microscopically different conformation of Cytc was also a critical 
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factor to determine the aggregation pathway. Thus, I proposed that the phase diagram which 

incorporated macroscopic and microscopic characters of proteins provided straightforward 

understanding of protein misfolding and aggregation. 

 Although lysozyme and Cytc are obviously different proteins with distinct amino acid 

sequences, function and structures, their aggregation behaviors share a general mechanism: the 

concentration of proteins which exceeds over its solubility limit is a thermodynamic prerequisite for 

protein aggregation and the metastability of supersaturation is a critical kinetic determinant for the 

formation of mature amyloid fibrils. Finally, I expect that the macroscopic mechanism of protein 

aggregation proposed here will be common to aggregation of other proteins and peptides, and will 

contribute to the deeper understanding of protein aggregation from a new perspective.   
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