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Protein misfolding induces aberrant aggregation, and often results in the formation of
amyloid fibrils that are associated with more than 40 amyloidoses and
neurodegenerative diseases, including Alzheimer’s and Parkinson’s diseases. Amyloid
fibrils typically show needle-like morphology and cross-p structure with B-strands
stacked perpendicular to the long axis of the fibril. Amyloid fibril formation proceeds
by nucleation and subsequent growth. However, the details of the process of amyloid
fibril formation have not been fully understood. In this thesis, I have investigated the
formation process of amyloid fibrils focusing on the multistep nature of amjrloid fibril
formation, in terms of early aggregation process (Chapter 2), structural propagation
process (Chapter 3), and amyloid formation process inside condensate (Chapter 4).

In Chapter 2, I have investigated the early aggregation process of bovine and
human insulin by static and dynamic light scattering in combination with thioflavin T
fluorescence and Fourier transform infrared spectroscopy. The time dependence of
light scattering has revealed that oligomers and protofibrils form in bovine insulin, in
contrast to no significant aggregation in human insulin. By focusing on bovine insulin
for kinetic analysis, it has been revealed that the protofibril formation process was
divided into two steps with reference to fractal dimension. When modeled the
experimental data of static and dynamic light scattering based on the Smoluchowski
aggregation kinetics with fractal aggregation and end-to-end association, I found the
initial formation of spherical oligomers and their subsequent uniaxial docking.
Furthermore, the analysis of temperature and salt concentration dependence revealed
that the end-to-end association is the rate-limiting step, where structure organization
occurred with dehydration. The established model for protofibril formation where

oligomers are incorporated as a precursor provides insight into the molecular
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mechanism how protein molecules assemble during the early stage of amyloid
formation.

In Chapter 3, I have investigated the behaviors of self- and cross-seeding of
amyloid fibrils of human and bovine insulin in terms of thioflavin T fluorescence,
morphology, secondary structure, and iodine staining. Insulin amyloid fibrils exhibited
different structures depending on species, and each of which replicated in self-seeding.
In contrast, gradual structural changes were observed in cross-seeding, and a new-type
amyloid structure with distinct morphology and cytotoxicity was formed when human
insulin was seeded with bovine insulin fibrils. Remarkably, iodine staining tracked
changes in amyloid structure sensitively, and singular value decomposition analysis of
the ultraviolet-visible absorption spectra of the fibril-bound iodine has revealed the
presence of one or more intermediate metastable states during the structural changes.
From these findings, I propose a propagation scheme with multistep structural changes
in cross-seeding between two heterologous proteins, which is accounted for as a
consequence of the rugged energy landscape of amyloid formation.

In Chapter 4, I focused on optical trapping as a method for spatiotemporal
control of protein droplet formation and subsequent amyloid fibril formation.
Droplet-like protein condensates have recently attracted much attention due to their
critical roles in biological phenomena. They typically exhibit high fluidity and
reversibility, but otherwise, they become reaction sites for the formation of amyloid
fibrils. To understand the functionality and pathogenicity of protein condensates, it is
critical to investigate their physicochemical properties at the single droplet level;
however, this is currently difficult due to the lack of applicable methods, and thus the

molecular details behind these processes are largely unknown. Here, we demonstrate
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that optical trapping is capable of inducing the formation of a single liquid-like
condensate of a-synuclein in a spatiotemporally controlled manner. The irradiation of
tightly focused near-infrared laser at an air/solution interface formed a condensate in
the coexistence of polyethylene glycol. The fluorescent dye-labeled imaging showed
that the optically induced condensate has a gradient of protein concentration from the
center to the edge, suggesting that it is fabricated through the mechanism of optical
evolved assembling. Furthermore, Raman spectroscopy and thioflavin T fluorescence
analysis revealed that continuous laser irradiation induces transition inside the
condensate to B-sheet rich structure, ultimately leading to the formation of amyloid
fibrils. These observations indicate that optical trapping is a powerful technique for
tracking the molecular mechanisms of condensate appearance and growth, and

furthermore, subsequent aging leading to amyloid fibril formation.
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