Abstract/Synopsis

Several biological processes are associated with self assembly without the help of any external forces. Protein folding is an example of self assembly where a nascent polypeptide undergoes folding process to achieve its three dimensional structure for proper biological function. Folding of proteins into their biologically active forms has intrigued researcher for several decades. From thermodynamic hypothesis to specific pathways to multiple pathways or ensemble folding, protein folding biology has travelled a long way. That many of the proteins are not able to refold and need assistance of molecular chaperones has opened another view of protein folding called assisted folding and is closely related to in vivo protein folding. Chaperones such as Hsp90, Hsp70, Hsp60 assist folding of proteins in vivo or in vitro. Any defect in this process leads to misfolding and aggregation of proteins resulting in several debilitating diseases such as CFTR, neurodegenerative diseases such as prion, Parkinson’s, Alzheimer’s disease etc. Aggregation of these proteins occurs in two ways – amyloid aggregation and amorphous aggregation. The former type of aggregation represents an ordered arrangement of monomers into large fibrillar aggregates. Most of the neurodegenerative diseases are caused by amyloid aggregates. This aggregation process involves three steps - structural perturbation, nucleation and fibrillation. These steps are modulated by several factors such as pH, detergents, denaturants and mutations etc. Study of protein misfolding and aggregation is, therefore, of great importance to understand these diseases. 


Prion diseases are a group of diseases caused due to the conformational transition of cellular prion protein to its rogue counterpart, scrapie prion protein.  This transition depends on environmental and genetic factors. It is still not clearly understood how this transition occurs in vivo. Several factors such as metal ions (copper, manganese and iron), nucleic acids and factor X protein are thought to be involved in this process. Unlike other amyloid diseases, prion disease displays transmissibility and infectivity. Biology of transmission and infection of prion disease is very poorly understood. 


The present study was initiated with an objective to understand the mechanism of aggregation of prion protein and to investigate the effect of UV-light and metal ions on the process. Metal ions play a significant role in prion disease. We have tried to understand copper-prion protein interaction in terms of its conformation and its aggregation propensity. Small heat shock proteins are known to be present in plaques of neurodegenerative diseases. We have initiated a study to understand the role of small heat shock proteins in prion diseases.


The first chapter describes the molecular self assembly process in biology and provides contextual over view of the amyloidogenic process and protein aggregation diseases. Self-assembly occurs without involvement of any external forces. In biology, self-assembly process is observed commonly in folding of proteins, DNA and RNA, misfolding and aggregation of proteins, lipid bilayer formation, oligomer formation etc. Self-assembly is classified as intra- and inter-molecular self assembly. Protein folding is an example of intra-molecular self-assembly. This section reviews various theories of protein folding from the thermodynamic hypothesis proposed by Anfinsen to new view of protein folding – the free energy landscape theory proposed by Onuchic and others. Aggregation constitutes inter- molecular self-assembly of proteins and is the major focus of this thesis. Aggregation is classified into amorphous and   amyloid aggregation depending on arrangement of monomeric units in the aggregated forms. Amyloid aggregation process involves three crucial steps - structural perturbation, nucleation and fibril extension. Several structural perturbants are known and discussed in this section. Nucleation and structural perturbation are ThT silent steps whereas fibrillation is captured by ThT. Prion disease is one the neurodegenerative disorders which involves conformational transition of α-helix-rich prion protein to β-sheet-rich prion protein. Kuru disease, one of the prion diseases discovered in Fore tribe of the Eastern Highlands Province of Papua New Guinea by Carlton Gajdusek, exhibits unique features such as infectivity and transmissibility, which are not seen in any other amyloid disease. Genetic, sporadic and iatrogenic prion disease is known so far. Apart from infectivity, prion disease also shows strain specificity which is modulated by sequence and conformations. Prion protein is rich in alpha-helices; however, upon conformational transition, its β-sheet content increases dramatically leading to fibril formation Metal ions such as copper play a role in the process. However, the role of copper is rather complicated; it is shown to both promote and slowdown the process. 



Chapter 2 describes our experiments with the UV-light exposure of the prion protein and its consequences on amyloidogenesis. Prion protein upon exposure to UV-light undergoes aggregation via generation of singlet oxygen and super oxide radicals. Under amyloid forming conditions, upon UV exposure, prion protein fails to undergo de novo amyloid formation. However, it is rescued when provided with seeds of pre-formed prion protein fibrils indicating loss of nucleation process In order to test if the phenomenon is general to all amyloidogenic proteins or limited to only prion protein, the study was extended to other amyloidogenic proteins such as α-synuclein and β2-microglobulin discussed in chapter 3. Including prion protein, these three proteins represent three different classes of protein. Prion protein represents α- helical, β2-microglobulin represents β-sheet and α-synuclein represents natively unfolded classes of proteins. 


Chapter 3 discusses effect of UV-light on amyloidogenesis on these three proteins. All these three proteins were exposed to UV-light. Prion protein aggregates upon exposure to UV-light, however the other two proteins do not aggregate under similar condition. All the three proteins, after exposure to UV-light, fail to form fibrils de novo. Upon external seeding, all of them undergo fibrillation process, indicating that a similar loss of nucleation phenomenon occurs in all these proteins. Structural studies indicate that all these proteins contain aromatic residues such as tryptophan and tyrosine in the region that is known be involved in the nucleation process. Thus, upon UV-exposure due to photo-oxidation, crucial structure responsible for nucleus formation might be affected resulting in loss of nucleation. However, fibrillation might be governed by either other regions or the same region but the altered conformation may still be capable of fibril extension upon external seeding. In all these processes rate and extent of fibrillation is lesser than that of proteins not exposed to UV-light, suggesting that this process is also affected but to a lesser extent. A dramatic change in morphology of fibers of UV-light-exposed prion protein was observed by AFM and EM. This was not evident in the case of α-synuclein and β2-microglobulin.


Copper-binding to prion protein results in conformational changes. Whether these changes have any implication on prion disease is the theme of chapter 4. This chapter discusses results of copper binding to prion protein at several temperatures. Copper-binding to prion protein at 37 0C leads to change in secondary and tertiary structure. However, when temperature is lowered copper-bound prion protein undergoes aggregation. Interestingly, when the temperature is raised back to 37 0C, dissolution of aggregation is observed. The temperature dependant aggregation is investigated by NMR, fluorescence and ITC. Analysis of HSQC peaks suggests the presence of a novel interaction between the N–terminal domain and the C-terminal domain upon copper-binding to the prion protein. At low temperature cross-peaks corresponding to residues present in helix 1 and helix2 are specifically found to be missing. These peaks are not missing in the N-terminal truncated form of prion protein (PrP 90-231) under similar conditions, indicating the role of the octapeptide repeat domain in aggregation of prion protein.
The small heat shock proteins are known to have a role in the protein aggregation diseases. However, the exact role of small heat shock proteins in prion disease is not yet understood; several reports suggest the presence of small heat shock proteins in plaques of diseased brains. Up-regulation of these proteins and their interaction with Aβ-peptide and α-synuclein in diseased patients has been documented. This section of the thesis (chapter 5) discusses such evidences available in the literature. To understand their role in etiology of prion disease, we have investigated interactions of sHsps with prion protein. Results, described in this chapter show that prion protein interacts with heat shock proteins such as HspB1, HspB2, HspB3, HspB4 and HspB5. We have utilized native PAGE to investigate the interaction of prion protein with the small heat shock proteins.



Chapter 6 concludes the thesis with a brief summary of salient findings. Briefly, the UV-exposed amyloidogenic proteins fail to form fibrils but retain their ability for fibril extension when provided with pre-formed fibrils as seeds, separating the nucleation and fibril extension process. Copper-bound prion protein shows interesting temperature dependant aggregation. Investigation of this process by NMR, fluorescence and ITC approaches provided structural and thermodynamic insights. We find  novel interacting regions in the prion protein; helix 1, helix 2 and the octapeptide repeats are involved in reversible aggregation of prion protein, perhaps mediated by hydrogen-bonding. Prion protein interacts with several small heat shock proteins, details of the nature and consequences of such interactions remain to be investigated.
