ABSTRACT

Recent advances in protein biophysics have shifted the understanding of neurodegenerative
disease-associated proteins from static structural entities to highly dynamic systems whose
behavior is strongly governed by their physicochemical environment. In particular, intrinsically
disordered proteins (IDPs), such as the huntingtin exon-1 fragment, exhibit complex
aggregation pathways that are highly sensitive to molecular crowding, phase organization, and
external modulators. This thesis, titled “Understanding Huntingtin Protein Aggregation in
Cell-Mimicking Environments”, presents a comprehensive investigation of the aggregation
behavior of the HD39Q mutant of huntingtin protein under conditions that progressively

approximate the intracellular milieu.

Chapter 1 entitled “Introduction”: The work begins with a detailed introduction to the
concepts of protein aggregation, macromolecular crowding, and liquid—liquid phase separation
(LLPS), emphasizing how cellular environments differ significantly from dilute in vitro
systems. The scope of the thesis is defined by the need to bridge this gap by studying

aggregation under increasingly complex and physiologically relevant conditions.

Chapter 2 entitled “Materials and Methods”: outlines the materials and experimental
methodologies employed throughout the study. The HD39Q protein was expressed
recombinantly in E. coli and purified using affinity chromatography techniques. A combination
of spectroscopic, single-molecule, and imaging approaches was utilized to probe protein
structure, dynamics, and aggregation. Circular dichroism (CD) and intrinsic fluorescence
spectroscopy were used to assess conformational properties, while Thioflavin-T (ThT) assays
were employed to monitor aggregation kinetics. Techniques such as fluorescence correlation
spectroscopy (FCS), dynamic light scattering (DLS), nanoparticle tracking analysis (NTA),
and size-exclusion chromatography (SEC) provided insights into diffusion behavior, size
distributions, and oligomer populations. Confocal and scanning electron microscopy (SEM)
enabled visualization of aggregation morphology and spatial organization under different

environmental conditions.
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Chapter 3 entitled “Huntingtin Protein Aggregation in Cell-Mimicking Environments”:
This chapter focuses on the aggregation behavior of HD39Q in the presence of individual
macromolecular crowding agents, including Dextran (D40, D70), Ficoll 70, and polyethylene
glycol (PEG 8). The results demonstrate that crowding significantly alters aggregation kinetics,
reducing lag times and enhancing fibril formation. Distinct crowder-specific effects were
observed, reflecting differences in polymer architecture, excluded volume, and solvent
interactions. Concentration-dependent studies revealed signatures consistent with nucleation-
dependent aggregation involving secondary pathways. Complementary techniques such as
NTA and FCS provided insight into early oligomer formation and size evolution, while

imaging studies revealed differences in aggregate morphology under crowded conditions.

Chapter 4 entitled “Crowder Induced Phase Separation Modulates the Huntingtin
Protein Aggregation Landscape”: Building upon single-crowder systems, Chapter 4
investigates the role of mixed crowding and phase separation in modulating huntingtin
aggregation. Binary and ternary mixtures of crowders were employed to generate phase-
separated environments resembling aqueous two-phase systems. Under these conditions,
HD39Q exhibited complex aggregation behavior characterized by biphasic kinetics, indicating
the presence of distinct nucleation and maturation regimes. Confocal imaging revealed phase-
selective localization of protein aggregates, with initial accumulation at phase interfaces
followed by internal fibril growth within droplets. The study further demonstrates that
variations in crowder composition and ratio significantly influence aggregation pathways,
droplet morphology, and temporal evolution, highlighting the role of mesoscale organization

in directing protein aggregation.

Chapter S entitled “Mechanistic Insights into Polyphenol-Mediated Modulation of
Huntingtin Aggregation: A Multi-technique Approach”: This chapter explores the
modulation of HD39Q aggregation using small-molecule polyphenols, including myricetin,
curcumin, epigallocatechin gallate (EGCG), and resveratrol. Using a multi-technique
approach, the effects of these compounds on aggregation kinetics, aggregate size, and
morphology were systematically examined. ThT assays revealed that polyphenols primarily
delay aggregation onset, with varying degrees of inhibition depending on their chemical
structure. Among the compounds studied, myricetin exhibited the most pronounced effect.
Additional experiments involving combinations of polyphenols and time-dependent addition

strategies provided further insights into their influence on different stages of aggregation.
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Complementary techniques, including DLS, SEC, FCS, and imaging, were used to assess

changes in aggregate populations and structural characteristics.

Chapter 6 entitled “Conclusions and Future Perspectives”: Finally, the thesis integrates
these findings to provide a cohesive framework for understanding huntingtin aggregation under
cell-mimicking conditions. By systematically incorporating macromolecular crowding, phase
separation, and small-molecule modulation, this work presents a multi-scale perspective on
protein aggregation. The results highlight the importance of environmental complexity in
governing aggregation pathways and emphasize the need for studying such processes under

conditions that closely resemble the intracellular environment.
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