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Mechanism of Disorder-to-Order Amyloid Transition:  

The Role of Conformational Plasticity and  

Water Mobility of Disordered Proteins 

 

 

Chapter 1. Introduction 

According to the traditional sequence-structure-function paradigm, a protein must adopt a 

well-defined 3-dimensional structure in order to perform its function. However, an emerging 

class of proteins, known as intrinsically disordered proteins (IDPs), confronts the traditional 

structure-function paradigm. It is interesting to note that nearly 33% of genome codes for 

IDPs or IDRs (intrinsically disordered regions). Under certain unfortunate circumstances 

inside the cell, both folded proteins and IDPs can go to an alternate thermodynamically stable 

state known as amyloid state. These amyloids are implicated in a large number of debilitating 

neurodegenerative diseases, such as Parkinson’s and Alzheimer’s diseases. The intricate 

balance between chain-chain and chain-solvent (water) interactions underlies the major 

physical driving force for protein aggregation leading to amyloid formation. During the 

amyloid transition, various intermediates have been observed and there is an emerging 

consensus that these intermediate species might perhaps be much more cytotoxic than the 

amyloid fibrils. Thus, the morphologies of these species might play an important role in the 

pathogenesis of amyloid diseases. An enlarging body of data have provided significant 

insights into the mechanism of coupled conformational switch and aggregation from the 

protein perspective. However, the precise mechanism of amyloid formation, the behavior of 

water molecules in and around IDPs, and the role of water in amyloid formation remains 

elusive. In this thesis, efforts were directed towards understanding the role of both chain-

chain and chain-solvent interactions in protein aggregation, using a variety of biophysical 

tools. The conformational changes (chain-chain interactions) during the amyloid formation 

were mainly studied using circular dichroism (CD), Raman spectroscopy and atomic force 

microscopy (AFM), and the nature of water molecules in IDPs and amyloids (chain-solvent) 
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was monitored using femtosecond- and picosecond-resolved fluorescence spectroscopy 

(Figure 1).  

Figure 1. Schematic representation showing the questions addressed in this thesis along with 

the spectroscopic/imaging approaches that were utilized. 

 

Chapter 2. Ordered Water within the Collapsed Globules of an Amyloidogenic 

Intrinsically Disordered Protein 

Water molecules residing in the vicinity of the polypeptide chain play potentially important 

roles in directing the course of binding-induced folding and amyloid aggregation of IDP. In 

this work, we have characterized the nature of water molecules entrapped within the 

collapsed globules of an amyloidogenic IDP, namely, κ-casein. These globules undergo 

further compaction in the presence of an anionic detergent that is capable of diminishing the 

intra-chain repulsion from the positively charged glutamine/asparagine-rich amyloidogenic 

N-terminal domain comprising 100 residues. Using time-resolved fluorescence spectroscopy, 

we estimated the longer component of the solvation time to be ∼1.4 ns, which is 3 orders of 

magnitude slower than that in bulk water and more than an order of magnitude slower than 

the “biological water” present at the protein surface. Profoundly restrained water within the 

collapsed IDP globules resembles the ordered water cluster found under nanoconfinement 

(Figure 2). We suggest that the association of these globules would result in the release of 

ordered water molecules into the bulk milieu causing an entropic gain that would eventually 

drive the formation of the key (obligatory) oligomeric intermediates on the pathway to 
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amyloids via nucleation-dependent polymerization. The change in the behavior of water 

molecules upon disorder-to-amyloid transition of κ-casein has been described in Chapter 3. 

Figure 2. A schematic showing the ordered water molecules within the collapsed globule of 

-casein along with the time-resolved emission spectra associated with the solvation 

dynamics of these water molecules. 

 

Chapter 3. Water Rearrangements upon Disorder-to-Order Amyloid Transition 

Water plays a critical role in governing the intricate balance between chain-chain and chain-

solvent interactions during protein folding, misfolding and aggregation. Protein aggregation 

leading to amyloid formation is implicated in a large variety of debilitating neurodegenerative 

diseases. Although a wealth of information is available on the mechanism of amyloid 

formation from the protein perspective, the role of water in protein aggregation remains 

elusive. In this work, using femtosecond and picosecond time-resolved fluorescence 

measurements, we have probed the solvation dynamics from ultrafast- to ultraslow timescale 

both in the monomeric- and in the amyloid-state of an intrinsically disordered protein, namely 

bovine -casein, the amyloid formation of which is linked with mammary cancer in cows. 

Our femtosecond results indicate that the mobility of “biological water” (type-I) gets 

restrained as a result of conformational sequestration during amyloid formation. Additionally, 

a significant decrease in the bulk water component with a concomitant increase in the 

ultraslow relaxation component revealed the ordering of interstitial water (type-II) upon 

disorder-to-order amyloid transition (Figure 3). Our results provide an experimental 

underpinning of profound water rearrangements associated with both chain desolvation and 

Arya & Mukhopadhyay, J Phys Chem B 2014 
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water confinement upon amyloid formation. The detailed mechanism of amyloid formation 

from -casein is discussed in Chapter 5.  

Figure 3. AFM (atomic force microscopy) image of -casein amyloid fibrils with the 

magnifying glass showing the presence of different types of water, that are further illustrated 

in the complete hydration correlation plot ranging over four orders of magnitude time scale 

constructed by combining the femtosecond up-conversion data and the picosecond TCSPC 

data for IDP (olive) and amyloid (red). 

 

Chapter 4. Site-specific hydration dynamics of -synuclein at the femtosecond time 

resolution 

Amyloid aggregation of a presynaptic protein -synuclein, which is an intrinsically 

disordered protein (IDP), underlies the pathogenesis of Parkinson’s disease. The water 

present in the vicinity of the protein surface is believed to play a central role during this 

process and is known to strongly influence protein dynamics and function. Though the 

intimate relationship between proteins and water is very well appreciated, the behavior of 

water molecules in and around IDPs remains poorly understood. Here, using ultrafast laser 

spectroscopy, we have probed the hydration dynamics within natively unfolded -synuclein 

with a femtosecond time resolution. By creating six cysteine mutations in N-terminus, NAC 

domain and C-terminus, respectively, we have been able to delineate the differences in the 

water arrangement within largely disordered -synuclein. The timescales of surface bound 

water dynamics were found to be markedly different for different mutants. These differences 

in the water structure are anticipated to have a significant influence on the secondary 

Arya et al., J Phys Chem Lett 2016 
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structure propensities within different regions of -synuclein and might be tailored to the 

distinct roles of different domains in -synuclein function and disease. Most intriguingly, the 

water molecules around the amyloidogenic NAC domain demonstrated retarded mobility 

compared to N- and C-terminus (Figure 4). Therefore, the presence of ordered water around 

the NAC domain underscores the importance of the NAC domain in the context of -

synuclein aggregation. In order to observe the release of water molecules from NAC domain 

upon amyloid formation, hydration dynamics studies were carried out with acrylodan labeled 

(Cys-78) α-synuclein. A drastic drop in the contribution of bulk water suggested the entropic 

liberation of ordered water molecules from the NAC domain upon fibrillation.  

Figure 4. A schematic showing the conformational ensemble of α-synuclein, with water 

molecules present in the surrounding along with the hydration correlation function plots with 

different regions being shown in different colors (N- terminus in blue, NAC domain in red 

and C-terminus in olive). 

 

Chapter 5. Mechanism of aggregation of a model amyloidogenic intrinsically disordered 

protein 

The fact that many pathological amyloids are associated with intrinsically disordered proteins 

(IDPs) underscores the importance of IDPs in amyloid biology. The huge conformational 

plasticity associated with IDPs confers them the flexibility to adopt a large number of 

conformations depending upon their immediate biochemical environment. For example, 

many IDPs undergo a profound conformational change in the presence of lipids. In certain 

cases, lipid bilayers can also act as conformational catalysts and favor protein misfolding. 

Here, we have shown the effect of a well-known lipid mimetic, sodium dodecyl sulfate (SDS) 
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on the mechanism of aggregation of an amyloidogenic IDP, namely, bovine -casein using a 

variety of biophysical tools. The deposition of amyloids formed by -casein is linked with 

mammary cancer. The amyloid formation from -casein followed a nucleation dependent 

polymerization in the absence of SDS, as shown in Chapter 3. In the presence of SDS (sub-

micellar concentration), a drastic change in kinetics and a switch in the mechanism was 

observed (Figure 5). Additionally, the morphologies of the aggregates formed in the absence 

and presence of SDS were found to be different (Figure 5).  

Figure 5. ThT aggregation kinetics along with AFM (atomic force microscopy) images 

showing two distinct pathways of aggregation followed by -casein. (A) Nucleation 

dependent polymerization occurring at high concentration leads to fibril formation. (B) 

Isodesmic polymerization occurring at low protein concentration, in the presence of SDS, 

leads to the formation of large spherical oligomeric species.  

 

Chapter 6. Appearance of annular ring-like intermediates during amyloid fibril 

formation from human serum albumin 

The self-assembly of proteins triggered by a conformational switch into highly ordered β-

sheet rich amyloid fibrils has captivated burgeoning interest in recent years due to the 

involvement of amyloids in a variety of human diseases and a diverse range of biological 

functions. Here, we have investigated the mechanism of fibrillogenesis of human serum 

albumin (HSA), an all-α-helical protein, using an array of biophysical tools that include 

steady-state as well as time-resolved fluorescence, circular dichroism and Raman 

spectroscopy in conjunction with atomic force microscopy (AFM). Investigations into the 
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Arya et al., Phys Chem Chem Phys 2015 

temporal evolution of nanoscale morphology using AFM revealed the presence of ring-like 

intermediates that subsequently transformed into worm-like fibrils presumably by a ring-

opening mechanism (Figure 6). Additionally, a multitude of morphologically-diverse 

oligomers were observed on the pathway to amyloid formation. Kinetic analysis using 

multiple structural probes in-tandem indicated that HSA amyloid assembly is a concerted 

process encompassing a major structural change that is primarily mediated by hydrophobic 

interactions between thermally-induced disordered segments originating in various domains. 

A slower growth kinetics of aggregates suggested that the protein structural reorganization is 

a prerequisite for fibril formation. Moreover, time-dependent Raman spectroscopic studies of 

HSA aggregation provided key molecular insights into the conformational transitions 

occurring within the protein amide backbone and at the residue-specific level. Our data 

revealed the emergence of conformationally-diverse disulfides as a consequence of structural 

reorganization and sequestration of tyrosines into the hydrophobic amyloid core comprising 

antiparallel cross β-sheets. 

Figure 6. The amyloid formation from human serum albumin (HSA) involves the formation 

of ring-like intermediates that subsequently transformed into worm-like fibrils presumably by 

a ring-opening mechanism. 

 

Chapter 7. Conclusions and future direction 

The work described in this thesis provides insights into (i) the nature of water molecules in 

IDPs and amyloids, and (ii) the mechanism of amyloid formation from a model 

amyloidogenic IDP and from a partially disordered state of a model globular protein. This 

chapter provides a bigger picture obtained from the results and conclusions of the individual 
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chapters. The salient features of the thesis includes: (i) how the water arrangement in the 

native state of a collapsed IDP (Chapter 2 and 3) differs from the water structure in an 

expanded IDP (Chapter 4), (ii) the water rearrangement upon disorder-to-amyloid transition 

in a collapsed (Chapter 3) as well as an expanded IDP (Chapter 4) and (iii) the mechanism of 

amyloid formation using a model amyloidogenic IDP (Chapter 5) and a partially disordered 

form of a globular protein (Chapter 6). In the last part of this chapter, I discuss how the 

knowledge gained from this thesis can be utilized to understand the behavior of another 

interesting protein, namely, p53, which is a tumor suppressor protein and has a significant 

fraction of intrinsically disordered regions (IDRs) (37% of its structure intrinsically 

disordered). The importance of p53 in biology stems from the fact that it is a master 

regulatory protein that participates in cellular processes such as apoptosis, DNA repair, and 

cell cycle control. It functions as a homotetrameric nuclear phosphoprotein, and its function 

is lost in more than 50% of human cancers. The amyloid aggregates of p53 have been 

detected in tumor tissues. Therefore, aggregation might be a crucial aspect of cancer 

development, as p53 would lose its functions in an aggregated state. The strategies and some 

preliminary results for addressing the key aspects of p53 aggregation are discussed briefly in 

this chapter.   
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1.1 Protein folding, misfolding and aggregation 

Proteins are the most ubiquitous and functionally versatile biological macromolecules that 

make up the fundamental molecular machinery of the cell and play a crucial role in the 

maintenance of life. Traditionally, in order to function, newly synthesized polypeptide chains 

generally fold into their ‘native state’, an ensemble of a few closely related and well-defined 

three-dimensional structures.1-2 However, there is an emerging class of proteins known as 

natively unfolded or intrinsically disordered proteins (IDPs) that confront the traditional 

sequence-structure-function paradigm and remain unfolded in their native state.3 These 

proteins have a special role in biology and are discussed later in great detail (See section 1.3). 

How the task of protein folding is accomplished remains a central problem in biology.4 

Nevertheless, considerable progress has been made in recent years through experiments and 

theoretical analyses, in understanding the protein folding problem.1, 5-6 The total number of 

possible conformations that any protein chain can adopt are immense and a meticulous search 

for the native state structure would require an astronomical length of time.  However, it is now 

quite clear that the process of protein folding involves a stochastic search of the diverse 

conformations accessible to a protein chain.1, 5-6 In the current model of protein folding, the 

search of the unfolded polypeptide chain is described by a free energy landscape which views 

molecules as dynamic ensembles of rapidly interconverting conformational states.7 The 

polypeptide chains are thought to navigate through the funnel-like energy surfaces, along 

various downhill routes, towards the native structure (Figure 1.1). The surface of this folding 

funnel is unique to a specific protein and is believed to be dictated by amino-acid sequence.4 

The folding landscape of small proteins (<100 amino acid residues) is relatively smooth and 

these proteins convert from the unfolded state to the native state (that are separated by a single 

transition state barrier), without the involvement of highly populated intermediates.4, 8 

However, for larger proteins (>100 amino acid residues), the free energy surface is often rugged 

in which partially folded intermediates may become transiently populated as kinetically trapped 

species during the folding process.8-9 This seems to occur due to the higher tendency of larger 

proteins to undergo hydrophobic collapse, resulting in the formation of compact globular 

conformations that may have substantial native-like structural elements. These compact states 

may reorganize either into: (i) transient population of partially folded states lacking specific 

contacts and retaining large configurational entropy or (ii) intermediates that may be stabilized 

by non-native interactions. The search for the critical native contacts within the partially folded 

intermediates might be the rate limiting step for protein folding in the former case, whereas in 
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the latter case, the substantial reorganization event leading to the breakage of non-native 

interactions may be rate-limiting.1 The presence of these intermediates en route to the native 

state can often be problematic as they tend to aggregate in a concentration-dependent manner.  

 

Figure 1.1. A schematic energy landscape of protein folding and aggregation. The purple surface 

corresponds to the diverse conformations ‘funneling’ towards the native state via intramolecular contacts 

and the pink surface corresponds to the conformations that lead to the formation of amorphous aggregates, 

toxic oligomers or ordered amyloid fibrils via intermolecular contacts. Protein aggregation may initiate from 

the intermediates that get populated during de novo folding or by the destabilization of the native state into 

partially folded states. The formation of aggregates is normally prevented by molecular chaperones. 

Reproduced with permission from [8]. 

The tendency of these intermediates to aggregate stems from the fact that these states 

have unstructured regions and hydrophobic amino-acid residues exposed to the solvent. The 

hydrophobic force that is known to drive the folding process, also is the major driving force in 

protein aggregation.8 The protein folding process in vivo is very tightly regulated by the highly 

sophisticated chaperone machinery.10 Molecular chaperones increase the efficiency of the 

folding process by restricting the formation of protein aggregates.11 The protein aggregates 

become more prevalent under stress or when protein ‘quality control’ fails.8  The protein 

aggregation can either lead to the formation of amorphous aggregates or a special kind of 

protein aggregates known as amyloids (Figure 1.1). 
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1.2 Amyloid state of proteins 

Amyloid can be defined as a highly ordered, unbranched, fibrous quaternary structure which is 

composed of long filaments with a cross-β sheet arrangement in which the β-strands are 

oriented perpendicular to the fibril axis, and the inter-strand hydrogen bonds – as well as the 

amino acid side chains – are parallel to the fibril axis (Figure 1.2).12 There is a growing body 

of evidence that suggests that the amyloid state is perhaps thermodynamically more stable state 

than the functional native state of many protein molecules, even under physiological 

conditions.9, 11, 13-15  

 

Figure 1.2. (A) Transmission electron micrograph of amyloid fibrils shows that they are composed of long 

filaments. (B) The schematic representation of the cross-β sheet arrangement within fibrils, with the 

backbone hydrogen bonds shown by dashed lines, and (C) the characteristic cross-β diffraction pattern with 

a meridional reflection at ~4.7 Å and an equatorial reflection at ~6–11 Å, that correspond to inter-strand and 

inter-sheet spacing, respectively. Reproduced with permission from [46]. 

The hallmark of amyloid fibrils is the typical X-ray diffraction pattern characteristic of 

the cross-β motif (Figure 1.2C).16 They also exhibit apple-green birefringence under cross-

polarized light when they bind the amyloidophilic dye Congo Red (see the next section).17 

Although the amyloids were initially identified in the context of disease, it became clear in the 

late 1990s that under certain environmental conditions, irrespective of their sequence, size and 

secondary structure, any protein can convert into aggregates with all the characteristics of the 

amyloid fibrils that are linked with disease.4, 18 Thus, amyloid formation is now considered a 

generic property of proteins.4, 18  
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1.2.1 A historical perspective  

The term ‘amyloid’ was first introduced by Schleiden in 1838 and then by Virchow in 1854 to 

describe the macroscopic abnormality of cerebral corpora amylacea that exhibited a positive 

iodine stain.19 The macroscopic appearance of the brain tissue was similar to the “lardaceous” 

or “waxy” substances observed in the spleen, liver, and kidneys of deceased patients, perhaps 

as early as 1639 by Fontanus.20 Virchow was convinced that the cerebral corpora amylacea was 

identical to starch. Therefore, the amyloid deposits were thought to be carbohydrate in nature 

until their high nitrogen content was established later in 1859 by Friedreich and Kekule.19 The 

first report on primary amyloidosis came in 1856 by Wilks.21 Further advancements in 

understanding of amyloid structure were made with light microscopy and histopathological 

dyes such as thioflavin (ThT) and Congo red. ThT was found to bind avidly to the amyloid 

deposits in vivo.20 However, due to its interaction with other tissue components, it was 

considered less useful for diagnostic histology. Congo red is an aniline dye that became quite 

popular initially for its use in the textile industry (in 1883) and later on (in 1886), for tissue 

staining.22 In 1922, Congo red was found to bind amyloids quite strongly.22 The specific 

binding of amyloids to Congo red produced an apple green birefringence when examined using 

polarization light microscope, under cross polarized light.20, 22 Thus, Congo red binding with 

apple green birefringence was the very first criterion of amyloid to be adopted. The observed 

birefringence was suggestive of an ordered submicroscopic structure. However, until the 

1950s, the nature of amyloid structure remained elusive. In 1959, using electron microscopy, 

Cohen and Calkins were the first one to demonstrate that all types of amyloid have fibrillar 

structure.23 Thus, fibrillar morphology, observed using negatively stained tissue sections 

became the second criterion for identifying amyloid. In 1968, Eanes & Glenner reported the 

X-ray fiber diffraction pattern of amyloid fibrils.24-25 The amyloid fibrils exhibited a 

characteristic cross-β fiber diffraction pattern. In fact, X-ray diffraction pattern for amyloid 

fibrils formed in vitro was found to be similar to amyloids extracted from the tissues.25 The 

cross- β diffraction pattern was first observed in 1935 by a well-known biophysicist Astbury26 

and is now considered a hallmark of amyloid structure. Further advancement in biochemical 

and biophysical techniques facilitated the isolation of amyloid fibrils from tissues and a 

significant progress has been made in understanding amyloid fibril structure since the early 

1970’s. A detailed analysis of the amino acid sequence composition of the proteins that 

comprise a range of ex vivo amyloid fibrils indicated that each amyloid disorder was associated 

with a particular protein or peptide.27 There are atleast 20 plasma proteins that are known to 
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form amyloid, until now.  It is interesting to note that despite the differences in the amino acid 

sequences and the native structure of the proteins, the amyloid fibrils formed by them appear 

to have similar morphological features with characteristic cross-β core.16, 24 The common cross-

β core can account for the common biochemical characteristics that amyloids share, for 

example, protease resistance nature of most amyloids. The amyloid from human 

immunoglobulin light chain isolated from the tissue of a patient suffering from “primary 

amyloidosis” was the first amyloid to be identified and characterized chemically.28 Further, it 

was found that the lysosomal extracts were able to digest immunoglobulin light chain precursor 

protein into amyloidogenic fragments.28 This observation was followed by several other 

biochemical investigations that led to the identification of amyloidogenic fragments in about 

20 soluble proteins, which in turn led to a general realization that many of the amyloid forming 

peptides are often formed by the proteolytic processing of the respective precursor proteins.29 

In 1982, the ‘prion’ hypothesis describing an infectious protein particle capable of causing 

scrapie (which was first recognized in western Europe in the 1700s), a fatal neurodegenerative 

disease in sheep, was introduced by Prusiner.30 The protein responsible was amyloidogenic in 

nature but unlike other proteins, it was found to be infectious and was termed as prion protein 

(PrP). The proteinaceous agent involved in the transmission of disease was termed prion and it 

was found that these prions are the altered forms of cellular proteins that can transform the 

unaltered (non-infectious) form into the altered (infectious) form. This positive-feedback 

feature underlies the basis for the self-propagation and infectivity of prions. Two years later, 

Aβ peptide fragment from the amyloid precursor protein (APP), which is the major component 

of amyloid plaques found in the brain of Alzheimer’s patients, was identified and 

characterized.31 However, in 1986, prions again captivated enormous attention upon the 

outbreak of Bovine spongiform encephalopathy (BSE), a prion disease similar to scrapie in 

sheep. Ten years later, there was an onset of the human prion disease variant Creutzfeldt-Jakob 

disease (vCJD). The transmissibility of prions from one species to other could not be denied in 

case of vCJD which was strongly linked with the exposure to the BSE agent. Around this time, 

prion diseases and amyloid related disorders became subject of intense interest. In 1994, the 

yeast prions were discovered and were found to form amyloids.32-33 The mild effects of some 

of the yeast prion variants and the occurence of the clearly functional [Het-s] prion of 

Podospora anserina led to a belief that yeast prions may actually benefit their hosts. Like yeast 

prions, many other proteins capable of forming amyloids with functional importance for the 

host were identified in various lower and higher organisms, including humans. Such amyloids 
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are known as “functional amyloids”.34-35 Subsequent years witnessed a remarkable progress in 

the understanding of amyloids and prions, especially the structural aspects. 

1.2.2 Characteristic features of amyloid structures 

Amyloid fibrils are often insoluble and heterogeneous in nature, and hence are not amenable 

to the commonly used methods for structure determination such as X-ray crystallography and 

solution nuclear magnetic resonance (NMR).29, 36-37 However, many important structural 

characteristics of amyloid fibrils have progressively emerged from cryo-electron microscopy38-

39, electron paramagnetic resonance (EPR)40, solid-state NMR (ss-NMR)41, and single-crystal 

X-ray diffraction42. The structural insights obtained from all these techniques suggest that all 

amyloid fibrils share a common core cross-β structure in which β-sheets run parallel to the 

fibril axis, with their hydrogen-bonded β-strands arranged orthogonally with respect to the 

fibril axis. Recent X-ray crystallographic studies on amyloids formed by short amyloidogenic 

peptides have revealed the presence of side-chain interactions which stabilize the association 

of β-sheets that can be further categorized as polar (hydrogen bonding or electrostatic) and non-

polar (п-п stacking and hydrophobic) interactions.43-45 The atomic-level structural information 

obtained for microcrystals of short amyloidogenic peptides or segments of amyloid-forming 

proteins indicated the presence of two distinct types of β-sheet stacking interfaces that were 

termed as dry interface and wet interface.46 The dry interface, also known as ‘dry steric zipper’, 

represents an interface that is mostly devoid of water and hence, mainly involves 

complementary side-chain interactions that result in dense packing.46 In contrast, the wet 

interface is mostly composed of inter-strand hydrogen bonds.46 Although complementarity is 

expected for steric-zipper formation, the sequences involved may not be self-complementary 

as is evident from solid-state NMR studies on Aβ and Het-s, a fungal prion that form cross-

complementary sheets. Such steric-zippers are known as ‘heterosteric zippers’.47 The structural 

information obtained for many of the amyloidogenic polypeptides and proteins suggests that 

amyloids can have different structural arrangements. Due to differences in the packing of the 

protofilaments, numerous morphologies of mature fibrils can arise, leading to a phenomenon 

called ‘amyloid polymorphism’.48 The phenomenon of polymorphism describes the multiple 

structural forms and emphasizes the diverse and dynamic nature of amyloid fibrils. 

Polymorphism in amyloids has been differentiated by electron microscopy (EM) and NMR 

studies.48 Although the details of amyloid polymorphism need to be investigated, some initial 

studies have indicated that the morphological diversity can result from the changes in 

conditions such as physicochemical environment, seeding and template effects.49 The variation 
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in structure at the molecular level due to differences in the packing of either the amino acid 

side chains or a few peptide stretches (segments) gives rise to packing and segmental 

polymorphism, respectively.48 In packing polymorphism, the nature and position of the side 

chains present on the outer side of the fibrils differ and results in different morphologies for 

the two polymorphs. Therefore, in packing polymorphs, the sequence involved in the formation 

of the cross-β core remains the same, only the packing is different. In case of segmental 

polymorphism, two or more segments from the same amyloid forming protein can give rise to 

different morphologies, and hence the sequence involved in the formation of the cross-β spine 

is different for the two segmental polymorphs, as has been observed for Pmel 17 fibrils.50 The 

phenomenon of amyloid polymorphism is believed to play a crucial role in the biology of prion 

propagation, the strain phenomenon and the species barrier.51-53 The generation of distinct prion 

strains that give rise to structurally and morphologically different amyloid fibrils can be 

explained by different models that explain polymorphism in amyloids. Based on the atomic 

structure information available on amyloids, various models have been proposed for amyloid 

polymorphs.54 Various structural arrangements possible for amyloids are summarized below.  

(i) Parallel arrangement of β-strands: In this case, the β-strands are aligned in such a 

manner that the side chains of the respective amino acid residues are positioned on top 

of one another along the fiber axis. The backbone hydrogen bonds are arranged parallel 

to the fiber axis, and the interstrand distance, also termed as ‘main chain spacing’55, is 

4.7–4.8 Å (Figure 1.3A). This type of packing is known as parallel in-register packing 

and is the most commonly observed architecture among pathological as well as 

functional amyloids. This kind of morphology has been observed for amyloid fibrils 

formed by α-synuclein56 and β2-microglobulin57. 

(ii) Antiparallel arrangement of β-strands: The antiparallel arrangement of β-strands is the 

commonly observed β-sheet arrangement in globular proteins58. In the antiparallel 

arrangement, the β-strands run antiparallel to each other (Figure 1.3B). Antiparallel β-

sheet structures have been observed for fibrils formed by short peptides, such as 

fragments of Aβ59.  

(iii) β-helical or nanotube structure: When one or more β-sheets, arranged in a parallel 

manner, wrap around a hollow core forming a helical structure; the structure so formed 

is known as a β-helical or nanotube structure (Figure 1.3C). Intramolecular backbone 

hydrogen bonding is observed between the parallel strands present in the β-helix. For 

fibrils formed by polyglutamine peptide, a water-filled nanotube β-helical model has 
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been proposed based on X-ray diffraction patterns60. β-helical models has also been 

proposed for the NM-domain of Sup35 yeast prion protein using pyrene excimer 

fluorescence studies61. 

 

Figure 1.3. Various structural arrangements possible for amyloids (A) parallel in-register -sheet structures 

are composed of individual polypeptides stacking in-register every 4.7 Å along the fibril axis (B) antiparallel 

β-sheet structures are also composed of polypeptides stacking every ~4.7 Å, but β-strands alternately run in 

opposite directions. (C) β-helices are composed of a single polypeptide wrapping around an axis, forming 

intramolecular parallel β-sheets. (D) some β-sheet-rich proteins can linearly assemble into filamentous 

structures by domain swapping mechanism. Reproduced with permission from [58]. 

(iv) Domain swapping: In certain proteins such as serine protease inhibitors, 

aggregation involves linear domain swapping.62 X-ray crystallographic studies on 

a stable serpin dimer suggested that the fibrillar structure is formed via domain-

swapping mechanism, in which a β-hairpin of one promoter gets inserted into the 

β-sheet of the next one (Figure 1.3D). Studies on trimeric serpin suggested an 

entirely different mechanism of domain swap (C-terminal swap).63 Many other 

proteins, such as immunoglobulin-binding domain B1 of streptococcal protein G, 

and cystatin, have also been proposed to aggregate or misfold through domain-

swapping mechanism.64 
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1.2.3 Mechanism of amyloid formation 

The conversion of a protein from its functional soluble state to the amyloid state is a fairly 

complex process and involves a multiple precursor species, which are often much smaller in 

length and width than mature amyloid fibrils.65 The rate of fibril formation, the nature of 

intermediates getting populated during fibrillation and the lifetime of the intermediate species 

are believed to dictate the onset and the progression of amyloid diseases.66 Therefore, in vitro 

studies of amyloid formation are critical for understanding the role of intermediates in the 

disease and for developing drugs that can intervene the fibrillation.67 Major advances in our 

understanding of the molecular mechanism that underlie protein aggregation have been made 

in past few years. However, the understanding of the mechanism of amyloid formation still 

remains elusive. The process of amyloid formation can be described by both protein 

polymerization and protein aggregation.68 Polymerization is more specific while aggregation 

implies a non-specific process.68 However, since amyloid formation involves both specific and 

non-specific interactions, the distinction between polymerization and aggregation becomes 

obsolete and therefore, can be interchangeably used to describe amyloid formation. Although 

a variety of models to describe the mechanism of amyloid formation have been proposed, the 

two of the polymerization mechanism that have existed for a long time and reflect two extreme 

scenarios are: - (i) Nucleation-dependent polymerization and (ii) Isodesmic polymerization 

(Figure 1.4).  

(i) Nucleation-dependent (or nucleation elongation) polymerization 

Typically, amyloid formation follows nucleation dependent polymerization (NDP) pathway 

(Figure 1.4A).69-70 In an NDP reaction, the initial steps are slower compared to the later steps. 

A generic nucleation elongation process involves: (i) formation of nucleus (nucleation phase), 

and (ii) addition of monomers to the critical nucleus formed (elongation phase). The forward 

and reverse reaction rate constants are required for each step in order to provide a 

comprehensive mathematical depiction of an NDP reaction. The initial steps in an NDP 

reaction (nucleation) consist of a number of unfavorable equilibria or in other words, the free 

energy barrier associated with nucleation is high. Once the barrier is overcome or the nucleus 

is formed, the polymerization (elongation) becomes thermodynamically favorable. Therefore, 

in the nucleation phase, the dissociation is much more favored than the association. Once the 

nucleus is formed, the elongation phase is reached wherein the association rate constants are 

much higher compared to the dissociation rate constants.  
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Figure 1.4. Protein aggregation mechanism. Schematic representation of (A) nucleation-dependent 

polymerization (B) isodesmic polymerization. 

An NDP reaction has following characteristics that make them different from isodesmic 

polymerization reaction71-72: (i) A typical lag phase is seen during an NDP reaction. The 

duration of lag time is proportional to the sharpness of the energy curve in the initial phase and 

depends on protein concentration. The size of nucleus also plays a critical role, (ii) The addition 

of a preformed nucleus at the beginning of an NDP reaction leads to the disappearance of the 

lag phase, as a result of seeding, a process analogous to phenomenon of crystallization (The 

preformed nucleus added is referred to as seed and the reaction taking place in the presence of 

seed is called seeding reaction)73, and (3) There is a critical concentration associated with the 

formation of polymer. The critical concentration is that concentration of monomeric protein, 
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below which the polymerization would not take place. It is typically determined from a plot of 

the rate of polymer formation (or amount of polymer) versus protein concentration. This 

concentration would be different for different proteins. The nucleation–elongation 

polymerization must fulfill all three criteria because even in the isodesmic case, at least two of 

the three features described above can be observed (see below). 

(ii) Isodesmic (linear) polymerization 

Unlike NDP, there are no discrete nucleation and elongation phases (Figure 1.4B).68, 74 No lag 

phase is seen in case of isodesmic polymerization and the reaction is fastest at the beginning 

of the reaction where the concentration of monomers is highest and gets slowed down as the 

equilibrium is reached. There is no critical concentration barrier.  In general, an isodesmic 

polymerization reaction does not demonstrate any of the three characteristic features of an NDP 

reaction that are mentioned above. However, it is not always easy to differentiate between the 

two polymerization pathways, because the differences between them are rather subtle, and rely 

solely on the size of the nucleus and the rates for dissociation and association reactions. 

Therefore, under certain circumstances, isodesmic polymerization reactions can readily switch 

to the NDP mechanism.68  

In this thesis, the mechanism of amyloid aggregation from a model amyloidogenic IDP 

-casein and disordered state of a model globular protein human serum albumin (HSA) has 

been discussed in Chapter 5 and Chapter 6, respectively. 

 

 

 

 

 

 

  



        Chapter 1: Introduction 

12 
 

Table 1.1 A list of human diseases associated with amyloid formation along with the 

details of the proteins or peptides and the tissues involved. 

 

1.2.4 Diseases associated with amyloid formation 

There are now approximately 50 disorders which are associated with the aberrant aggregation 

of normally soluble, functional proteins or peptides, into intractable aggregates, often amyloid 

Disease 
Aggregating protein or 

peptide 

Structure of protein or 

peptide 

Tissue distribution of 

protein deposits 

Neurodegenerative 

diseases 

 

Alzheimer’s disease Amyloid-β peptide and Tau Intrinsically disordered Brain 

Spongiform 

encephalopathies 
Prion protein or its fragments 

Intrinsically disordered and 

α-helical 

Brain 

Parkinson’s disease α-synuclein Intrinsically disordered Brain 

Amyotrophic lateral 

sclerosis 
Superoxide dismutase 1 β-sheet and Ig-like 

Brain and spinal cord 

Huntington’s disease Huntingtin fragments Mostly intrinsically disordered Brain 

Familial amyloidotic 

polyneuropathy 
Transthyretin mutants β-sheet 

Brain 

Non-neuropathic 

systemic amyloidosis 

 

Amyloid light chain 

(AL) amyloidosis 

Immunoglobulin (Ig) light 

chains or its fragments 
β-sheet and Ig-like 

Almost all organs and 

tissues 

Amyloid A (AA) 

amyloidosis 

Serum amyloid A1 protein 

fragments 
α-helical and unknown fold 

Bladder, stomach, 

thyroid, kidney, liver, 

spleen, GI tract 

Senile systemic 

amyloidosis 
Wild-type transthyretin β-sheet 

Almost all organs and 

tissues 

Haemodialysis-related 

amyloidosis 
β2-microglobulin β-sheet and Ig-like 

Musculoskeletal tissues, 

peripheral nervous 

system, GI tract, tongue, 

heart, urogenital tract 

Lysozyme 

amyloidosis 
Lysozyme mutants α-helical and β-sheet 

Several visceral organs 

and tissues 

Non-neuropathic 

localized amyloidosis 

 

Apolipoprotein A1 

(Apo A1) amyloidosis 
Apo A-1 fragments Intrinsically disordered 

Eyes 

Type II diabetes Amylin Intrinsically disordered Pancreas 

Injection-localized 

amyloidosis 
Insulin α-helical and insulin-like 

Skin, muscles 
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fibrils.65 A list of some of these amyloid-related human diseases is given in Table 1.1, along 

with the specific proteins associated with them. The diseases have been broadly classified on 

the basis of the region(s) that is (are) involved: (i) Neurodegenerative diseases: aggregation 

occurs in the brain, (ii) Non-neuropathic systemic amyloidosis: aggregation occurs in multiple 

tissues, and (ii) Non-neuropathic localized amyloidosis: aggregation occurs in a single type of 

tissue other than the brain. It is interesting to note that many pathological amyloids are 

associated with proteins that are either IDPs or have intrinsically disordered regions (IDRs) 

(Table 1.1).  

1.3 Intrinsically disordered or natively unfolded proteins 

Traditionally, for most proteins, the function is believed to be dictated by its unique, well-

defined three-dimensional structure. This classical structure-function paradigm has mainly 

emerged from the concepts explaining the specificity of enzymes (the famous lock-and-key 

hypothesis).75 Though most of the proteins adopt a well-defined three-dimensional structure in 

order to perform their respective functions, a significant fraction of the proteome of any  

 

Figure 1.5. (A) The charge-hydropathy plot comparing ordered/folded proteins (275, open circles) and 

disordered proteins (91, grey circles) based on their net charges and hydropathies. The solid line represents 

the border between folded and disordered proteins. Reproduced with permission from [89]. (B) A schematic 

representation of energy landscapes for (a) a folded protein (human nucleoside diphosphate kinase (NDPK), 

PDB ID: 1nsk) and (b) an intrinsically disordered peptide (CcdA C-terminal, PDB ID: 3tcj); (c) close-up of 

the minimal free energy well in (a), where IDRs are shown in red and ordered regions are shown in white. 

Reproduced with permission from [93]. 

A 

B 
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organism contains proteins or protein segments that lack the ability to fold to form a well-

defined three-dimensional structure, but are still functional.3, 76-91 These proteins and protein 

segments are referred to as intrinsically disordered proteins (IDPs) and intrinsically disordered 

regions (IDRs), respectively.92 One of the frequently used prediction methods for IDPs is based 

on a very simple model which proposes that the repulsion from like charges favors unfolding  

while increased hydrophobicity favors folding. Using this approach, a charge-hydropathy (C-

H) plot is constructed by plotting normalized net charge against normalized hydropathy 

(calculated from the Kyte-Doolittle hydropathy scale).79 This simple C-H plot beautifully 

separates IDPs from structured/folded proteins (Figure 1.5A).  The difference between folded 

and IDPs can further be realized by their potential energy surfaces. As discussed in section 1.1, 

the proteins typically explore the funnel-like energy surface during their search for the native 

structure. This holds true for folded proteins because IDPs have relatively flat energy surface 

(Figure 1.5B).93  

 In case of folded proteins, there is a global energy minimum which is the lowest energy 

state and corresponds to the native structure. The width of the global energy minimum is 

proportional to the conformational entropy associated with the native state. On the contrary, 

IDPs have multiple local energy minima that are separated by small barriers. The 

interconversion between different local energy minima can take place quickly, leading to an 

ensemble of a large number of conformational states having approximately equal energies.93 

Therefore, IDPs exist as dynamic ensembles of rapidly fluctuating, interconvertible structures 

under physiological conditions. Additionally, the energy minimum of a folded protein with an 

IDR is not smooth due to many smaller minima corresponding to different states sampled by 

the IDR within the folded protein in its native state (Figure 1.5B).93 The conformational 

plasticity of IDPs and the absence of rigid structure confers on them a large number of 

functional advantages over folded proteins.89 This explains why intrinsic disorder is a common 

feature of proteins involved in signaling, regulation, and recognition. The dynamic behavior of 

IDPs can also account for their diverse roles in modulating the functions of their binding 

partners and in promoting the association of supramolecular complexes. The biological 

functions of IDPs are often controlled by post translation modifications (PTMs) such as 

phosphorylation, ubiquitination, acetylation and alternative splicing.94 Many IDPs are known 

to have multiple functional elements as a result of which they can interact with numerous 

structurally unrelated binding partners.94 Therefore, in the bound state, the same protein can 

now have very different structures depending upon the binding partners. However, many IDPs 
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remain disordered upon binding their partners and still retain their function.93 In case of IDPs 

that undergo folding upon binding their partners, the question that whether folding occurs prior 

to, during, or after contacting the partner is of significant interest due to its important 

implication in the designing of molecules that can potentially inhibit or stabilize the IDP state 

of protein. In order to understand this, various hypotheses have been proposed. According to 

the conformational selection hypothesis, unbound IDP fluctuates through their bound 

conformations and the binding partner selectively binds the IDP, the moment it attains the 

appropriate binding conformation.95 On the other hand, the induced fit hypothesis proposes that 

IDP first make low-affinity and non-specific contacts with its binding partner and then gets 

folded upon binding.96-97 Another explanation of binding-induced folding can be given by fly-

casting which states that extended IDP conformations are associated with a relatively large 

capture radius which leads to fast association rates.98-99 Though the high capture radius has not 

been shown to substantially increase the binding rate of IDPs over folded proteins, the 

possibility of the weak complexes transiently formed with an extended IDP to evolve into the 

native complex was found to be higher compared to the folded form of IDP.100 In general, IDPs 

can switch between bound and unbound state and therefore return back to their disordered state 

after the completion of a particular function. These unique and dynamical properties that IDPs 

possess make them particularly different from folded proteins and allow them to perform a 

diverse array of functions that folded proteins are incapable of. Various disorder predictors 

applied on different  

Figure 1.6. Structured domains and intrinsically disordered regions (IDRs) are two fundamental classes of 

functional building blocks of proteins. The synergy between disordered regions and structured domains 

increases the functional versatility of proteins. Reproduced with permission from [102]. 

proteomes have revealed that IDPs are highly abundant in nature and the general extent of 

disorder in proteins increases on going from bacteria to eukaryotes.80, 85, 101 The high occurrence 

of IDRs in any genome in combination with their unique properties calls for the amendment in 
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the classical view of the structure−function paradigm and hence that of protein function.102 

Therefore, now, structured domains and intrinsically disordered proteins/regions (IDP/Rs) are 

considered two fundamental classes of functional building blocks of proteins (Figure 1.6).103  

Table 1.2 Functional classification of IDPs 

 

1.3.1 Functional classification of IDPs/IDRs  

Various classifications of IDPs and IDRs are available in the literature since the start of 

meticulous studies into their functions about 17 years ago. They can be classified based on 

function, structure, sequence, functional elements, protein interactions, evolution, regulation 

etc. Based on their function, these IDPs/IDRs can be broadly divided into six categories104:  

Protein Partner Function 

Entropic chains   

Nup2p FG repeat region - Gating in nucleoporin complex (NPC) 

MAP2 projection domain - Spacing in cytoskeleton 

Titin PEVK domain - Elasticity of muscle 

Display sites   

CREB KID PKA Site of phosphorylation 

Cyclin B N-terminal domain E3 ubiquitin ligase Site of ubiquitination 

Chaperones   

β-synuclein α-synuclein Prevention of aggregation 

ERD 10/14 luciferase Prevention of aggregation 

hnRNP A1 DNA Strand re-annealing 

Effectors   

4E-BP1 eIF4E Inhibition of translation initiation 

p27Kip1 Cyclin A-Cdk2 Inhibition of cell-cycle 

Securin Separase Inhibition of anaphase 

Assemblers   

p21Cip1 Cyclin A-Cdk2 Assembly of  Cyclin-Cdk complex 

CREB p300/CBP Initiation of transcription 

Scavengers   

Caseins Calcium phosphate 
Solubilization of calcium phosphate 

clusters in milk 

ERD 10/14 Water Retention of water in dehydration stress 
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(i) Entropic chains: IDPs that fall in this category carry out functions that take advantage 

of their high degree of conformational disorder.  

(ii)  Display sites: The conformational flexibility of IDPs as display sites facilitates the 

exposure of motifs and easy access for proteins that introduce and recognize PTMs.  

(iii) Chaperones: The versatility of IDPs that fall in this category, and their unique binding 

properties (many different partners, rapid association/disassociation, and folding upon 

binding) are well suited for chaperone functions.  

(iv) Effectors: The IDPs that fall in this category modify the activity of their partner 

proteins. Upon binding their partners, they often undergo a disorder-to-order transition. 

(v) Assemblers: The IDPs that belong to this class have large binding interfaces that 

scaffold multiple binding partners and promote the formation of supramolecular protein 

complexes. 

(vi)  Scavengers: These IDPs are known to store and neutralize small ligands.  

The examples of the IDPs that fall in each of these categories along with their functions, are 

shown in Table 1.2.  

1.3.2 Regulation of IDPs and diseases 

Due to their unusual structural properties and important functional properties, the existence of 

IDPs inside the cell needs to be carefully scrutinized. Various studies have investigated how 

IDPs are regulated inside a cell. Mainly, it has been investigated how cellular systems have 

evolved to control the availability of IDPs.105 A comprehensive study with multiple large-scale 

datasets that describe the aspects of gene regulation at the transcriptional and translational level 

(i.e., abundance, rate of synthesis and half-life of mRNA and proteins) revealed that rather than 

a single regulatory mechanism, multiple mechanisms during transcription and translation 

control the availability of IDPs, many of which are present in low levels and for short periods. 

of time (Figure 1.7).106  

 In particular, it was shown that the short residence time is mainly a consequence of 

post-transcriptional regulation that involves increased transcript clearance and proteolytic 

degradation. In fact, studies on S. pombe and human cells indicated that the tight regulation of 

IDPs is possibly an evolutionary conserved strategy.105 Further, these observations suggest that 

the tight control of the availability of IDPs might provide fidelity in signaling, regulation and 

recognition by minimizing the prospect of non-functional interactions and unwanted 

sequestration of proteins into non-physiological complexes.106 Disordered regions have higher 
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tendency towards promiscuous interactions when their concentration is high. This is likely to 

be the origin of the toxicity when genes are overexpressed. For example, over-expression and 

mutations in certain IDPs such as tau, ataxin-1 and α-synuclein are known to increase the 

possibility of aggregation and have been linked to various pathological conditions in humans.11  

 

Figure 1.7. (a) The hypothetical ‘availability–outcome’ landscape and the regulation of IDPs. Inside a cell, 

a well-coordinated, tight regulation (arrows) of IDPs (black dots) at several stages during transcription and 

translation ensures that they are present not only at appropriate levels (x-axis) but also for the right amount 

of time (y-axis). (b) The tight regulation of IDPs may provide fidelity in signaling and regulation by 

minimizing non-functional protein-peptide interactions. Wavy lines denote disordered proteins exposing a 

peptide motif (small dark green box). At the right expression level and time period (top part), functional 

interaction is mediated with the relevant partner (dark green circle). However, at high concentrations of the 

IDP (bottom part), structurally similar proteins may interact and be sequestered because of non-functional 

interaction with the IDP, known as molecular titration. This may result in a perturbed cellular state and may 

cause cellular toxicity. (c) Potential consequences of altered availability of an IDP that is employed in a 

simple signaling pathway are shown. Reproduced with permission from [106]. 

From these examples, it is clear that for normal cellular function, it is important to maintain the 

right endogenous levels of IDPs and the integrity of the intricate regulatory mechanisms 

associated with IDPs. However, all IDPs may not be harmful when they are overexpressed.107 

In fact, there are many IDPs that may be required in high levels or for longer period of time in 

response to certain specific stimuli such as under conditions of stress or during specific phases 

of the cell-cycle.105 Studies have suggested that the IDP availability, in such cases, can be fine-

tuned by PTMs and by other regulatory factors that would result in the increased abundance 
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and longer half-life, via change in cellular localization or by protection from the degradation 

machinery.108 Therefore, in order to function properly, cells must make sure that IDPs are 

employed in the correct pathways at the right time to ensure an appropriate response (Figure 

1.7). Thus, it is clear that the availability of IDPs is tightly regulated at multiple levels. 

1.3.3 Sequence-conformational ensemble relationships 

The amino acid sequence composition of IDPs and IDRs is quite unique. They are rich in polar 

and charged amino acid residues but deficient in bulky hydrophobic residues.79 Due to absence 

of canonical hydrophobic residues, these proteins lack the ability to undergo hydrophobic 

collapse that is believed to drive the process of protein folding. As mentioned above, IDPs exist 

as a dynamic ensemble of fluctuating conformations. A large number of experimental and 

computational studies have addressed the relationship between the information encoded in 

amino acid sequences and the conformational ensemble accessible to IDPs under different 

environments. These studies have mainly focused on three distinct compositional classes that 

are based on the fraction of charged versus polar residues: (i) Polar tracts, (ii) Polyelectrolytes 

and (iii) Polyampholytes.109 Polar tracts are enriched in polar residues like glutamine, 

asparagine, serine, glycine, threonine and histidine, and are deficient in charged and 

hydrophobic residues. Polyampholytes and polyelectrolytes can either be weak or strong 

depending on the fraction of charged residues (FCR), which is sum of the fraction of positively 

charged residues (f+) and fraction of negatively charged residues (f-).110 Polyelectrolytes are 

enriched in charged residues and have one type of charge present in excess, that is, either  f+ > 

f-  or f-  > f+. Polyampholytes have roughly equal number of positive and negative charges, that 

is, f+≈ f-. In the case of polyelectrolyte and polyampholyte, it is finally the FCR value that 

determines whether a polyelectrolyte/polyampholyte is weak or strong.110 The FCR value is 

high in case of strong polyampholytes/polyelectrolytes and it encodes an inherent tendency for 

populating expanded coil-like conformations because charged residues prefer to be solvated in 

aqueous milieus.110  Both FCR and net charge per residue (NCPR: f+ - f-) are important for 

predicting the conformation ensemble for an IDP, especially in case of polyampholytes.110   

 It has been shown by both experiments and simulations that increasing the NCPR 

beyond a certain threshold can reverse the tendency of polypeptide backbones to form 

ensembles of collapsed conformations. The switch between globules and expanded coils is 

sharp which suggests that even slight changes in the NCPR of an IDP via PTMs could lead to 

the reversible coil-to-globule transition. The influence of the NCPR on the conformational 
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propensities of IDPs has been explained by a diagram-of-states111, which generalizes the 

original charge-hydropathy plot (discussed above).79 The original diagram-of-states that was 

proposed had three axes: f+, f- and hydropathy (Figure 1.8A). However, considering the fact 

that the hydropathy for IDPs is intrinsically low, the diagram-of-states was modified to focus 

only on the other two axes, that is, f+ and  f- (Figure 1.8B).112 This modified diagram-of-states  

 

 

Figure 1.8. Original and modified diagram-of-states to classify predicted conformational properties of IDPs. 

(A) The original diagram-of-states has three axes that denote the fraction of positively charged residues, f+, 

the fraction of negatively charged residues, f−, and the hydropathy. These three parameters are calculated 

from the amino acid composition. Green dots in the diagram correspond to 364 curated disordered sequences 

extracted from the DisProt database. The hydropathy values of these sequences designate them as being 

disordered; that is, they lie in the bottom portion of the pyramid by definition. (B) Modified diagram-of-

states from panel (A) with a focus only on the bottom portion of the pyramid (since the hydropathy is low 

enough to be ignored). Statistics for different regions (percentages) are from analysis of bona fide IDPs in 

DISPROT. Reproduced with permission from [102] and [110]. 

classifies IDPs into four distinct conformational classes referred to as R1, R2, R3 and R4, 

respectively.110 Polar tracts and weak polyampholytes/polyelectrolytes fall in region R1 and 

exist as disordered globules.110 Strong polyampholytes fall in region R3 and exist either as 

hairpins or coils, depending upon the combination of charge pattern and FCR values.110 Since 

region R2 lies between R1 and R3, the sequence composition that falls in this region is expected 

to have conformational characteristics of both R1 and R3.110  Therefore, IDPs that fall in R2 

region are likely to be chimeras of globules and coils. Mostly, IDPs that undergo folding upon 

binding to their partners, belong to this region. Strong polyelectrolytes fall in R4 region, that 
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occupies two portions of the diagrams and corresponds to acid rich (f- > f+) and base rich (f+ > 

f- ) polyelectrolytes, respectively. In this case, the electrostatic repulsions between charged 

residues and the favorable solvation free energies of these residues together result in semi-

flexible coil-like structural ensemble. It is important to emphasize that the diagram-of-states 

holds valid only for IDP sequences that have at least thirty residues, low overall hydropathy, 

and low proline content.110 Analysis of the disordered sequences from the DisProt database113 

suggests that at least 70% of known IDP sequences belong to regions R2 and R3. Regions R1, 

R2, and R3 together comprise at least 95% of the known sequences of IDPs which indicates 

that a vast majority of IDPs have amino acid compositions that predispose them to be globule 

formers. Thus, the diagram-of-states classification clearly describes the distinct conformational 

classes for IDP sequences and the underlying principles of sequence-conformational ensemble 

relationship enable the use of de novo sequence design as a tool for modulating these properties 

and assessing their impact on functions associated with IDPs and IDRs, that have been 

discussed in the above section. In this thesis, we have studied two IDPs, namely, -casein 

(Chapter 2, 3 and 5) and α-synuclein (Chapter 4) that fall in R1 and R2 region, respectively in 

the diagram-of-states.  

1.4 Polymer physics description of IDPs and protein aggregation 

Since IDPs are unfolded in their native state, they can be treated like polymers and can be 

described by the scaling laws of polymer physics. Additionally, the proteins that are prone to 

aggregation tend to either be intrinsically disordered (see Table 1.1) or go through the partially 

disordered state during the process of aggregation and this disorder facilitates non-specific 

interactions between protein molecules.114 Therefore, the concepts of polymer physics can 

provide the necessary framework for understanding the driving forces and mechanism of 

protein aggregation. The intricate balance between chain-chain and chain-solvent interactions, 

and the magnitude and nature of spontaneous conformational fluctuations that promote 

intermolecular interactions underlies the physical driving forces for any homopolymer or 

heteropolymer aggregation.115 The conformational and phase equilibria for synthetic polymers 

as well as IDPs are dictated by the balance of chain-solvent, chain-chain and solvent-solvent 

interactions.116 Under dilute conditions, a single, linear, flexible polymer can either exist as 

swollen coil, favored in good solvent or as compact globule, favored in poor solvent. 

According to Flory’s polymer theory, the radius of gyration, given by Rg, has a strong 

dependence on the length of the polymer (N) and follows the polymer law given by Rg = R0Nν 
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(Figure 1.9). For polymer chains in a good solvent, Rg ~ N2/3. The effective pairwise inter-

residue interactions are described by a second virial coefficient B2.116-117 For good solvents, B2 

> 0 which means that the effective pairwise inter-residue interactions are net repulsive as chain-

solvent interactions dominate chain-chain interactions. In case of poor solvents, B2 < 0 which  

 

 

Figure 1.9.  In general, for polymer chains,  is an indicator of the solvent quantity. In case of IDPs, the 

conformational ensemble most accessible to an IDP is dictated by the solvent quantity as well as amino acid 

sequence composition. 

means that the effective pairwise inter-residue interactions are net attractive as chain-chain 

interactions are preferred over chain-solvent interactions and Rg ~ N1/3.116-117 Therefore, in a 

good solvent, swollen coils are preferred and in a poor solvent, collapsed globules are preferred. 

While going from good solvent to poor solvent or vice-versa, polymers go through the theta 

state. At theta state, polymer is an ideal Flory’s random coil and is characterized by maximum 

conformational entropy. For theta solvent, Rg ~ N1/2 and B2 = 0 because at theta point, the chain-

chain and chain-solvent interactions cancel each other.116-117    

 While discussing the concepts underlying protein aggregation from IDPs or short 

peptides, it is important to realize that there are distinct differences between them and therefore, 

their aggregation behaviors are also very different. They are well separated in terms of length 

scale. This separation is considered an important hallmark in polymer studies and leads to the 

idea of “blobs”.115 A blob is that length scale of a polymer, beyond which the balance between 
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chain-chain, chain-solvent and solvent-solvent interaction is at least of the order of kBT.115 In a 

good solvent, the balance of interactions between blobs is net repulsive and in case of poor 

solvent, it is net attractive. In contrast, within a blob, the balance of the interactions is 

considerably smaller than kBT.115 Therefore, for a blob that has x residues, the radius of gyration 

of the blob scales as x1/2, irrespective of the solvent quality.116 Proteins having multiple 

segments of length x can undergo dramatic changes in both size and shape with change in the 

solvent quality and their conformational equilibria would influence their phase behavior as a 

function of protein concentration.115 However, the conformational equilibria would only have 

a little influence on the phase behavior of peptides that are approximately x residue long.115 

Therefore, the driving forces in the aggregation of blob-sized peptides would be similar to the 

small molecules and very different from the aggregation of proteins with multiple blobs. The 

aggregation of proteins with multiple blobs is discussed below.  

 The quality of solvent for a protein solution can be varied by changing several 

thermodynamic parameters such as temperature, hydrostatic pressure, concentration of 

cosolutes such as osmolytes and denaturants, and pH, either one at a time or a combination of 

them. A parameter that is used to quantify the balance of interactions between chain and solvent 

as a function of multiple thermodynamic parameters mentioned above is given by χ, which 

refers to the Flory interaction parameter. If we consider temperature to depict solvent quality, 

then increase in temperature would lead towards good solvent and vice-versa.115 However, it 

is important to note that phase separation and aggregation are not feasible at good and theta 

solvents, and require the proteins to be in poor solvent. The poor solvent condition is only 

attained upon decreasing the temperature (T<T). With decrease in temperature, under dilute 

conditions, the polymer collapses to minimize the interface with the surrounding solvent and 

forms homogeneously mixed solutions of isolated globules. As the polymer concentration is 

increased in a poor solvent, we enter the two-phase regime and the system can now separate 

into distinct solvent-rich and polymer-rich phases.115 The driving force for phase 

separation/aggregation in a poor solvent can be increased further by increasing the length of 

polymer.115 In case of homopolymers, a single χ value characterizes the balance of interactions 

between chain and solvent, and χ varies with T.115 However, for a heteropolymer, there will be 

a distribution of χ values.115 Thus, it is clear that the sequence characteristics of blobs play a 

critical role in governing the strengths of attractive interactions between blobs and the energy 

penalty associated with the unfavorable interface between a blob and the solvent. This, in turn, 
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suggests that some regions within the sequence would be more prone to promoting aggregation 

and appears to be consistent with the previous findings.118-119 

In case of IDPs or partially unfolded proteins or the partially disordered states of the 

folded proteins, the conformational ensemble in a poor solvent will be heterogeneous and this 

conformational heterogeneity leads to the increased exposure of solvophobic blobs. As a result, 

the probability of making either specific or non-specific intermolecular contacts in order to 

reduce the exposure of solvophobic blobs is also higher. The interaction between disordered 

globules results in the formation of clusters. As the size of the cluster increases, pairs of blobs 

between chains have access to attractive intermolecular and inter-blob interactions.115 Due to 

these inter-blob interactions, the driving force for restricting the chain in globular geometries 

is overcome and therefore, in the polymer-rich phase, each chain now unravels to sample a 

variety of conformations. The direct consequence of this is reflected in both theory and 

experiment, which showed that the scaling of radius of gyration for the chain (with chain length 

N) in the aggregate/polymer-rich phase takes the form Rg ~ N1/2 as opposed to N1/3 scaling 

observed for individual chains in the soluble phase.116 Furthermore, the polymer theories, 

particularly the theory given by Raos and Allegra, have suggested alternative explanations for 

the origin of longer lag phase associated with protein aggregation.120 According to these 

theories, it is the slow chain dynamics that limits the process of phase separation/aggregation 

and not the well-defined energy barrier associated with the formation of a structured nucleus 

(discussed in section 1.2.3).121  

1.5 Water: the matrix of life 

In section 1.3.3, we have discussed the role of solvent in protein aggregation. The solvent in 

biology is water which is very unique in itself and is considered the “matrix of life”.122 

Leonardo Da Vinci described water as “the vehicle of nature” and mentioned that “Water is the 

extension and humor (nourishing fluid) of all living forms. Without it, nothing can maintain its 

form.” Our body is about 70% water by weight, out of which about 46% (~2/3) is inside cells, 

and about 23% (~1/3) is present outside cells in blood plasma and other body fluids. Despite 

acknowledging the importance of water in life very long ago, biologists have ignored the 

central role of water in life’s machinery and have treated it essentially as a mere bystander in 

biology, for a long time. However, it has become increasingly clear over the past two decades 

that water is a highly versatile and an active component of the cell that is involved in a wide 

range of biomolecular interactions. Thus, water performs a variety of important tasks in various 
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biological processes, as thoroughly reviewed by Philip Ball.123 Let us now see how the water 

inside the cells is different from the bulk water (the water that we drink). 

In bulk liquid water, each water molecule forms up to four directed hydrogen bonds 

with the neighboring water molecules in a tetrahedral manner.124 Each of these water molecule 

can also establish dipole and induced dipole interactions with other molecules. This clustering 

of water molecules gives liquid water a heterogeneous character that, in turn, is sensitive to the 

physicochemical environment. Inside the cell, the behavior of water is very different from the 

bulk.124-125 This is because the inside of the cell is extremely crowded due to very high 

concentration of macromolecules of ~400 g/L, which approximates to about 40% of the total 

volume of the cell.126 Due to this crowding, macromolecules are typically separated by only 1-

2 nm. Such narrow confinement is expected to alter the structure of liquid water via the 

disruption of its hydrogen-bond network, as a result of which, the average coordination number 

is reduced from about 3.6 to 2.2.123 Molecular crowding also leads to slower diffusion rates in 

the mitochondrion and endoplasmic reticulum, typically 3-8 fold, compared to the bulk.127 

Further, proton NMR studies have revealed that the relaxation times of water in cells differ 

from that in the bulk and additionally, the relaxation has been found to be become more “bulk-

like” in cancerous cells.128-129 Despite many studies indicating the differences between bulk 

water and water inside the cells, determining how different the water inside the cells is 

compared to the bulk remains poorly understood. In fact, discerning how differently water 

molecules are around specific biomolecules such as DNA, RNA and proteins itself remains a 

challenging task. My major interest is in understanding the specific role of water in the structure 

and behavior of IDPs, and protein aggregation. Below, I briefly discuss the behavior of water 

in proteins. 

1.6 Water in proteins 

As mentioned above, water present close to the biomolecules is different from the bulk water 

as in the presence of a biomolecule, the hydrogen-bonded network of bulk water gets disrupted. 

These water molecules that are present in the close vicinity of biomolecules such as proteins 

are known as bound water or biological water.124, 130-131 The dielectric and dynamical properties 

of biological water are significantly different from the bulk.132-134 The water molecules in the 

bulk only make transient contact with their nearest neighbors. These transient contacts get 

broken very fast and neighbors get changed. In other words, the water molecules in the bulk 

can exchange their positions with their neighbors very fast. In contrast, the water molecules 
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that are present in the vicinity of a protein move in a coordinated manner and retain contact 

with the closest partner for a longer time. The presence of different types of water molecules 

leads to the heterogeneity in the water network, which is considered essential for water’s role 

in biological functions.124 This is why water molecules present in the proximity of hydrophobic 

and hydrophilic surfaces behave quite differently, and perform different functions. The layer 

of water molecules that surrounds a protein is known as hydration layer. In the older view, the 

hydration layer surrounding the protein was thought to have a rigid ice-like structure (Figure 

1.10).135 However, this “iceberg model” was rejected when many experimental and theoretical 

studies proposed that water indeed slows down to a certain extent at the protein surface but, it 

never slows down to the extent expected for an iceberg.124, 131, 136-139 The hydration layer 

provides stability to the native state of a protein and is believed to influence the biological 

functions associated with it. Therefore, structure and dynamics of water in the hydration shell 

are intimately related to the functioning of proteins, and are dependent on the width of the shell.  

Now, the important question is how thick this hydration layer is? The thickness of a protein 

hydration shell has remained a subject of interest, and also a topic of debate. Depending upon 

the experimental probe being used, the estimated thickness of the hydration layer can vary 

anywhere from 1-2 monolayers to 10 monolayers.124 The thickness of the hydration layer 

relates to the size of the protein itself, and is expected to be smaller for a small protein and 

more for a large protein. Historically, dielectric measurements provided the first ever estimate 

of the width of the protein hydration layer. The thickness estimated was 3–4 Å, which was 

believed to be quite accurate for a long time, until more advanced time-dependent studies and 

computer simulations became available. From computer simulations, it was found that the 

hydration layer of smaller proteins can extend merely upto the first layer of solvent molecules. 

However, in case of larger proteins, the hydration layer around the protein was found to have 

a thickness of more than 10Å, which accounts for more than three-monolayer thickness.124 

Recent terahertz studies estimated that the hydration layer can extend up to a distance of 15-20 

Å.124, 140 Since the biological function is intimately linked to the structure and dynamics of 

water in the hydration shell, it is important to understand how the structure of water is in the 

hydration shell and how dynamic it is.  

Structure of water: The molecular arrangement of bulk water gets substantially altered in the 

proximity of the protein surface that contains both hydrophilic and hydrophobic residues.123-124 

The hydrophilic residues mostly consist of charged and polar atoms and hydrophobic residues 

contain non-polar atoms. Water can form strong hydrogen bonds with the polar or charged 
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surface atoms, especially with residues like glutamine and asparagine that have amide in their 

side chains. On the contrary, hydrophobic surface atoms lack the ability to form such hydrogen-

bonded network. In addition to the nature of the amino acid residues, the heterogeneity of the 

charge distribution and the surface topology are anticipated to have a crucial influence on the 

local structure of water molecules present at the protein surface. 

Figure 1.10. (A) Iceberg model and (B) Dynamic exchange model of hydration showing the presence of two 

different types of water in proteins. (C) The exchange of biological and bulk water is displayed with two rate 

constants, k1 or k2. (Lower) The solvation behavior is correlated to a hydration occupancy, but the time scale 

shown is only for illustration. The free energy change is also shown. Reproduced with permission from [136] 

and [143]. 

Dynamics of water: The water dynamics in the hydration layer exhibits slower dynamics 

compared to the bulk, however, quantitative characterization of the dynamics has proven to be 

fairly difficult. The dynamic properties of the protein hydration layer have been studied by 

many different techniques (reviewed thoroughly in Bagchi’s book)124 that have probed 

properties of water on different length and time scales as a result of which, different hydration 

timescales have been recovered. For example, dielectric relaxation and solvation dynamics are 

mostly sensitive to the rotational motion of the water molecules and the protein side-chain 

motions,137 while NMR based nuclear Overhauser effect (NOE) is sensitive to the relative 

translational motion between the protein and the water molecules.141. NOE is sensitive to very 

short length scales but is limited by the time resolution, whereas, dielectric relaxation has no 

sensitivity to length scales at all. Two experimental approaches that are sensitive to both length 

and time scales, and therefore, qualify as good probes for studying the dynamics of hydration 

layer are solvation dynamics and inelastic neutron scattering. I have chosen solvation dynamics 

approach to monitor the water reorientation dynamics in IDPs and amyloids. The techniques 

that have been used for the carrying out solvation dynamics studies are briefly discussed below. 
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1.7 Biophysical techniques used to carry out solvation dynamics studies 

In order to carry out solvation dynamics studies in protein, one can either make use of an 

intrinsic fluorophore such as tryptophan or covalently label the protein using extrinsic 

fluorophores.131, 136, 142-146 Mostly thiol-reactive fluorophores are used to label the cysteines in 

protein, using thiol labeling chemistry. The fluorophores that are highly sensitive to the solvent 

and exhibit a large Stokes’ shift are preferred for solvation dynamics studies. Solvation 

dynamics probe the dielectric response of proteins by monitoring the time-dependent 

fluorescence Stokes shift (TDFSS) of the fluorophore which is either part of the protein or is 

covalently linked to it.124, 131, 147 Immediately upon excitation, at t = 0, there is a creation of a 

new dipole around the fluorophore which gives rise to an instantaneous electric field on the 

solvent (water) molecules. Due to the interaction of the permanent dipoles of water molecules 

with the electric field, the free energy minimum of water gets shifted to a non-zero polarization 

and the water molecules at t = 0 find themselves in a high energy configuration (Figure 1.11).147 

This non-equilibrated hydration water network around the fluorophore now has to reorganize 

themselves via hydrogen bond rearrangement to reach their new equilibrium positions (Figure 

1.11).147 The nuclear motion that water undergoes can be broadly classified into rotational and 

translational motions.  

In case of bulk water, rotation would also include libration (hindered rotation) and 

translational motion would include intermolecular vibrations due to hydrogen bonded 

network.131 The librational and translational motion are particularly high in frequency and 

therefore, are thought to play a critical role in the initial part of solvent relaxation.131 The 

quantity measured in solvation dynamics studies is solvation energy of the fluorescent probe 

due to interactions with the dipole moment of water molecules. Since solvation energy 

originates from the surrounding dipolar solvent molecules, it is considered as a collective 

quantity. However, this energy contribution from a particular solvent molecule is also 

dependent on the spatial separation r between the fluorescent probe and the chosen solvent 

molecule. This suggests that the time-dependent contribution depends on the length scale, 

which makes solvation dynamics a very useful technique.  

In the linear response approximation, the solvation time correlation function given by 

S (t) is directly related to the auto time correlation function of solvation energy fluctuation 

given by C (t).124 Thus,  
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𝑆(𝑡) = 𝐶(𝑡) =
𝛿𝐸(0)𝛿𝐸(𝑡)

𝛿𝐸2
=

𝐸(𝑡) − 𝐸(∞)

𝐸(0) − 𝐸(∞)
            (1) 

where δE(t) is the fluctuation of solvation energy from the average, equilibrium value 

at time t. It is important to note that the equality in above equation indicates a direct relation 

between the average of the fluctuations over the equilibrium distribution (left) and the non-

equilibrium function (right). The initial part of the solvent relaxation is dominated by the 

available high-frequency modes of the solvent, that is, libration and the intermolecular 

vibration.131 The long-amplitude rotation or molecular translation are not significant in the 

initial part. The last part comprises larger amplitude rotational as well as translational motions 

of solvent molecules in the first solvation shell. In the intermediate part, moderately damped 

rotational motions of water molecules mostly contribute.131 

 

Figure 1.11. (A) Schematic illustration of the potential energy surfaces involved in solvation dynamics, 

showing the water orientational motions along the solvation coordinate together with instantaneous 

polarization P. Inset: The change in the potential energy along the intramolecular nuclear coordinate. As 

solvation proceeds, the energy of the solute decreases, giving rise to a red shift in the fluorescence spectrum. 

Note the instantaneous P, e.g., P(∞), on the two connected potentials. (B) A typical solvation time correlation 

function for water is shown. 

 The solvation dynamics studies in case of proteins is rather complex because it derives 

contributions not only from the surface and the bulk water molecules but also from various 

sources, such as amino acid side-chains and ions. When considering protein hydration, we 

mainly consider two types of water, those bound to the surface and those that are free. The 

equilibrium between these two types of water is governed by the timescale. In the hydration 

layer around the protein surface, the interaction with water involves hydrogen bonding to the 

polar and charged groups of the surface, and the strength of this bonding is dependent on the 

amino acid side chain composition. When the water molecules are strongly bound to the 
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protein, they can neither rotate nor translate and thus, cannot contribute to solvation dynamics. 

However, the hydrogen bonding is transient, and there is a dynamic equilibrium between free 

and bound water (Figure 1.10 and Figure 1.11).136 The potential of interaction can be 

represented by a double-well structure to represent the processes of bond breaking and bond 

forming. Most of the experimental data on proteins indicated the biphasic behavior of 

hydration, thereby, suggesting the presence of bound and free water in the surface layer of 

proteins. In a simplest dynamic exchange model, the two rate constants, kbf and kfb, were 

introduced to describe the transition from bound (to the surface) to free (from the surface) and 

the reverse, respectively: 

bound ↔ free (rotating and translating) 

(τs bulk(k))-1 is close to 1012 s-1 and the transition rates, kbf and kfb, are expected to be smaller.136 

The residence time of the bound water molecules is essentially given by kbf
-1, which is in the 

range of tens of picoseconds.  

The model explained above was further modified to take into consideration the effect 

of re-entry of the bulk water into the layer as well as the role of orientational order and surface 

inhomogeneity in the observed decay of solvation correlation function.  

Experimentally, the process of solvation dynamics is followed by constructing the time-

resolved emission spectra (TRES). Typically, for every TRES measurement, at least 10-12 

fluorescence transients are measured as a function of detection wavelength across the emission 

spectrum of the fluorescent probe. In femtosecond transients, a decay in the fluorescence at the 

blue edge of the emission spectrum and rise at the red edge is observed, a feature typical of 

solvent relaxation. The fluorescence transients obtained are then fitted to a function with a sum 

of exponentials, taking the instrument response function into account. The parameters 

recovered are then used to simulate the decay profiles which are then normalized using the 

steady-state spectrum and average lifetime of the fluorophore. The TRES so obtained is then 

fitted with a Lognormal or Lorentzian or Gaussian shape function to estimate the spectrum 

maximum, ν(t). The time-dependent Stokes’ shift in the fluorophore’s emission frequency 

(peak) within a particular time window is then a measure of the dynamics of solvation.  

Finally, solvation correlation function given by C (t) that follows from equation is 

plotted as:  

C (t) = [ν(t) - ν(∞)] / [ν(0) - ν(∞)]          (2) 
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A large number of studies on the folded proteins have indicated that the hydration 

dynamics in proteins is extremely different from the bulk water dynamics and mainly two types 

(biphasic) of water have been identified at the interface: (i) water molecules that are labile, or 

bulk-like (~1 ps), and (ii) water molecules that are bound to the surface (∼20-40 ps).136 

Broadly, the water molecules present far away from the protein surface are referred to as bulk 

water and the water molecules present close to the protein surface are termed as bound water 

or biological water.136 The bulk water relaxation time is ~1-2 ps, whereas, the biological water 

relaxation time spans from 10-100 ps.136 Some of the earlier studies have shown the presence 

of a long solvation component of the order of 10 ns. This solvation component can result from 

the highly constrained water molecules that are most likely present inside the hydrophobic core 

of the protein. However, such a slow timescale is likely to have a contribution from the 

ultraslow motion of the fluorescent probe or due to the slow conformational fluctuation of 

proteins.124 In fact, in certain cases, the ps solvation can also have contribution from the local 

motion of the fluorophore. In order to rule out this possibility of conformational fluctuations 

contributing to the solvation, anisotropy measurements are often carried out.  

 In order to observe the ultrafast solvation (1-100 ps) in IDPs and amyloids, we have 

carried out solvation dynamics studies using femtosecond upconversion (see below) and to 

look at slower solvation occurring on the timescale of few ns, time-correlation single photon 

counting (TCSPC) (see below) measurements were carried out. We also carried out 

femtosecond and nanosecond anisotropy measurements using femtosecond upconversion and 

TCSPC, respectively. 

1.7.1 Femtosecond upconversion 

In past few years, the emergence and commercial availability of a range of advanced and stable 

ultrafast lasers (predominantly Ti:sapphire-based lasers with ~ 100-fs or shorter pulse widths) 

and the associated optoelectronic instruments have enabled the spectroscopic studies of 

biological and chemical systems on the subpicosecond timescale. The best way to achieve 

fluorescence time resolution, comparable to laser pulse width (~100 fs), is by the use of non-

linear optical techniques. One of the popular non-linear techniques that involves frequency 

mixing is femtosecond fluorescence upconversion.148-149 It is based on the phenomenon of sum 

frequency generation of light (second-order nonlinear effect) in a nonlinear crystal such as 

potassium dihydrogen phosphate (KDP) or β-barium borate (BBO). The illustration describing 

the process of frequency mixing that dictates the time resolution in fluorescence upconversion 
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and the upconversion setup used for studies described in this thesis is shown in Figure 1.12. 

The upconversion is basically a cross-correlation between the fluorescence and the probe laser 

pulse.150-152 At time t=0, the sample is electronically excited by second or third harmonic of an 

ultrafast laser with frequency p. The incoherent fluorescence from the sample (f) and the 

probe laser pulse (p) arriving at time t =  are co-focused into a non-linear optical crystal 

oriented at an appropriate angle with respect to the fluorescence and laser beams, such that the  

 

Figure 1.12. (A) Schematic diagram showing the basic principles involved in the fluorescence upconversion 

technique. Reproduced with permission from [152]. (B) Schematic diagram of our fluorescence 

upconversion setup.  

phase matching condition is fulfilled.152 The probe laser pulse is called as ‘gate’ pulse because 

the sum frequency photons are generated only during the time when this pulse is present in the 

crystal, thereby, acting as a ‘gate’. Thus, the time resolution is within the laser pulse width. By 

varying the delay , the time evolution of fluorescence can be recovered.  For solvation 

dynamics studies, the fluorescence upconversion transients are collected by changing the 

emission wavelength and TRES is plotted following the procedure discussed above. The details 

of the measurement parameters are discussed later in the experimental section of the individual 

chapters. 

1.7.2 Time-correlated single photon counting (TCSPC) 

Today, most of the time-domain fluorescence measurements are performed using TCSPC. 

These measurements can be efficiently carried out with inexpensive systems using pulsed-laser 

diodes (LDs), light-emitting diodes (LEDs) as excitation source, and small, fast PMTs for 

detection of fluorescence signal.147 The sample is excited with a pulse of light and the 
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conditions are adjusted in such a manner that less than one photon is detected per laser pulse. 

In fact, the rate of detection is typically 1 photon per 100 excitation pulses. The time is 

measured between the excitation pulse and the observed photon and stored in the form of a 

histogram.  

 

 

 

Figure 1.13. (A) Principle of TCSPC. The pulses in the middle panel represent the output from a constant 

fraction discriminator. Reproduced with permission from [147]. (B) Schematic diagram of our TCSPC setup. 

The time difference between the excitation pulse and the arrival photon is taken as x-

axis and the number of photons detected for this time difference as the y-axis. If much less than 

1 photon is detected per excitation pulse, the histogram signifies the waveform of the decay. 

However, when the count rate is high, the histogram is biased to shorter times because with 

TCSPC, only the first photon can be observed (Figure 1.13). The TCSPC measurement starts 

when the excitation pulse hits the samples and a signal is sent to the electronics. This signal 

goes through a constant function discriminator (CFD), which accurately measures the arrival 

time of the pulse. This signal is further sent to a time-to-amplitude converter (TAC), which 

generates a voltage ramp, that is, a voltage that increases linearly with time on the nanosecond 

timescale. In other channel, the pulse from the single detected photon is received, the accurate 

arrival time of which is determined using a CFD that sends a signal to stop the voltage ramp. 

At this point, the TAC contains a voltage proportional to the time delay (∆t) between the 

excitation and emission signals. As per the need, the voltage is amplified by a programmable 

A          B  
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gain amplifier (PGA) and converted to a numerical value by the analog-to-digital converter 

(ADC), which is stored as a single event with the measured time delay. A histogram of the 

decay is built by repeating this process multiple times. Typically, there are three curves 

associated with a fluorescence decay curve: the measured data, the instrument response 

function and the calculated (fitted) decay. These functions are in the form of discrete times as 

the photons are collected into channels, each with a known time and width. The instrument 

response function (IRF) is the response of the instrument to a sample with zero lifetime and is 

usually collected using a dilute scattering solution such as colloidal silica (Ludox). The shortest 

time that can be measured by the instrument can be estimated by IRF. The time resolution of a 

TCSPC setup is limited by the width of the IRF which is a resultant of the characteristics of the 

detector and the timing of the electronics. In this thesis, TCSPC measurements have been 

carried out to monitor the nanosecond solvation dynamics using the setup shown in Figure 

1.13. The details of the measurement parameters are discussed later in the experimental section 

of the individual chapters. 

1.8 Thesis motivation and perspective 

Under certain unfortunate circumstances inside the cell, both folded proteins and IDPs can go 

to an alternate thermodynamically stable state known as amyloid state, which is implicated in 

a large number of debilitating neurodegenerative diseases, such as Parkinson’s and 

Alzheimer’s diseases. The rate of amyloid formation, the nature of the intermediate species and 

the lifetime of these species are believed to contribute to the pathogenesis of amyloid disease. 

Therefore, in vitro studies of amyloid formation are crucial for understanding the role of 

intermediates in the disease and for developing drugs that can intervene the process of amyloid 

formation. The intricate balance between chain-chain and chain-solvent (water) interactions 

underlies the major physical driving force for amyloid formation. An enlarging body of data 

have provided significant insights into the mechanism of coupled conformational switch and 

aggregation from the protein perspective. However, the precise mechanism of amyloid 

formation, the behavior of water molecules in and around IDPs, and the role of water in amyloid 

formation remains elusive.  

In this thesis, the efforts were directed towards understanding the important role of 

chain-chain and chain-water interactions in amyloid formation using a wide array of 

biophysical techniques. The work described in this thesis provides novel insights into (i) the 

behavior of water molecules in and around IDPs (Chapter 2 and 4), (ii) the intriguing aspects 
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of water restructuring during amyloid formation (Chapter 3 and 4), and (ii) the mechanism of 

amyloid formation from a model amyloidogenic IDP and from a partially disordered state of a 

model globular protein (Chapter 5 and 6). The conformational changes (chain-chain 

interactions) during the amyloid formation were mainly studied using circular dichroism (CD), 

Raman spectroscopy and atomic force microscopy (AFM), and the behavior of water molecules 

in IDPs and amyloids (chain-solvent) was monitored using femtosecond- and picosecond-

resolved fluorescence spectroscopy.  

I believe that the work described in this thesis will improve our current understanding 

of amyloid formation process and provide important cues for the designing of potentially new 

amyloid detection tools as well as novel therapeutic approach to combat amyloid-related 

devastating human diseases. 
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2.1 Introduction 

The traditional sequence-structure-function paradigm cannot account for the existence of a 

large number of proteins that lack a well-defined 3D structure under physiological conditions. 

Such proteins possessing high net charge and low hydrophobicity belong to a distinct class of 

proteins commonly known as natively unfolded or intrinsically disordered proteins (IDPs).1-11 

Unlike the folded (globular) proteins, IDPs lack the ability to undergo autonomous folding1 

and usually exist as dynamic ensembles having rapidly fluctuating backbone Ramachandran 

dihedral angles.4 Many IDPs upon binding to their respective biological partners either undergo 

disorder-to-order transition or form “fuzzy complexes”,6,7 thereby maintaining their chameleon 

state to perform various specialized functions like signaling, molecular recognition, regulation 

of transcription, and translation, etc.9-11 However, the astonishing conformational plasticity of 

IDPs can also be detrimental because it allows the polypeptide chain to adopt aberrant toxic 

amyloidogenic conformations that are associated with a range of neurodegenerative disorders 

like Alzheimer’s, Parkinson’s, and Huntington’s diseases.12,13 Many theoretical and 

experimental approaches have been successfully applied to gain insight into the complex 

conformational behavior of IDPs.14−27 These studies have revealed that most IDPs have a 

tendency to form collapsed globules in water,14,17,19 especially the IDPs that are rich in polar, 

uncharged amino acid residues albeit devoid of hydrophobic amino acid residues. These IDPs 

include polyglutamine (polyQ),19−21 N-terminal domain of the yeast prion protein Sup35,14 and 

glycine-serine block copolymers.22,27 An important factor that can control the intrinsic 

preference of the polypeptide chain to undergo collapse is net charge per residue.15 Many IDP 

sequences have been found to have a high net charge per residue,23 and it has been postulated 

that an increase in net charge per residue makes the globule-to-coil transition more 

favorable.15,24,25 Furthermore, it has been observed that the polypeptide chain devoid of either 

nonpolar or polar side chains, such as polyglycine, also prefers an ensemble of collapsed 

structures in aqueous milieus, suggesting that the collapse of IDPs might originate, at least 

partially, from the conformational preferences of amide backbones in water.22 Thus, water is 

believed to act as a poor solvent for polypeptide chains and favors the intrachain interactions 

over the chain-solvent interactions leading to the formation of conformationally labile 

collapsed globules that are not capable of undergoing autonomous folding.15,26 The collapsed 

globule is at the crossroad of several biologically significant processes and can either undergo 

binding-induced folding in the presence of a binding partner or associate to form oligomers 

that can eventually mature into ordered amyloid fibrils.26 Therefore, to understand how the 
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intricate balance between the extended, collapsed, folded, and misfolded conformations of the 

IDPs is maintained, it is important to assess the conformational propensities of IDPs in the 

presence of different solutes that can modulate the conformational preferences of the 

polypeptide chain in water. A novel approach for elucidating the conformational attributes of 

IDPs would be to monitor the distribution and dynamics of water molecules present in the 

vicinity of the polypeptide chain. Bovine κ-casein is an amyloidogenic isoform of caseins that 

belongs to the class of functional IDPs known as scavengers.11 Aggregation of κ-casein results 

in the formation of amyloid fibrils that get deposited in the mammary glands.28-31 We have 

previously shown that κ-casein under native monomeric condition undergoes a chain collapse 

in water to form unordered globules.17 In this work, we characterize the dynamics of water 

molecules entrapped within the globules. These water molecules exhibit profoundly restrained 

relaxation dynamics indicating the formation of highly structured water cluster resembling 

nanoconfined water. 

2.2 Experimental Section 

2.2.1 Materials  

κ-casein (from bovine milk), dithiothreitol (DTT), iodoacetic acid, guanidinium chloride 

(GdmCl), Tris HCl, sodium chloride (NaCl), sodium dodecyl sulfate (SDS) and sodium 

hydrogen phosphate (monobasic) were procured from Sigma (St. Louis, MO) and used as 

received. 6-Acryloyl-2- (dimethylamino)naphthalene (acrylodan) was obtained from 

Molecular Probes, Invitrogen Inc. All solutions were prepared in Milli-Q water. The pH of the 

buffers used was adjusted using a Metrohm pH meter at ∼25 °C. 

2.2.2 Circular dichroism (CD) measurements 

The CD spectra were recorded in Chirascan Spectrophotometer (Applied Photophysics, UK) 

using a 1 mm path length quartz cell, and the spectra so obtained were corrected for buffer 

background signal. The buffer corrected spectra were then smoothened using Pro Data 

software. 

2.2.3 Steady-state fluorescence measurements  

Bovine κ-casein was reduced and carboxymethylated (RCM) using DTT and iodoacetic acid 

as described previously.17 RCM κ-casein was stored under denatured condition (6 M GdmCl 

in pH 7, 50 mM phosphate buffer). For Trp steady-state fluorescence and CD measurements, 

the protein stock was diluted into the native buffer (pH 7.2, 50 mM phosphate buffer) to obtain 
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a final concentration of 20 μM. For studying the effect of detergent, a fresh stock of SDS was 

prepared in Milli-Q water. For acrylodan fluorescence measurements, reduced and denatured 

κ-casein was labeled with a 10 M excess of acrylodan under denatured condition (6 M GdmCl 

in pH 7.6, 100 mM Tris buffer, 2 h at 37 °C). The labeled protein was then passed through a 

PD-10 column to remove excess dye and was further concentrated using AMICON ultra (3 

kDa cutoff; from Millipore). The concentration of the labeled protein was estimated using ϵ365 

= 12800 M−1 cm−1 for acrylodan.32 The acrylodan-labeled κ-casein was stored under denatured 

condition (6 M GdmCl in pH 7, 50 mM phosphate buffer). For steady-state fluorescence 

experiments, acrylodan-labeled protein was diluted into the native buffer (pH 7.2, 50 mM 

phosphate buffer) and denaturant (6 M GdmCl in pH 7, 50 mM phosphate buffer) to obtain a 

final concentration of 10 μM.  

All the steady-state fluorescence measurements were made on Fluoromax-4 (Horiba 

Jobin Yvon, NJ). The samples were excited at 295 nm (Trp) and 375 nm (acrylodan). The 

steady-state fluorescence anisotropies were measured at 350 nm (Trp) and 500 nm (acrylodan). 

The steady-state fluorescence anisotropy (rss) is given by the following relationship: 

𝑟𝑠𝑠 =
𝐼∥− 𝐼⊥𝐺

𝐼∥+ 2𝐼⊥𝐺
   (1) 

where I∥ and I⊥ are fluorescence intensities collected using parallel and perpendicular 

geometry, respectively. The perpendicular components were always corrected using a G-factor. 

For the red-edge excitation shift (REES) experiments, the excitation wavelength for tryptophan 

was varied from 280 to 305 nm. 

2.2.4 Stopped-flow fluorescence measurements  

The fluorescence kinetics data were collected using a stopped-flow apparatus (Applied 

Photophysics, UK). The deadtime of mixing was ∼5 ms. A 320LP (Trp) optical filter was used 

for collecting the total fluorescence. The mixing ratio was 10:1. The final concentrations of κ-

casein and SDS were 10 and 100 μM, respectively. Native κ-casein was mixed with phosphate 

buffer (pH 7.2, 50 mM) to obtain the baseline signal. The stopped-flow data were acquired for 

0.5 s with 10,000 samples per point. The kinetic traces were collected 10 times in triplicate. 

2.2.5 Time-resolved fluorescence measurements  

All time-resolved measurements were made using a time-correlated single photon counting 

(TCSPC) setup (Fluorocube, Horiba Jobin Yvon, NJ). The position of excitation and emission 
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polarizers was fixed at 54.7° (magic angle) and the peak count at 10,000 for fluorescence 

lifetime measurements. A 375 nm laser diode was used as excitation source for acrylodan. 

Ludox (colloidal silica) solution was used for collecting the instrument response function 

(IRF). The IRF had a full width at half maxima of ∼265 ps. For time-resolved fluorescence 

depolarization measurements, the peak difference was set as 20,000 counts and the orientation 

of emission polarizer was toggled between 0° and 90° with respect to the fixed orientation of 

excitation polarizer for parallel (I∥) and perpendicular fluorescence intensities (I⊥), 

respectively. The emission wavelength was fixed at 500 nm with a bandpass of 6 nm. The 

perpendicular fluorescence intensities were corrected for G-factor. The anisotropy decays were 

analyzed using DAS6 software by globally fitting r(t) using the following relationship: 

𝑟(𝑡) =
𝐼∥(𝑡)− 𝐺𝐼⊥(𝑡)

𝐼∥(𝑡)+ 2𝐺𝐼⊥(𝑡)
   (2) 

The anisotropy decays were analyzed by biexponential decay function that describes 

the fast and slow rotational motion.17,33,34 

𝑟(𝑡) = 𝑟0[𝛽1 exp (−
𝑡

𝛷1
) + 𝛽2 exp (−

𝑡

𝛷2
)]   (3) 

where r0 is the intrinsic fluorescence anisotropy, ϕ1 and ϕ2 are the short and long 

rotational correlation times and β1 and β2 are the amplitudes associated with short and long 

rotational correlation times.  

The concentration of acrylodan-labeled κ-casein was 10 μM, and the concentrations of 

SDS used were 100, 250, and 500 μM. To construct the time-resolved emission spectra (TRES), 

the fluorescence decays were collected at different emission wavelengths from 440 to 600 nm 

after every 10 nm using an emission bandpass of 6 nm. The decays obtained at different 

emission wavelengths were then analyzed and fitted taking into account the IRF using DAS6 

software provided with the TCSPC system. The fitted parameters were then used to simulate 

the fluorescence decays at different emission wavelength in Origin 8.5 software using 𝐼𝜆(𝑡) =

𝛴𝛼𝑖𝑒−𝑡/𝜏𝑖, where αi and τi represent the contributions and lifetime of the different lifetime 

components, respectively. The time-resolved emission spectra (TRES) were constructed using 

𝐼(𝜆, 𝑡) =
𝐼𝜆

𝑠𝑠𝐼𝜆(𝑡)

𝛴𝛼𝑖𝜏𝑖
   (4) 

where IλSS represents the steady-state fluorescence intensity at a fixed emission 

wavelength λ and Iλ(t) as mentioned above is given by 𝐼𝜆(𝑡) = 𝛴𝛼𝑖𝑒−𝑡/𝜏𝑖. The spectra obtained 
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at different time points were then normalized and fitted using log-normal function to extract 

the peak frequency ν(t) as a function of time. The solvation correlation function is given by 

𝐶(𝑡) =
𝑣(𝑡)−𝑣(∞)

𝑣(0)−𝑣(∞)
    (5) 

where ν(0), ν(t), and ν(∞) are the emission peak frequencies at time 0, t, and ∞, 

respectively. The correlation function was then fitted using a sum of exponentials as the 

following: 

𝐶(𝑡) = 𝛴𝛼𝑖𝑒−𝑡/𝜏𝑠𝑖   (6) 

where αi and τsi represents the contributions and solvation time of the different solvation 

components, respectively. 

2.3 Results and Discussion 

2.3.1 Water accessibility within the compact disordered globules  

Our previous bioinformatics analysis of bovine κ-casein has indicated that the amino acid 

sequence describes an intrinsically disordered state of the protein.17 A closer look at the amino 

acid sequence of κ-casein revealed that the protein comprises at least two distinct segments 

having opposite net charge (Figure 2.1). The positively charged Nterminal segment comprising 

residues 1-100 contains fairly high occurrence of glutamine (Q) and asparagine (N) that contain 

amide side-chain (Q + N = 18). This segment also contains 9 tyrosines (Y), 6 lysines (K), and 

5 arginines (R). The Q/N-rich segment of κ-casein is reminiscent of amyloidogenic segment of 

yeast prion proteins.35,36 Therefore, this N-segment of κ-casein could potentially act as a prion-

like amyloidogenic domain albeit the occurrence of Q/N/Y is much lower compared to that in 

yeast prion proteins. On the contrary, the C-terminal segment (101−169) is largely negatively 

charged and has a lower content of Q/N. The N-terminal segment adopts a collapsed premolten 

globule like structure under the physiological condition.17 We hypothesized that this N-

terminal segment will undergo further collapse in the presence of anionic detergent molecules. 

Upon binding to negatively charged detergent molecules, the charge repulsion in the N-

terminal segment arising from K and R will be diminished and therefore the polypeptide chain 

is likely to undergo a transition from a labile collapsed globule to a more compact globule. We 

also conjectured that as a result of compaction of the globule, the water molecules within the 

globule will become more ordered. 
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Figure 2.1 (A) Amino acid sequence of κ-casein. (B) Polypeptide divided into two distinct domains: 

positively charged Q/N-rich N-terminal segment (1−100) and negatively charged C-terminal segment 

(101−169). Red and blue lines represent negatively and positively charged residues, respectively. Trp 76 is 

shown by a yellow line. 

First, to monitor the secondary structural changes, we carried out circular dichroism 

(CD) experiments. The CD spectrum of κ-casein under the physiological condition represents 

a disordered state.17 Next we monitored the CD spectrum in the presence of an anionic 

detergent, SDS, at submicellar concentration. Although a little increase in the ellipticity at 222 

nm was observed upon addition of 100 μM SDS (Figure 2.2A), the polypeptide did not undergo 

any large scale structural rearrangement and retained the premolten globule-like state as 

assessed by the CD double wavelength plot analysis [θ222/θ200].10 Next, to further structurally 

characterize the SDS-induced state, we recorded the fluorescence of the single tryptophan (Trp 

76) that is present in the Q/N-rich positively charged domain. In the absence of SDS, the Trp 

emission spectrum exhibited a maximum ∼342 nm, suggesting that Trp experiences partial 

protection from the bulk water (Figure 2.2B). Upon addition of SDS, the fluorescence intensity 

increased with a concomitant blue shift to ∼335 nm, suggesting further compaction of the 

unstructured globule in the presence of SDS (Figure 2.2B). The stopped-flow fluorescence 

experiments revealed that the compaction occurs on the 100 ms time scale with some amplitude 

of milliseconds and unresolved submillisecond kinetic phases (Figure 2.2B inset). We point 

out that this compaction of the disordered polypeptide chain does not cause Trp to experience 
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a significant protection from water because the emission maxima do not exhibit a substantial 

blue shift (< 330 nm). Therefore, the compact globules in both the absence and the presence of 

SDS represent wet globules containing water molecules within the collapsed yet disordered 

polypeptide chain. This interpretation is further corroborated by the acrylamide quenching 

experiments that demonstrated only a marginal protection of Trp from water in the compact 

disordered state (bimolecular quenching constant, kq ∼ 4 × 109 M-1 s-1). Taken together, this 

set of results reveals that unordered yet collapsed globule of κ-casein undergoes a further 

compaction in the presence an anionic detergent that diminishes charge repulsion within the 

polypeptide chain in a poor solvent such as water. Our Trp fluorescence readouts provide a 

support in favor of the presence of inner aqueous environment within the collapsed globules. 

We next performed experiments aiming at characterizing the nature of water molecules within 

the globules. 

 

 

 

Figure 2.2 (A) CD and (B) Trp fluorescence spectra (λex 295 nm) of κ-casein in the absence of SDS (solid 

line) and in the presence of 100 μM SDS (dotted line). The inset in (B) shows the stopped-flow kinetics of 

Trp fluorescence to monitor the structural changes from the native to SDS-induced state. 
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2.3.2 Slow dipolar relaxation of Trp observed by red-edge excitation shift  

To delineate the characteristics of entrapped water molecules, we took advantage of a 

fluorescence readout, namely the red-edge excitation shift (REES) that represents a unique and 

sensitive approach to monitor the dynamics of restricted water molecules.37-41 In bulk 

(nonviscous) media, the fluorescence emission peak maxima is independent of the excitation 

wavelength because the time scale of water reorientation (solvation dynamics in response to a 

transiently created excitation dipole) is orders of magnitude faster (picoseconds) compared to 

the fluorescence emission time scale (nanoseconds). In a highly ordered microenvironment, the 

water reorientation time gets impeded and often compares with the time scale of fluorescence 

emission (fluorescence lifetime). Under such conditions, the emission maxima exhibit a 

progressive red shift when the excitation  

 

Figure 2.3 Red-edge excitation shift (REES) of Trp 76 in κ-casein. (A) The normalized fluorescence spectra 

obtained with different excitation wavelength from 280 to 305 nm. (B) The extent of REES (in nm) obtained 

using λex from 290 to 305 nm plotted for different conformational states of the protein. Data are shown as 

mean ± SEM (n = 3). 

wavelength is shifted to the red edge of the absorption spectrum.37 Because a variety of spectral 

signatures suggested that the single tryptophan (Trp 76) of κ-casein resides in the wet globule, 

we hypothesized that the REES measurements on Trp 76 will report the dynamics of otherwise 

optically silent water molecules present within the globule. Under native condition in the 

absence of salt, Trp demonstrated ∼6 nm REES upon changing the excitation wavelength from 

290 to 305 nm (Figure 2.3A,B). In the presence of SDS, the extent of REES increased to ∼9 

nm (Figure 2.3B), suggesting that the water molecules become progressively ordered as the 

chain undergoes further compaction. On the contrary, the GdmCl denatured state showed a 
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much lower extent of REES (Figure 2.3B). Although the REES measurement is a reliable and 

sensitive indicator of slow solvent relaxation, it does not allow us to estimate the time scale of 

water relaxation. Therefore, to directly monitor the water dynamics, we next embarked on the 

study of the solvation dynamics using time-resolved emission spectra (TRES) that has 

previously been successfully employed in understanding the organization and dynamics around 

a fluorophore in complex chemical and biological systems.42-52 

2.3.3 Dynamics of water within the globules  

To measure the dynamics of water molecules within the unstructured globules, we covalently 

attached an environmentally sensitive dye, such as acrylodan, which reacts with the free thiol 

groups of Cys present in the protein. Acrylodan was chosen among the other thiol-active 

fluorescent dyes because it is a small environment-sensitive fluorophore, creates a highly stable 

thioether bond with Cys, demonstrates high fluorescence even at low (micromolar) protein 

concentrations and has been previously used for the solvation dynamics studies of proteins.51,52  

 

Figure 2.4 (A) Steady-state fluorescence spectra and (B) time-resolved fluorescence anisotropy decays 

of acrylodan-labeled κ-casein under denatured condition (red line) and native condition (blue line). 

Anisotropy fits have been represented with a black line. The recovered rotational correlation times are 

ϕ1 = 0.4 ± 0.2 ns, ϕ2 = 2.7 ± 1.0 ns (denatured) and ϕ1 = 0.4 ± 0.2 ns, ϕ2 = 7.2 ± 1.0 ns (native). The 

intrinsic time-zero anisotropy of acrylodan was 0.30. 

As a prelude to our solvation dynamics experiments, we first recorded the fluorescence 

spectrum of acrylodan-labeled κ-casein under denatured and native conditions. The emission 

peak shifted from ∼530 to ∼510 nm upon changing the condition from denatured to native 

suggesting partial burial of the fluorophore in the collapsed state under the native condition 
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(Figure 2.4A). However, the blue shift was much lower compared to that seen when acrylodan 

is well protected from the aqueous environment (≤480 nm).53 Additionally, the time-resolved 

fluorescence depolarization measurements indicated considerable local flexibility of the 

fluorophore along with the global tumbling of the globules with hydrodynamic radii of ∼2 nm 

(Figure 2.4B).17 These findings corroborate the intrinsic Trp fluorescence results, indicating 

that the polypeptide chain adopts a wet-globule state under the native condition. 

We next embarked upon TRES experiments to estimate the time scale of water 

reorientation around the fluorophore within the globules under native condition by monitoring 

the time-dependent Stokes shift (TDSS). Figure 2.5A shows the time- resolved decays of 

acrylodan monitored at different emission wavelengths ranging from 440 to 600 nm. The 

fluorescence decays become progressively longer with an increase in the average fluorescence 

lifetime as a function of emission wavelength and thus provide a clear indication of slow 

nanosecond solvent relaxation.  

 

Figure 2.5 (A) Time-resolved fluorescence decays of acrylodan in native state of κ-casein obtained at 

different emission wavelengths from 440 to 600 nm. (B) Time-resolved emission spectra (TRES) constructed 

from the time-resolved fluorescence decays at different wavelengths. (C) Solvation correlation function 

(filled circle) and the biexponential fit (solid red line) to obtain the solvation time. From independent 

experiments, the total frequency shift was estimated to be 739 ± 60 cm-1 and the recovered solvation times 

are τs1 = 0.38 ± 0.10 ns and τs2 = 1.39 ± 0.15 ns.  

The time-resolved spectra constructed from these decays exhibit gradual red shift in 

frequency, total shift of ∼740 cm-1 (Figure 2.5B) (for details, see Experimental Methods). The 

hydration correlation function [C(t)] was then plotted as a function of time. The fitting of C(t) 

using a sum exponentials yielded two well-separated solvation time components: τs1 ∼ 0.4 ns 

and τs2 ∼ 1.4 ns (Figure 2.5C). The longer relaxation time is 3 orders of magnitude slower than 
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the slowest component (picoseconds) found in bulk water.45 In the presence of SDS, the longer 

component of solvation time progressively increased from ∼1.4 to ∼2 ns as a function of SDS 

concentration (Figure 2.6 and Table 2.1). Taken together, the nanosecond reorientation of water 

molecules suggests that the compact yet unordered globules of κ-casein contain motionally 

restrained water molecules. 

 

Figure 2.6 (A) Time-resolved emission spectra (TRES) constructed from the time-resolved fluorescence 

decays at different wavelengths for acrylodan in the SDS-induced state of κ-casein ([SDS] = 500 μM). The 

total frequency shift was 1565 cm-1. (B) The solvation correlation function and the bi-exponential fit (solid 

red line). The longer component of solvation time (τs2) was 2.1 ns. (C) Comparison of the solvation 

correlation functions showing dampening of solvent relaxation as a function of SDS concentration. Red, 

green, and blue lines represent the fits for the correlation functions in the absence of SDS, in the presence of 

100 and 500 μM, respectively.  

Table 2.1 

The parameters recovered upon fitting the solvation correlation functions constructed form TCSPC 

measurements: 

[SDS] 
s1

 (ns) αs1 
s2

 (ns) αs2 
 (cm-1) 

 

0 M 0.4 0.4 1.27 0.6 734 

100 M 0.18 0.4 1.44 0.6 1329 

250 M 0.24 0.4 1.65 0.6 1322 

500 M 0.23 0.4 2.05 0.5 1565 
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2.3.4 Origin of ordered water within the collapsed globules of κ-casein 

The N-terminal segment (1−100) of κ-casein possesses an amino acid composition that is 

reminiscent of a Q/N/Y-rich intrinsically disordered prion determinant of the yeast prion 

protein, Sup35. In this segment, the composition (Q + N + Y) is 27%, which is much higher 

compared to the average natural occurrence (∼11%) in proteins but much lower compared to 

the composition found in the N-domain (1-121) of Sup 35 (61%). We have previously shown 

that under native condition this N-region of κ-casein undergoes a chain collapse, a phenomenon 

that is also observed for Sup35, polyQ, and many other amyloidogenic IDPs.17 The N-segment 

of κ-casein has a net charge of +5.3 at neutral pH. In the presence of low nondenaturing 

concentration of an anionic detergent, possibly because of the charge neutralization, the N-

terminal segment demonstrates a transition to a more compact yet disordered wet globule. The 

coil-to-globule transition as a result of chain collapse of an IDP in a poor solvent, such as water, 

has important implications in amyloid formation. However, the nature of water present within 

an unstructured globule remained unexplored and elusive. Our results demonstrate that the 

water molecules within the globules are highly restrained. Many previous theoretical and 

experimental investigations on the relaxation of bulk water revealed that the solvation time 

ranges between 100s of femtoseconds to picoseconds.45 On the contrary, water molecules 

present on the protein surface, also termed as “biological water”, has much slower relaxation 

time ranging between 10 and 100 ps.45,46 The mobility of water molecules at the protein surface 

has been implicated in various important events like protein folding, molecular recognition, 

and enzyme catalysis.45,47−49 In our case, the water relaxation occurs on the nanosecond time 

scale and is 3 orders of magnitude slower than that of bulk water. Therefore, the water within 

the disordered globule is significantly more ordered than the “biological water” at the protein 

surface and resembles the constrained water pool found in nanoconfined systems such as 

reverse micelles and molten-globule intermediates.42,49 Taken together, our results show the 

presence of a highly restrained water molecules within the IDP globule (Figure 2.7). A recent 

study has also indicated the restricted water motions on the surface of an amyloidogenic IDP, 

namely tau.54 

What is the origin of highly ordered water within the compact disordered globule? The 

chain collapse leads to the formation of globules in which backbone amides participate in a 

hydrogen bonding network with the entrapped water molecules. The amide side chains from 

glutamines (Q) and asparagines (N) as well as polar hydroxyl groups from tyrosines can also  



Chapter 2: Ordered water within a collapsed IDP 

61 
 

enrich the hydrogen-bonded network of water molecules in the collapsed globule. These water 

molecules become even more strongly networked and highly ordered when the globules 

undergo more compaction by decreasing the internal charge per residue. Additionally, the chain 

fluctuations can also contribute to the solvation dynamics.47 

 

Figure 2.7 Schematic model showing ordered water cluster within the collapsed disordered state of the 

globule. 

What is the implication of ordered water in the collapsed globules of an amyloidogenic 

protein? Experiments and simulations on amyloidogenic IDP consisting of Q/N-rich sequence 

have indicated that the formation of key oligomeric intermediates is crucial for amyloid 

assembly.14,19,26,36 These obligatory oligomers are formed by coalescence of collapsed 

globules. We speculate that the process of oligomer formation will be favored by an entropic 

gain arising out of the release of ordered water molecules from the interior of the globule to 

the bulk milieu.55 The conformational maturation of the polypeptide within the oligomers is 

likely to lead to the formation of ordered amyloid fibrils via the nucleated conformational 

conversion mechanism.35,36,56 
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2.4 Summary 

Here, we have characterized the nature of water molecules entrapped (nanosecond solvation) 

within the collapsed globules of an amyloidogenic IDP, namely, κ-casein. These globules were 

found to undergo further compaction in the presence of SDS which is an anionic detergent and 

also a well-known lipid mimetic. The anionic detergent was able to diminish the intra-chain 

repulsion from the positively charged glutamine/asparagine-rich amyloidogenic N-terminal 

domain comprising 100 residues. Using picosecond-resolved fluorescence spectroscopy, we 

estimated the longer component of the solvation time to be ∼1.4 ns, which is 3 orders of 

magnitude slower than that in bulk water and more than an order of magnitude slower than the 

“biological water” present at the protein surface. These profoundly restrained water molecules 

present within the collapsed IDP globules resemble the ordered water cluster found under 

nanoconfinement. We suggest that the association of these globules would result in the release 

of ordered water molecules into the bulk milieu causing an entropic gain that would eventually 

drive the formation of the key (obligatory) oligomeric intermediates on the pathway to 

amyloids via nucleation-dependent polymerization. This particular aspect of amyloid 

aggregation along with the ultrafast solvation in the monomeric form of κ-casein are discussed 

in Chapter 3.  
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3.1 Introduction 

Water shares an intimate relationship with proteins and has a profound influence on the protein 

structure, dynamics and function.1−7 The water present in the vicinity of proteins has 

significantly different dielectric and dynamical properties than the bulk water and is termed as 

the “biological water”.1 These motionally restrained water molecules are present at the protein 

interfaces, in the cavities or clefts, and play a critical role in the enzyme catalysis and protein 

function. The functional state of proteins is attained by the folding process; however, under 

certain circumstances, proteins misfold to an aberrant state that aggregates to form ordered 

amyloid fibrils comprising an extensively hydrogen bonded cross-β core. Amyloids epitomize 

a remarkable example of an exquisite supramolecular protein assembly and are associated with 

a plethora of fatal human diseases.8−15 Although a wealth of information is available on the 

amyloids from the protein perspective, very little is understood about the intriguing role of 

water in amyloid formation. Because the intricate balance between chain-chain and chain-

solvent interactions is critical for amyloid aggregation,16,17 it is important to discern the distinct 

spatiotemporal characteristics of the water structure during the transformation from the 

functional native form to the pathological amyloid state. Various theoretical and experimental 

tools have emerged to study the properties of water in proteins and amyloids.18−27 For instance, 

the atomic-level structural information obtained from X-ray crystallographic studies of 

amyloid peptides-based microcrystals revealed the presence of dry and wet β-sheet interfaces 

in amyloid assembly.22 The dry interfaces are devoid of water molecules, whereas the wet 

interfaces entrap water molecules and participate in inter-strand hydrogen bonding.22 However, 

these measurements are not amenable to the temporal assignments of water reorganization 

upon amyloid formation. Therefore, an experimental approach that offers an effective 

spatiotemporal resolution and a high sensitivity is the femtosecond time-resolved fluorescence 

spectroscopy using an environment-sensitive fluorophore attached to a specific location of the 

protein.25,26 These measurements allow us to probe the hydration dynamics at the vicinity of 

the protein from femtoseconds to picoseconds during which hydrogen bond rearrangements 

occur within the water network.1 

In this work, we have chosen a model amyloidogenic intrinsically disordered protein (IDP), 

bovine κ-casein,28,29 the deposition of which is linked to mammary cancer.30,31 Under the 

physiological condition, monomeric κ-casein adopts a (noncanonical) compact disordered state 

containing highly retarded water molecules.28 Here, we delineate the role of water restructuring 

during the amyloid transition of disordered κ-casein.  
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3.2 Experimental Section 

3.2.1 Materials 

-casein (from bovine milk), iodoacetic acid, dithiothreitol (DTT), guanidium chloride, tris 

HCl, thioflavin-T (ThT) and sodium hydrogen phosphate (monobasic) were procured from 

Sigma (St. Louis, MO) and used without any further modification. 6-Acryloyl-2-

(dimethylamino)naphthalene (acrylodan) was purchased from Molecular Probes, Invitrogen 

Inc. All solutions were prepared using Milli Q water. The pH of the buffers used was adjusted 

using on Metrohm (Herisau, Switzerland) 827 pH meter at ~25C. 

3.2.2 Aggregation reaction  

Prior to initiating aggregation reaction, bovine -casein was monomerized for which the 

cysteines were reduced using DTT and iodoacetic acid, as described previously.28 For 

following aggregation kinetics, aggregation reaction was initiated using 200 µM of reduced 

and carboxymethylated -casein. The aliquots were taken out at different time points (10 µM) 

and ThT fluorescence (10 µM) was measured. The fluorescence at different points was then 

plotted and fitted with an equation for nucleation-dependent polymerization (Arora et al. FEBS 

Lett. 2004, 564, 121-125). For carrying out aggregation reaction with acrylodan labeled -casein, 

-casein was reduced using DTT and then labeled with acrylodan as described previously.28 

The aggregation reaction was initiated by mixing 100 µM of reduced (but unlabeled) -casein 

and 100 µM of acrylodan labeled -casein (stored under denatured condition) in 50 mM 

phosphate buffer (pH 7.2). The reaction mixture was continuously stirred at a speed of 300 rpm 

and the temperature was maintained at 37C. After the reaction, the labeled protein was then 

passed through a PD-10 column to remove excess dye and was further concentrated using 

AMICON ultra (3 kDa cutoff; Millipore). The buffer used for dilution in all the experiments 

described below was same as the aggregation buffer (pH 7.2, 50 mM phosphate buffer). The 

monomeric/IDP (0 hour) and amyloid (45 hour) samples were prepared by taking aliquots of 

reaction mixture at the respective time points and diluting them with the dilution buffer to 

obtain the desired final concentration.  

3.2.3 Circular dichroism (CD) measurements 

For far-UV CD measurements, the samples were diluted 10 fold to get a final concentration of 

20 M. A 1 mm pathlength quartz cell was used. The CD spectra were collected in Chirascan 

Spectrophotometer (Applied Photophysics, UK) and a scan range of 200-260 nm was used with 
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a bandwidth of 1 nm. The spectra obtained were corrected for the buffer background and were 

further smoothened using Pro Data software. Finally, the spectra were plotted in Origin Pro 8.5 

software.  

3.2.4 Atomic force microscopy (AFM) imaging of amyloid fibrils 

Prior to AFM measurements, the reaction mixture was diluted 200 fold using filtered dilution 

buffer and deposited on to the freshly cleaved and buffer washed muscovite mica (Grade V-4 

mica from SPI, PA). Then, the sample was incubated for 30 minutes to ensure its adherence 

over the mica surface. After 30 minutes, the mica was washed with filtered buffer and dried 

under a gentle stream of nitrogen for about half an hour. The images were collected on 

MultiView 2000 instrument (Nanonics Imaging Ltd, Jerusalem, Israel) operating in 

intermittent contact mode based on the phase feedback technique. A Cr-coated cantilevered 

glass probe of diameter 10 nm oscillating at a resonance frequency of 32 kHz was used for 

AFM scanning. AFM height image of 310 x 310 pixels resolution, covering area of 3.3 µm x 

3.3 µm with a sample delay of 4 ms was acquired using the Quartz software (provided with 

MultiView) and processed using the WSxM software (Horcas et al. Rev. Sci. Instrum. 2007, 

78, 013705). 

3.2.5 Steady-state fluorescence measurements 

All the steady-state fluorescence data were acquired in Fluoromax-4 (Horiba Jobin Yvon, NJ). 

The samples were excited at 375 nm (acrylodan) and 450 nm (ThT). The steady state 

fluorescence anisotropies were measured at 490 nm (acrylodan). The steady-state fluorescence 

anisotropy (rss) is given by the following equation:  

rss = (I|| - IG) / (I|| + 2IG)    (1) 

where I|| and I are fluorescence intensities collected using parallel and perpendicular 

geometry, respectively. The perpendicular components were always corrected using a G-factor. 

For the tryptophan red-edge excitation shift (REES) measurements, the excitation wavelength 

for tryptophan was varied from 280 nm to 305 nm.  

3.2.6 Femtosecond fluorescence up-conversion measurements 

For fluorescence up-conversion measurements (FOG 100, CDP, Russia), a second harmonic 

light of mode locked Ti:Sapphire laser (Tsunami, Spectra Physics, USA) with pulses of 100 fs 

(1 W,  80 MHz repetition rate), was used as the excitation source. In order to generate 800 nm 
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light, the self-mode-locked Ti:Sapphire laser was pumped by continuous wave second 

harmonic light of the output of 4.5 W Nd:YVO4 laser (Millenia Pro, Spectra Physics, USA) 

which was further pumped by an electrically pumped diode laser. Around 25 mW of 400 nm 

light was finally used for exciting the samples, which were housed in a rotating cell. The 

polarization of the excitation light was fixed at the magic angle (54.7) with respect to the gate 

light. For setting up the magic angle polarization, a set of Glan polarizer and Berek’s variable 

waveplate was used. The upconversion of emission light was done using 800 nm gate light in 

1 mm thick β-BBO (type I) crystal. The resultant up-converted light was passed through a UV 

bandpass filter which cuts excitation, emission and gate light and then passed through a double 

monochromator (DM2100, CDP, Russia). A photo-multiplier tube (PMT) having dark noise 

<5 cps was used for fluorescence detection. The up-conversion transients were collected from 

475-585 nm at 10-nm intervals till 300 ps. An appropriate integration time and step size was 

used so that enough counts can be collected without photodegradation. The instrument response 

function (IRF) was estimated by measuring the cross-correlation between the gate light and 

Raman signal of buffer (400 nm excitation). The resulting profile when fitted with a Gaussian 

equation yielded a full width at half maxima (FWHM) of ~ 250 fs. The emission decay traces 

were fitted by reconvolution to two/three exponentials in a homebuilt program in Igor Pro 6.37 

(Burai et al. J. Chem. Phys. 2009, 131, 034504). The raw- and the fitted data were then plotted 

in Origin Pro 8.5 software. For anisotropy measurements, the fluorescence was collected at 515 

nm and the orientation of the excitation light was 0 and 90 with respect to the gate light for 

parallel (I║) and perpendicular (I) fluorescence intensities, respectively.  

3.2.7 Time-correlated single photon counting (TCSPC) measurements: 

For time-resolved emission spectra (TRES): The fluorescence decays were collected at 54.7 

(magic angle) polarization using time-correlated single photon counting (TCSPC) module 

(Fluorocube, Horiba Jobin Yvon, NJ). The peak count was fixed at 10,000. A laser diode was 

used as excitation source for acrylodan (375 nm).  The colloidal silica (Ludox) solution was 

used for collecting the instrument response function (IRF). The IRF had a full width at half 

maxima (FWHM) of ~ 250 ps. The decay profiles were collected from 475-585 nm at 10-nm 

interval. The decays were then analyzed and fitted taking the IRF into account using DAS6 

software provided with the TCSPC system.  

For fluorescence anisotropy decay: For fluorescence anisotropy decay measurements, the 

peak difference was 10,000 counts and the orientation of emission polarizer was 0 and 90 
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with respect to the excitation polarizer for parallel fluorescence intensities (I║) and 

perpendicular fluorescence intensities (I), respectively. The emission monochromator for 

acrylodan was fixed at 500 nm with a bandpass of 4 nm and 375 nm laser diode was used as 

excitation source for acrylodan. The width (FWHM) of instrument response function (IRF) was 

collected using Ludox (colloidal silica) and was found to be ~250 ps. The anisotropy decays 

were analyzed by globally fitting I║(t) and I(t), as described previously.32  

3.2.8 Construction of TRES from up-conversion and TCSPC measurements and data 

analysis 

The time-resolved emission spectra (TRES) analysis was done using our previously reported 

protocol.28 Briefly, the fluorescence decay parameters recovered were used to simulate the 

fluorescence decays at different emission wavelengths in Origin Pro 8.5 software using I(t) = 

∑i i exp (-t/i), where i and i represent the amplitude and lifetime of the different lifetime 

components, respectively. The time-resolved emission spectra (TRES) were constructed using:  

                                                      I (, t) = ISS I(t) /  ∑i ii  (2) 

    where ISS represents the steady-state fluorescence intensity at a fixed emission 

wavelength  and I(t) is same as mentioned above. The spectra obtained at different time 

points were fitted using lorentzian function to recover the peak frequency (t) and were then 

normalized for the estimation of overall time-dependent fluorescence Stokes shift (TDFSS). 

The solvation correlation function was then constructed using:  

                                              C(t) =   [(t) - ()] / [(0) - ()]  (3) 

where (0), (t) and () are the emission peak frequencies at time 0, t and , 

respectively. (0) estimated from femtosecond measurements was 21,000  150 cm-1, which is 

close to the time zero reported previously7 for acrylodan using the method desribed by Fee and 

Maroncelli.37 The correlation function was finally fitted using a sum of exponentials as the 

following: 

                                              C(t) = ∑i αsi exp (-t/si)  (4) 

where αsi and τsi represent the amplitude and solvation time of the different solvation 

components, respectively. The solvation correlation function constructed from femtosecond 

upconversion data was fitted till 200 ps.  For fitting C(t) from TCSPC, (0) obtained from our 
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femtosecond experiments was used. The () used in both femtosecond up-conversion and 

TCSPC data was  at 3 ns and was close to  for the steady-state fluorescence spectrum. In 

order to extract the longest component of solvation, C(t) from TCSPC was fitted by fixing the 

initial two solvation components recovered from the femtosecond data analysis. 

3.3 Results and Discussion 

3.3.1 Characterization of amyloid state using a variety of biophysical tools 

In order to directly monitor the reorientation dynamics of water during the amyloid assembly, 

we have utilized both femtosecond and picosecond time-resolved spectroscopy, in combination 

with other experimental tools. As a prelude, we first characterized amyloid formation from κ-

casein under the physiological condition using a variety of biophysical tools. We used a well-

known amyloid marker, thioflavin-T (ThT), to monitor the kinetics of amyloid aggregation that 

indicated a typical nucleation-dependent polymerization mechanism (Figure 3.1A). Amyloid 

formation was accompanied by a characteristic conformational change from random coil to β-

sheet as demonstrated by the CD data (Figure 3.1B). AFM (atomic force microscopy) imaging 

revealed the nanoscale morphology of amyloid fibrils (Figure 3.1B inset). We further 

characterized the amyloid state using various environment-sensitive fluorescence readouts.  

3.3.2 Solvent accessibility of the amyloid state probed by steady-state and time-resolved 

fluorescence 

Since acrylodan is a highly solvent-sensitive fluorophore exhibiting a large Stokes shift and 

has been used previously for hydration studies in proteins,32−34 we covalently labeled the thiol 

group of Cys residues in κ-casein using acrylodan (Figure 3.1C). The Cys residues are located 

in a highly amyloidogenic, (prion-like) glutamine (Q)- and asparagine (N)-rich, segment.28 The 

disordered monomeric form exhibited an emission peak at ∼515 nm, indicating that the 

fluorophore is highly solvent exposed.28 Upon amyloid formation, a small blue shift of only 

∼5 nm suggested that the fluorophore experiences predominantly aqueous environment in the 

amyloid state (Figure 3.1C). Next, we performed fluorescence depolarization measurements 

using time-correlated single photon counting (TCSPC) to monitor the rotational dynamics of 

the fluorophore in both monomeric- and amyloid state. Typical biexponential fluorescence 

anisotropy decays indicated the (fast) local motion of the fluorophore attached to the protein 

and the (slow) global tumbling of the entire protein (Figure 3.1D). Upon amyloid aggregation, 

both local and global motions became slower, as expected (Table 3.1). However, a significant 
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amplitude (∼30%) of local motion is retained in amyloid, suggesting that acrylodan is flexible 

and is likely to be exposed to water corroborating our steady-state fluorescence data. We also 

performed the femtosecond time-resolved anisotropy measurements (Figure 3.1D inset) that 

revealed no significant rotational mobility of the fluorophore on the sub-100 ps time scale (see 

later).  

 

 

Figure 3.1 (A) Kinetics of κ-casein amyloid formation followed by thioflavin-T (ThT) fluorescence (fitted 

using the nucleation-dependent polymerization model) with an inset showing ThT fluorescence spectra for 

monomeric IDP (olive) and amyloid (red). (B) Far-UV circular dichroism (CD) spectra with an inset showing 

AFM image of amyloid fibrils. (C) Steady-state fluorescence spectra of acrylodan labeled protein in 

monomeric IDP (olive) and amyloid (red). The inset shows the structure of acrylodan labeled at Cys. (D) 

Fluorescence anisotropy decays of acrylodan in IDP (olive) and amyloid (red) with fits shown in black (See 

Table 3.1 for parameters). The inset shows the femtosecond time-resolved anisotropy decay of acrylodan for 

IDP from 0 to 100 ps. 
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Table 3.1  

The typical parameters recovered from the fluorescence anisotropy decay analyses shown in Figure 3.1D: § 

Sample fast (ns) βfast slow (ns) βslow rss 

IDP-state 0.20 0.61 7.9 0.39 0.10 

Amyloid-state 0.70 0.27 >20 0.73 0.23 

§ The recovered rotational correlation times and their respective amplitudes are referred to as  and β, 

respectively.  

 

3.3.3 Hydration dynamics in the IDP and amyloid state of -casein probed by 

femtosecond upconversion and TCSPC 

After confirming that acrylodan attached to the protein is appreciably solvent exposed in both 

the monomeric and amyloid forms, we embarked upon the hydration dynamics studies using 

time-resolved fluorescence spectroscopic measurements involving femtosecond up-conversion 

and TCSPC. The efficacy of the combination of these two techniques allowed us to capture a 

wide range of time scales from femtoseconds (up-conversion) to nanoseconds (TCSPC). These 

measurements allow us to quantify the extent and the time scale of solvent relaxation that are 

dictated by the rate of hydrogen bond rearrangements arising due to the diffusion of water 

molecules around the instantaneously created excited state dipole of the fluorophore.35 We 

collected fluorescence upconversion and TCSPC transients separately at different emission 

wavelengths encompassing the entire spectral range of the acrylodan fluorescence. 

Subsequently, we constructed the time-resolved emission spectra (TRES) and analyzed the 

hydration correlation functions [C(t)] to estimate the time-dependent Stokes shift (TDSS) and 

the solvation times25,34,36 (see Experimental Section for details of data acquisition and analysis). 

In order to separate the bulk water from surface-bound water and to quantify the time 

scales of hydration with the femtosecond time resolution, we carried out fluorescence 

upconversion measurements on the IDP as well as on the amyloid state. The representative 

femtosecond transients at four emission wavelengths are shown in Figure 3.2. The intensity 

decays exhibited a typical rise component having negative amplitude as the emission 

wavelength was changed from the blue to the red end of the spectrum. This is a characteristic 

feature of solvent relaxation at the excited state.34 The recovered time-zero frequency (ν(0)) 
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from our femtosecond experiments was close to ν(0) estimated earlier,33 using the method 

described previously.37 The estimated TDSS within 200 ps [Δν(0→200ps)] for the acrylodan-

labeled κ-casein monomer and amyloid were found to be ∼1400 cm-1 and ∼1100 cm-1, 

respectively. The TDSS data indicates a more extensive solvent relaxation for the monomer 

compared to amyloid. The recovered parameters of hydration dynamics are mentioned in Table 

3.2 and are similar to those reported for other proteins.25−27,34 A number of theoretical and 

experimental studies have shown that the time scale for bulk water relaxation ranges from 

hundreds of femtoseconds to picoseconds,6 whereas “biological water” exhibits considerably 

slower relaxation time that spans from 10 to 100 ps.6 Thus, the ultrafast component (τs1 ∼ 1 ps) 

observed in both the cases can be assigned to the bulk water and the two slower components 

(of tens of picoseconds and longer) to surface bound water. We collectively denote these slower 

components (τs2 and τs3) ranging between 10 and 100 ps as bound water type I. We would like 

to point out that the rotational dynamics of the dye is not likely to contribute to the solvation, 

since the femtosecond time-resolved anisotropy decay did not exhibit any significant drop 

within 100 ps (Figure 3.1D inset). A careful look at the hydration correlation plots [C(t) vs t] 

revealed that the solvation was nearly 90% complete in the IDP state, whereas it was ∼78% 

complete in the amyloid state within 200 ps (Figure 3.2E and Table 3.2). Because the solvation 

is not 100% complete within the up-conversion experimental time window (200 ps) with 

respect to ν(∞) in both cases, we refer to the unrelaxed (residual) solvation component as bound 

water type II which has a much longer relaxation time (≫ 100 ps).  

 In order to delineate the roles of different types of water upon IDP-to-amyloid 

transition, contributions from the bulk water, bound water type I and type II for both IDP and 

the amyloid state were compared as shown in Figure 3.3A. Our results demonstrate that upon 

amyloid formation, the fraction of bulk water (αs1) diminishes, whereas the contribution of 

bound water type II (indicated by a residual amplitude, αr) increases almost by similar extent. 

However, the total fractional contribution of bound water type I (αs2 + αs3) remains nearly 

unaltered although the hydration correlation time components, especially τs2, became much 

slower suggesting that the surface bound water is more restrained in the amyloid state 

compared to the monomeric state (Table 3.2). 
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Figure 3.2 (A) Femtosecond transients for acrylodan at four emission wavelengths for IDP monomer: 485 

nm (blue), 515 nm (green), 545 nm (cyan), and 575 nm (black). The fits are shown in red. (B) Timeresolved 

emission spectra (TRES) of IDP monomer. (C) Femtosecond transients for amyloid and (D) TRES for 

amyloid. (E) Hydration correlation function [C(t)] plots are shown for both monomer (olive) and amyloid 

(red) from 0 to 200 ps. The fits are shown by black solid lines (inset: 0-40 ps). Recovered solvation times 

are given in Table 3.2. See Experimental Section for data analysis. 
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Table 3.2  

The parameters recovered upon fitting the solvation correlation functions constructed form femtosecond up-

conversion measurements:§ 

Solvation times 

(amplitudes) 
IDP-state Amyloid-state 

∆(0200 ps) 1433  56 cm-1 1123  21 cm-1 

s1 

(αs1)
 

1.0  0.1 ps 

(0.27  0.01) 

1.0  0.2 ps 

(0.11  0.01) 

s2 

(αs2)
 

10.3  0.5 ps 

(0.31  0.01) 

33.7  1.2 ps 

(0.55  0.05) 

s3 

( αs3)
 

85  2 ps 

(0.34  0.01) 

90  7 ps 

(0.12  0.01) 

αr
 

0.10  0.02 0.22  0.02 

§The up-conversion data were fitted till 200 ps as shown in Figure 3.2 ∆(0200 ps) is the estimated TDSS in 

200 ps. The recovered solvation times and their respective amplitudes (fractional contributions) are referred 

to as s and αs, respectively. The amplitude of the (un-relaxed) residual solvation component is denoted as 

αr. The (ultraslow) nanosecond solvation time was estimated from the TCSPC measurements (Figure 3.3B). 

See Experimental Section for the details of data analysis. 

 Next, in order to decipher the ultraslow time scale (≫100 ps) of type II water, we carried 

out TCSPC measurements that are more sensitive for slower solvation dynamics. Construction 

of the hydration correlation function [C(t)] from the TCSPC data revealed that the time-zero 

frequency of the amyloid state was closer to that recovered from our femtosecond upconversion 

experiments (∼21 000 cm-1) compared to the IDP state (Figure 3.3B). This reaffirms that the 

solvation is indeed slower in case of amyloid compared to the monomeric IDP. The longer 

component recovered for acrylodan in the IDP state of κ-casein was ∼1.3 ns corroborating our 

previous report.28 The (ultraslow) nanosecond solvation time scale of monomeric IDP state has 

been assigned to the ordered water network within the collapsed globules of natively unfolded 

κ-casein.28 We would like to point out that such (ultraslow) nanosecond solvation dynamics is 

a characteristic of a compact disordered state and is absent in highly denatured state of 

proteins.34 We next asked how this ultraslow solvation component of a compact disordered 

state changes during the conformational sequestration of the polypeptide chain into β-rich  
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Figure 3.3 (A) Fractional contributions for bulk water (∼1 ps), bound water type I (10-100 ps) and type II 

(unrelaxed residual component ≫100 ps) recovered from analysis of femtosecond data. (B) Hydration 

correlation function [C(t)] plot constructed from the TCSPC measurements with inset showing the drop in 

the wavenumber ν(0) recovered from TCSPC for IDP (olive) and amyloid (red). The higher time-zero 

wavenumber for amyloid state compared to the IDP state is indicative of slower solvation in the amyloid 

state. The longer solvation components were 1.3 ± 0.2 ns (IDP) and 2 ± 0.2 ns (amyloid). See SI for details 

of data analysis. (C) Complete hydration correlation plot ranging over four orders of magnitude time scale 

constructed by combining the femtosecond up-conversion data and the picosecond TCSPC data illustrating 

the presence of three distinct types of water in IDP (olive) and amyloid (red). 

amyloid fibrils. Upon amyloid assembly, the time scale for longer solvation component 

increased to ∼2 ns (Figure 3.3B). This result indicated that upon amyloid formation, the bound 

water type II becomes even more highly restrained exhibiting over three orders of magnitude 

slower dynamics than the bulk water. This could be possibly due to the entrapment of water 

within the interstitial spaces of amyloid architecture which resembles the trapped water pool 
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found under nanoconfinement such as in reverse micelles and cyclodextrin complexes.7,38 We 

would like to mention here that the (ultraslow) nanosecond solvation component can 

potentially have contributions from the rotational dynamics. In our case, the nanosecond 

hydration dynamics in amyloid is unlikely to be influenced by the rotational mobility because 

the fluorescence anisotropy decay experiments suggested a much slower rotational correlation 

time (>20 ns; Figure 3.1D and Table 3.1). However, we do not completely rule out the 

possibility of minor contributions from the chain dynamics. 

3.3.4 Nanosecond solvation confirmed by red-edge excitation shift (REES) 

In addition to nanosecond solvation dynamics of acrylodan, the intrinsic tryptophan 

fluorescence also confirmed that there is an overall dampening in the (ultraslow) nanosecond 

solvation dynamics upon amyloid fibril formation. In the amyloid state, the single tryptophan 

at residue 76 exhibited a higher red-edge excitation shift (REES) that is a qualitative but robust 

indicator of ordering of surrounding dipolar environment (Figure 3.4). The extent of REES is 

estimated by monitoring the spectral shift of emission by changing the excitation wavelength 

at the red-edge of the absorption spectrum and is dependent on the extent of solvent relaxation 

competing with the fluorescence emission on the nanosecond time scale.39 Our tryptophan 

REES data provide additional support in favor of water ordering upon amyloid formation. 

 

Figure 3.4 Red-edge excitation shift (REES) of Trp 76 in -casein amyloid. (A) The normalized 

fluorescence spectra obtained with different excitation wavelength from 280-305 nm. (B) REES (in nm) 

obtained using ex from 290nm to 305 nm for the monomeric IDP state and the amyloid state. Data are shown 

as mean  SEM (n = 3).  
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3.3.5 Femtosecond-to-nanosecond hydration dynamics reveals the nature of water 

rearrangements taking place during disorder-to-order amyloid transition 

We next combined the hydration correlation functions ranging from femtoseconds to 

nanoseconds. Figure 3.3C shows the complete hydration correlation function that was 

constructed by combining both up-conversion and TCSPC data. The complete hydration 

correlation function depicts the overall dynamics of different types of water in both monomeric 

and amyloid state on the time scale that ranges across several orders of magnitude from 

femtoseconds to nanoseconds. Taken together, our results from the femtosecond upconversion 

and the TCSPC experiments reveal that upon amyloid formation: (i) there is an increase in the 

reorientation time of both bound water type I and type II suggestive of more ordering of water 

molecules, (ii) the contribution of bulk water decreases indicating chain desolvation, and (iii) 

the contribution of bound water type II increases suggesting more ordering. These findings 

indicate that bulk water and bound water type I and type II can potentially exchange during the 

entire aggregation cascade. Therefore, our results support the previous hypotheses where the 

entropy gain from the expulsion of water molecules has been proposed to drive the protein 

aggregation process.17,19,40−43 The release of water molecules has also been considered a major 

driving force in protein crystallization. Additionally, the trapping of water molecules has been 

observed previously in Aβ1−40 amyloid fibrils.23 During the initial steps of aggregation, 

mediated by the coalescence of the disordered collapsed globules, the tightly held water 

molecules get entropically released. As the initial aggregates conformationally mature into β-

rich amyloid fibrils, both bulk and surface-bound water molecules get progressively confined 

within the interstices of the amyloid fibers leading to the formation of hydrogen-bonded wet 

interfaces, and therefore, the contribution of bound water type II rises. 

3.4 Summary 

Here, we have monitored the water dynamics in the amyloid state around the Q/N-rich 

amyloidogenic N-terminal segment of κ-casein, which is an archetypal amyloidogenic IDP. 

IDPs have captivated enormous interest due to their association with a number of important 

functions and a variety of diseases that include cancer, cardiovascular diseases, and amyloid-

related disorders like Alzheimer’s and Parkinson’s.10 Conformational transition of IDPs has 

important implications in amyloid formation in which water is believed to influence the cascade 

of aggregation events.19,20,23,24 We have previously demonstrated that the disordered, yet 

collapsed, globules of κ-casein contain highly retarded water molecules.28 In the present work, 
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using femtosecond and picosecond spectroscopy, we have shown for the first time that different 

types of water undergo extensive reorganization during the disorder-to-order amyloid 

transition. The amyloid state exhibits much slower water mobility than the IDP state, which is 

accompanied by a decrease in the contribution of bulk water with a synchronous increase in 

the interstitially trapped water. Our novel findings suggest that mapping water dynamics at 

various segments of an amyloidogenic protein at different stages of amyloid formation will 

provide key insights into the evolution of water network at the residue-specific resolution. 

These studies are in progress in our laboratory. Additionally, it has been conjectured that the 

polymorphic diversity of amyloids and the strain phenomenon of prions can arise due to the 

differences in the water content of fibrils.17 Moreover, it has been demonstrated that the 

magnetic response of water molecules present in the hydration layer can be detected by the 

magnetic resonance imaging technique.24 Therefore, we believe that discerning the dynamics 

and organization of water in amyloids will open less frequently traversed avenues that will 

potentially lead to new amyloid detection tools as well as novel therapeutic approach to combat 

amyloid-related devastating human diseases. 
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4.1 Introduction 

The coupling between water and polypeptide chain is believed to have a profound influence on 

protein dynamics, folding, binding, assembly and function.1-7 Water molecules residing in the 

hydration layer at the protein-water interface exhibit unique dielectric and dynamical 

characteristics that are fundamentally different from bulk water.1 Femtosecond time-resolved 

spectroscopy offers a highly sensitive and selective method to monitor the reorientation 

dynamics of water molecules both in bulk phase and at the protein-water interface.8-9 These 

ultrafast studies have shown that ordered interfacial water molecules display restrained 

mobility.5, 7, 10 These restrained water molecules in the hydration layer of proteins are termed 

as “biological water” and play a critical role in the folding, enzyme catalysis and protein-DNA 

and protein-protein interactions. In case of globular proteins, water is proposed to act as a 

driving force for the hydrophobic collapse that occurs prior to the folding of protein to attain a 

well-defined 3-dimensional structure.11 However, unlike in globular proteins, the behavior of 

water in natively unfolded or intrinsically disordered proteins (IDPs) is poorly understood. 

IDPs lack the ability to undergo autonomous folding under the native condition and exist as 

dynamic ensembles of interconverting structures.12-15 The dynamic nature of IDPs confers them 

the flexibility to adopt diverse conformations depending upon the binding partner in order to 

perform multiple functions.15-18 However, the conformational plasticity of IDPs is occasionally 

not dealt with appropriately by the cell and results in their aberrant aggregation to form 

cytotoxic amyloid aggregates,19 that are implicated in a number of debilitating 

neurodegenerative diseases.19-21 One such disease is Parkinson’s disease (PD) which is the 

second most common movement disorder and also the second most common 

neurodegenerative disorder.22-23 The pre-synaptic protein, -synuclein is believed to play a 

central role in the pathogenesis of PD as the aggregates of -synuclein are the main component 

of Lewy bodies, which epitomize the characteristic histological feature of PD.24-25 Besides PD, 

the accumulation of -synuclein in the form of misfolded oligomers and large aggregates is 

genetically as well as pathologically linked to multiple neurodegenerative diseases, collectively 

known as “synucleinopathies”.26 The precise cellular function of -synuclein has remained 

largely unclear; however, it has been implicated in synaptic plasticity,27 learning,28 

neurotransmitter release,29-30 dopamine metabolism,31 and vesicular trafficking.32 -synuclein 

is an IDP containing 140 amino acid residues and can be broadly divided into three distinct 

domains based on the  amino acid composition: (i) positively charged N-terminal domain [1-

60], (ii) hydrophobic and amyloidogenic non-amyloid-beta component (NAC) domain [61-95], 
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and  (iii) negatively charged proline rich C-terminal domain [96-140]. The N-terminal domain 

is homologous to the lipid binding domain of apolipoproteins and is known to form 

amphipathic -helices in the presence of synthetic lipids.33 The interaction of -synuclein with 

membranes is associated with the physiological function as well as misfolding and 

aggregation.34-38 The NAC domain being hydrophobic in nature is known to play a crucial role 

in -synuclein aggregation.39-40 This region is also proposed to interact with heat shock 

proteins.41 Studies have shown that the NAC domain forms the core of -synuclein amyloid 

fibrils and can independently form aggregates that are cytotoxic in nature.42 Moreover, there 

was a recent report that emphasized upon the importance of 68-78 residue stretch of the NAC 

domain in the context of cytotoxicity of α-synuclein aggregates.43 The C-terminal domain 

which represents a putative Ca2+ binding region44 plays a key regulatory role in -synuclein 

aggregation by acting as a chaperone.45-46 Thus, all domains of -synuclein are very well 

orchestrated and have specific roles in functions and pathology. It is interesting to note that 

although -synuclein belongs to the class of expanded IDP devoid of any significant 

collapse,47-49 there are transient long-range interactions that make -synuclein marginally more 

compact than a typical random-coil in solution.50-52 Water, in general, is considered a poor 

solvent for polypeptide backbones and favors chain-chain interactions over chain-solvent 

interactions.53 However, the amino acid composition has an extraordinary influence on the final 

fate of the polypeptide chain.54 The fractional charge per residue (FCR) and net charge per 

residue (NCPR) analysis of α-synuclein suggests that it exists as chimera of globules and 

coils.54 Plausibly, the intricate balance between solvent-mediated intra-chain attractions versus 

repulsions underlies the fundamental origin of these transient interactions in case of IDPs and 

plays a pivotal role in determining the most accessible conformational ensemble to a particular 

IDP sequence.53 Since chain-water (solvent) interactions directly influence the structure of a 

protein and hence the function, we have utilized ultrafast laser spectroscopy to probe the 

behavior of water molecules within -synuclein. Although a variety of techniques have 

emerged for monitoring water dynamics in proteins and other complex biological systems,55-58 

the approach utilized in this study allows us to watch the dynamic motions of water molecules 

in the monomeric state of the protein with femtosecond time resolution.9 This timescale is 

significantly important for the detailed understanding of water present at the protein interfaces 

as hydrogen bond rearrangements in water occur on this time scale.1 Additionally, it is 

important to emphasize here that the inherent tendency of IDPs to undergo intermolecular 

interactions59 make them inaccessible to most techniques that offer a high time resolution but 
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require a very high protein concentration. Thus, in this aspect particularly, the ultrafast laser 

spectroscopy with high time resolution is quite appealing for probing the important dynamical 

changes of hydration in IDPs by the use of a highly solvent sensitive fluorophore and has not 

been explored until now for IDPs. Here, using ultrafast laser spectroscopy, we have been able 

to delineate the differences in the surface water dynamics within different domains of natively 

unfolded α-synuclein. The differences in water arrangement are likely to translate distinct roles 

of different domains in α-synuclein function and disease. In addition, we also observed a 

significant change in the hydration dynamics around NAC domain upon amyloid formation. 

4.2 Experimental Section 

4.2.1 Materials 

Dithiothretiol (DTT), guanidium chloride, sodium chloride (NaCl) and tris HCl were procured 

from Sigma (St. Louis, MO) and used without any further modification. 6-Acryloyl-2-

(dimethylamino) naphthalene (acrylodan) was purchased from Molecular Probes, Invitrogen 

Inc. All solutions were prepared using Milli Q water and pH of the buffers was adjusted using 

1 N HCl or NaOH on Metrohm (Herisau, Switzerland) 827 pH meter at ~25C. 

4.2.2 Expression, purification and labeling of cysteine mutants of -synuclein 

The plasmid construct used for the recombinant expression of -synuclein protein in E.coli 

BL21 (DE3) pLys S strain was same as reported previously. The cysteine mutations at 9, 18, 

56, 78, 90 and 140 positions were created using QuikChange site-directed mutagenesis kit 

(Stratagene) and for all the mutations except for 9, alanine was changed to cysteine. For 

position 9, serine was mutated to cysteine. The protocol for expression and purification of the 

mutants was same as wild-type protein and has been reported previously.60 The only difference 

was in the buffer used for dialysis which in this case was pH 7.4, 20 mM Tris buffer containing 

1 mM DTT and 50 mM NaCl. The labeling of the cysteine mutants was carried out with a 5 M 

excess of acrylodan under denatured condition (6M Guanidinium chloride in pH 7.4, 20 mM 

Tris buffer containing 1 mM DTT and 50 mM NaCl). The labeled proteins were then passed 

through PD-10 column to remove excess dye. For all the experiments, the buffer exchange with 

the native buffer (pH 7.4, 20 mM Tris buffer containing 1mM DTT and 50 mM NaCl) was 

done on PD-10 column immediately before the experiments. The concentration of the labeled 

protein was estimated using 365 = 12800 M-1 cm-1.61 The total protein concentration was 

estimated using 275 = 5600 M-1 cm-1 60 and 365 = 12800 M-1 cm-1 , taking correction factor of 

acrylodan into account. The labeling efficiency was >85% for all the mutant proteins. The 
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concentration of the labeled proteins used for all our measurements except for circular 

dichroism was ~40 µM. 

4.2.3 Circular dichroism (CD) spectroscopy 

The CD spectra were recorded in Chirascan spectrometer (Applied Photophysics, UK) at room 

temperature using 1 mm path length quartz cuvette. The concentration of the unlabeled as well 

as labeled proteins used was 25 µM. The spectra obtained were corrected for buffer and were 

smoothened using Pro Data software. The spectra were finally plotted in Origin Pro 8.5 

software. 

4.2.4 Steady-state fluorescence measurements 

The steady-state fluorescence measurements were carried out in Fluoromax-4 spectrometer 

(Horiba Jobin Yvon, NJ). The samples were excited at 400 nm wavelength and the spectra were 

collected from 440-600 nm. The steady-state fluorescence anisotropies were measured at 525 

nm. The steady-state fluorescence anisotropy (rss) is given by the following equation:  

rss = (I|| - IG) / (I|| + 2IG)    (1) 

where I|| and I are fluorescence intensities collected using parallel and perpendicular 

geometry, respectively. The perpendicular components were always corrected using a G-factor. 

4.2.5 Femtosecond fluorescence up-conversion measurements 

A second harmonic light of mode locked 100 fs Ti:Sapphire laser (Tsunami, Spectra Physics, 

USA) centered at 800 (1 W,  80 MHz repetition rate), was used as excitation source for 

fluorescence upconversion measurements (FOG 100, CDP, Russia). For generating 800 nm 

light, the self-mode-locked Ti:Sapphire laser was pumped by continuous wave second 

harmonic light of the output of 4.5 W Nd:YVO4 laser (Millenia Pro, Spectra Physics, USA). 

The Nd:YVO4 laser was further pumped by an electrically pumped Diode laser. Finally, around 

25 mW of 380 nm light was used to excite the sample, which was housed in a rotating cell. The 

excitation light polarization was set at magic angle (54.7) with respect to the gate light. A set 

of Glan polarizer and Berek’s variable waveplate was used for setting up the magic angle 

polarization. The emission light was upconverted using 800 nm gate light in 1 mm thick β-

BBO (type I) crystal. The resulting upconverted light was passed through a UV bandpass filter 

(which cuts excitation, emission and gate light) and then through a double monochromator 

(DM2100, CDP, Russia). Finally, a photon counter PMT (having dark noise <5 cps) was used 
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for signal counting. The decays were collected from 450-560 nm, after every 10 nm till 300 ps. 

An appropriate integration time and step size was kept so that enough reliable data can be 

collected without much photodegradation. We carried out similar measurements using 400 nm 

as excitation wavelength and 475-585 nm emission scan range in order to monitor the effect of 

excitation wavelength on the solvation. For this, we chose three mutants: Cys-18, Cys-78 and 

Cys-140. The upconversion transients and time-resolved emission spectra (TRES), the 

individual correlation function plots and the overlayed correlation function plots (see below) 

corresponding to 400 nm excitation are shown in Figure 4.2,  4.3 and F4.5A, respectively.  The 

instrument response function (IRF) was measured by measuring the cross correlation between 

the gate light and Raman signal of buffer. The resulting profile when fitted with a Gaussian 

equation (Origin Pro 8.5) gave a full width at half maxima (FWHM) around 254 fs. The 

emission decay traces were fitted by means of reconvolution in a desired number of exponential 

in a homebuilt program in Igor Pro 6.37 software.62 

4.2.6 Time-correlated single photon counting (TCSPC) measurements 

For TRES: The fluorescence lifetime data were collected at 54.7 (magic angle) polarization 

using time-correlated single photon counting (TCSPC) module (Fluorocube, Horiba Jobin 

Yvon, NJ). A peak count of 10,000 was used. The laser diode with 375 nm as excitation 

wavelength was used for acrylodan. For collecting the instrument response function (IRF), the 

colloidal silica (Ludox) solution was used. The IRF had a full width at half maxima (FWHM) 

at ~ 250 ps for 375 nm excitation source. The emission wavelength scan range used was 450-

560 nm and the decay profiles were collected after every 10 nm. The decays were then analyzed 

and fitted taking into account the IRF using DAS6 software provided with the TCSPC system.  

For fluorescence anisotropy decay: For time-resolved fluorescence anisotropy 

measurements, the peak difference was 10,000 counts and the orientation of emission polarizer 

was 0 and 90 with respect to the excitation polarizer for parallel fluorescence intensities (Iǁ) 

and perpendicular fluorescence intensities (I), respectively. The emission wavelength for 

these measurements was fixed at 525 nm with a bandpass of 4 nm and 375 nm laser diode was 

used as excitation source for acrylodan. The width (FWHM) of instrument response function 

(IRF) was collected using Ludox (colloidal silica) and was found to be ~250 ps. The anisotropy 

decays were analyzed by globally fitting Iǁ(t) and I(t), as described previously.63 

 



Chapter 4: Water in intrinsically disordered α-synuclein 

93 
 

4.2.7 Construction of TRES from femtosecond-resolved (fluorescence upconversion) 

and picosecond-resolved (TCSPC) data 

The recovered fluorescence lifetime parameters were used to construct the fluorescence decays 

at different emission wavelengths in Origin Pro 8.5 software using I(t) = ∑i i exp (-t/i), 

where i and i represent the contributions and lifetime of the different lifetime components, 

respectively. The time-resolved emission spectra (TRES) were then constructed using:  

                                                      I (, t) = ISS I(t) /  ∑i ii  (2) 

    

where ISS represents the steady-state fluorescence intensity at a fixed emission 

wavelength  and I(t) is same as mentioned above. All the spectra (obtained at different time 

points) were fitted using log-normal function to extract the peak frequency (t) as a function 

of time and were then normalized to account for the overall extent of frequency shift. The 

solvation correlation function is given by:  

                                              C (t) =   ((t) - ()) / ((0) - ())  (3) 

where (0), (t) and () are the emission peak frequencies at time 0, t and , 

respectively. The recovered (0) from our measurements was ~21300 ± 150 cm-1, which is 

close to (0) reported previously.64 The recovered (2 ns) (from TCSPC TRES measurements) 

for all the mutants was similar (~19000 cm-1) and (200 ps) for Cys-140 were close to the 

steady-state emission maximum. Therefore, we used 19000 cm-1 as (). The correlation 

function was then fitted using a sum of exponentials: 

                                              C (t) = ∑i i exp (-t/si)  (4) 

where i and τsi represents the contributions and solvation time of the different solvation 

components, respectively.  

4.2.8 Aggregation reaction 

For setting up aggregation reaction, 50 µM of acrylodan labeled was added to 150 µM of wild-

type α-synuclein in pH 7.4, 20 mM Tris buffer containing 100 mM NaCl. The temperature of 

the reaction was maintained at 37C and the reaction was continuously stirred at 800 rpm. The 

reaction was monitored by scattering and atomic force microscopy (AFM). At the time when 

fibrils were observed, the steady-state fluorescence measurements were carried out. The 

parameters for acrylodan fluorescence were same as mentioned above. 
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4.2.9 Atomic force microscopy (AFM) imaging of α-synuclein fibrils 

For AFM imaging experiment, the aliquot from the aggregation reaction mixture (10 µl) was 

taken out and deposited on the freshly cleaved mica surface (Grade V-4 from SPI, PA) and 

allowed to incubate for 2 minutes. The mica surface was then washed thrice with filtered Milli 

Q water and dried under a gentle stream of nitrogen for about 20 minutes before it was scanned 

on an Innova AFM instrument  (Bruker corporation) operating in the tapping mode (Scan rate: 

0.5Hz, Pixels:512). The image was processed in WSxM software (Nanonics Imaging Ltd, 

Jerusalem, Israel).65 

4.3 Results and Discussion 

Taking into account the significance of all three domains in α-synuclein function and disease, 

and advantage of the fact that -synuclein is devoid of cysteines, we created six single cysteine 

mutations: Cys-9, 18 and 56, Cys-78 and 90, and Cys-140 in N-terminus, NAC domain and C-

terminus, respectively (Figure 4.1A). The cysteines were covalently modified with acrylodan 

which is considered a suitable fluorophore for hydration dynamics studies due to its high 

sensitivity towards the polarity of the medium and a large Stokes shift.66 In order to ensure that 

the cysteine mutation did not induce any structure in disordered monomeric -synuclein, we 

monitored circular dichroism (CD) signature for all the mutants. The CD spectra for all the 

mutants overlapped and showed signature of a typical disordered monomeric protein akin to 

the wild type α-synuclein (Figure 4.1B). In order to probe ultrafast hydration, it is extremely 

important to first confirm that the fluorophore is sufficiently exposed to water. Therefore, as a 

prelude to the ultrafast hydration studies, we carried out steady-state fluorescence experiments 

with acrylodan labeled mutants.  

4.3.1 Site-specific fluorescence reveals that the cysteine residues in natively unfolded α-

synuclein are highly solvent exposed 

The emission maximum for all acrylodan labeled mutants was found to be ~525 nm, which 

clearly indicates that acrylodan is completely solvent exposed (Figure 4.1C). The steady-state 

fluorescence anisotropy was also comparable for all the mutants but slightly lower for Cys-140 

due to it being the last residue of the polypeptide chain (C-terminus) (Figure 4.1D). Thus, the 

steady-state fluorescence attributes of acrylodan labeled mutants suggested that the 

microenvironment is similar for all the probed residues in the monomeric state of -synuclein. 

The solvent exposure of acrylodan is not very surprising as the surface of the disordered 

proteins, especially for the expanded IDPs, is expected to be significantly hydrated by the  
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 Figure 4.1 (A) The amino acid sequence of α-synuclein along with one of the NMR structures taken from 

the protein ensemble database (PeDB: 9AAC, conformation no. 147) generated using PyMOL are shown. 

The blue color corresponds to the N-terminus, red to the NAC domain and olive to the C-terminus. The 

single cysteine mutation positions are highlighted in yellow. (B) CD spectra for all cysteine variants of 

monomeric α-synuclein. (C) The steady-state fluorescence spectra and (D) fluorescence anisotropy for all 

acrylodan labeled cysteine positions (highlighted in Figure 4.1A) in the monomeric state of α-synuclein are 

shown. (E) Fluorescence anisotropy decay of acrylodan labeled at 78 position (Cys-78) of α-synuclein (fit 

shown in red) (Recovered parameters: fast ~ 0.8 ns, βfast  ~ 0.6 and slow ~ 2.3 ns, βslow  ~ 0.4) with the inset 

showing its femtosecond time-resolved anisotropy decay from 0-100 ps. 



Chapter 4: Water in intrinsically disordered α-synuclein 

96 
 

solvent molecules. Next, we performed fluorescence depolarization measurements in the 

monomeric state of -synuclein using time correlated single photon counting (TCSPC) to 

monitor the rotational dynamics of the fluorophore. We obtained a typical bi-exponential 

fluorescence anisotropy decay that indicated the (fast) local motion of the fluorophore attached 

to the protein and the (slow) global tumbling of the entire protein (Figure 4.1E). A significant 

amplitude (~ 60%) of local motion was observed which suggests that acrylodan is flexible and 

is certainly exposed to water. We also carried out the femtosecond time-resolved anisotropy 

measurements (Figure 4.1E inset) that revealed no significant rotational mobility on the sub-

100 ps timescale (see below). 

4.3.2 Residue-specific time-dependent fluorescence Stokes shift for different domains of 

α-synuclein  

After confirming that all the mutants are appreciably water exposed, we carried out ultrafast 

hydration dynamics studies using femtosecond fluorescence up-conversion technique in order 

to probe the water structure in different domains of -synuclein. Using this technique, we can 

probe the dielectric response of proteins by monitoring the time-dependent fluorescence Stokes 

shift (TDFSS) of the fluorophore which is either part of the protein or is covalently linked to 

it.67 Immediately upon excitation, the non-equilibrated hydration water network around the 

fluorophore relaxes via hydrogen bond rearrangement to a new configuration. The 

reorganization of hydration water network around the excited state of fluorophore results in an 

emission shift to longer wavelength (lower energy) and this shift in the emission spectrum 

during the process of reorganization is known as TDFSS. The extent of the shift within a 

particular experimental time window is an indicator of how much solvent relaxed the 

fluorophore is with respect to the initial unrelaxed state which in turn is dependent on how 

water molecules are organized and how fast/slow hydrogen bond rearrangements take place 

around a fluorophore. In order to estimate TDFSS and the hydration timescales, we constructed 

time-resolved emission spectra (TRES) and solvation correlation function (C (t)), respectively 

using the femtosecond-resolved fluorescence up-conversion transients collected at different 

wavelengths that traversed the whole spectral range of the acrylodan fluorescence (For details, 

refer to Experimental Section). The representative transients at four different wavelengths and 

TRES (with arrow indicating the total TDFSS) for three mutants, Cys-18 (N-terminus), Cys-

78 (NAC domain) and Cys-140 (C-terminus) are shown in (Figure 4.2). The signal was found 

to decay on the blue edge and rise on the red edge, which is an archetypal feature of solvent 

relaxation 7, 10, 68-70. The TDFSS within 200 ps was found to be ~2200 cm-1, ~2100 cm-1 and 
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~2300 cm-1 for Cys-9,18 and 56 (N-terminus), Cys-78 and 90 (NAC domain), and Cys-140 (C-

terminus), respectively. The C(t) for Cys-18, 78 and 140 are shown in (Figure 4.3). The time-

zero frequency ((0)) recovered from our femtosecond experiments for all the mutants was  

 

Figure 4.2 The femtosecond up-conversion transients (with fits shown in red) at four emission wavelengths: 

485 nm (blue), 515 nm (green), 545 nm (pink) and 575 nm (black), and the time-resolved emission spectra 

(TRES) with arrow indicating the time-dependent fluorescence Stokes shift (TDFSS) from 0 to 200 ps are 

shown for acrylodan labeled (A and D) Cys-18, (B and E) Cys-78 and (C and F) Cys-140 α-synuclein. 

close to (0) estimated previously,64 using a method described for theoretical estimation of 

time-zero spectrum.71 It is interesting to note that the extent of TDFSS observed for all 

acrylodan labeled mutants of -synuclein in general and Cys-140 in particular, is close to the 

typical shift observed for acrylodan in bulk water and is significantly different from the shift 

observed for acrylodan present in relatively hydrophobic environment.10 However, the 
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timescales of hydration dynamics (discussed below) recovered are appreciably different from 

the bulk and are similar to the timescales reported for proteins.7, 10  

 

 

Figure 4.3 The hydration correlation function [C(t)] plots (from 0 to 200 ps) are shown for acrylodan labeled 

(A) Cys-18 (blue), (B) Cys-78 (red) and (C) Cys-140 (olive) α-synuclein. The fits are shown by black solid 

lines (inset: 0-50 ps). Recovered solvation times are ~ 1 ps and 22 ps for Cys-18, ~ 1 ps and 34 ps for Cys-

78, and ~ 1 ps and 12 ps for Cys-140. The residual solvation amplitudes were ~ 5 % and 15 % for Cys-18 

and Cys-78, respectively for the data shown here. See Table 4.1 for the recovered parameters along with 

error from the analyses of two independent datasets for all the acrylodan labeled single cysteine positions. 

4.3.3 Resolving the contributions of bulk- and bound water  

Given the extremely sensitive nature of femtosecond fluorescence up-conversion, we were able 

to clearly separate the bulk water and surface bound water dynamics in monomeric -

synuclein, around the chosen loci. In case of Cys-9, 18 and 56 (N-terminus), the solvation with 

respect to ν(∞) was ~95% complete within 200 ps. In case of NAC domain, the solvation was 

found to be ~86% and ~90% complete for Cys-78 and Cys-90, respectively within 200 ps. 

Unlike N-terminus and NAC domain, the solvation in case of Cys-140 (C-terminus) was almost 

100% complete within 200 ps. The recovered solvation parameters for all the mutants are given 

in Table 4.1 and are shown in Figure 4.5 for comparison. Several theoretical and experimental 

investigations have revealed that the solvation time for bulk water relaxation spans from 100 

femtoseconds to picoseconds.68 In contrast, water molecules present in the proximity of the 

protein surface, also known as “biological water”, has considerably slower relaxation time 
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ranging between 10 and 100 ps.68, 72 Thus, the ultrafast component (~1 ps) represents the bulk 

water and the slower component (of tens of picosecond), which we refer to as “bound water 

type-I”, can be assigned to the biological water. We refer to the unrelaxed component of 

solvation as “bound water type-II”. It is important to emphasize here that the rotational 

dynamics of the fluorophore did not contribute to the solvation, since the femtosecond time- 

 

Figure 4.4 TRES at 5 different time points (in ns) for all acrylodan labeled mutants: (A) Cys-9, (B) Cys-18, 

(C) Cys-56, (D) Cys-78, (E) Cys-90 and (F) Cys-140, are shown. 

resolved anisotropy decay did not exhibit any significant drop within 100 ps (Figure 4.1E 

inset). Further, in order to monitor ps-ns hydration dynamics (if any) in these mutants, we 

carried out TRES measurements using time-correlated single photon counting (TCSPC) 

technique as reported previously.61 The TRES profiles for all the mutants were 

indistinguishable and did not exhibit significant TDFSS (Figure 4.4). The insignificant (100-

150 cm-1) TDFSS from TCSPC TRES suggests that there is very little/no nanosecond solvation 

component. It is important to emphasize here that the differences in the water structure within 

α-synuclein are inaccessible by picosecond/nanosecond measurements and can only be 

resolved using high resolution spectroscopy. Hence, it is clear that even though -synuclein is 

largely disordered; there might be some local structural differences due to variation in the 
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arrangement of bound water within N-terminus, NAC domain and C-terminus because the 

solvation component of tens of picoseconds is attributed to the hydration water network in the 

inner layers close to the protein surface and is likely to drive the local side chain motions on 

the ps timescale or influence the local structure.73 

Table 4.1 

The parameters recovered upon fitting the solvation correlation functions constructed form femtosecond up-

conversion measurements:§ 

§The up-conversion data were fitted till 200 ps as shown in Figure 4.3. The recovered solvation times and 

their respective amplitudes (fractional contributions) are referred to as s and αs, respectively. The amplitude 

of the (un-relaxed) residual solvation component is denoted as αr. See Experimental Section for the details 

of data analysis. 

4.3.4 The presence of restrained water molecules in the NAC domain  

Taken together, the above set of data demonstrates that: (i) albeit the extent of steady-state 

Stokes shift is same for all the mutants (Figure 4.1C), the timescales of bound water type-I 

relaxation are markedly different (Figure 4.5B). It is important to highlight here that the 

timescales of hydration are not essentially manifested in the magnitude of steady-state Stokes 

shift.7 (ii) The contribution of the bulk water is similar for all the mutants (~75%) (Figure 4.5C) 

which signifies that the ultrafast component dominates the slower component of hydration for 

all the mutants of -synuclein. This observation is in agreement with a previous report on the 

unfolded state of a globular protein where the bulk water contribution was found to be ~75%.10 

(iii) The bound water type-I relaxation is fastest for Cys-140 (C-terminus) and is slowest for 

Position 
s1 

(ps) 

(Bulk water) 

αs1 

 

(Bulk water) 

s2 

(ps) 

(Bound water type-I) 

αs2 

 

(Bound water type-I) 

αr, r: Residual solvation 

 

(Bound water type-II/ 

Unrelaxed component) 

9 1 ± 0.1 0.74 ± 0.02 19 ± 2 0.20 ± 0.02 0.06 ± 0.01 

18 1.4 ± 0.2 0.74 ± 0.02 18 ± 2 0.20 ± 0.01 0.06 ± 0.01 

56 1.4 ± 0.1 0.75 ± 0.04 15 ± 2 0.19 ± 0.03 0.07 ± 0.01 

78 1.8 ± 0.1 0.77 ± 0.02 31 ± 4 0.10 ± 0.02 0.12 ± 0.02 

90 1.6 ± 0.1 0.76 ± 0.02 21 ± 2 0.15 ± 0.02 0.09 ± 0.02 

140 1.1 ± 0.1 0.79 ± 0.03 11 ± 1 0.20 ± 0.02 0.03 ± 0.01 
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Cys-78 (NAC domain). Additionally, the contribution of the unrelaxed component of hydration 

is most for Cys-78 (~15%) and least for Cys-140 (<5%). (iv) Cys-9, 18 and 56 of N-terminus 

exhibit similar bound water type-I relaxation dynamics and the dynamics is slower than Cys-

140 but faster than Cys-78 and 90 of the NAC domain. (v) Cys-90, which is present towards 

the C-terminal end of NAC domain, exhibits faster bound water type-I relaxation dynamics 

than Cys-78.  

 

Figure 4.5 (A) The [C(t)] plots (from 0 to 200 ps) for acrylodan labeled Cys-18, 78 and 140 α-synuclein are 

shown for comparison. (B) The solvation times recovered from analysis of femtosecond data and the 

contributions from (C) the bulk water and (D) the unrelaxed component (bound water type-II) are shown for 

all the acrylodan labeled single cysteine positions of α-synuclein. 

The contributions from the unrelaxed component for all the mutants are shown in Figure 4.5D. 

Collectively, these observations propose that the contribution and the timescale of bulk 

water is similar for all the mutants. However, bound water type-I around Cys-78 (NAC domain) 

is associated with a longer residence time and hence these water molecules are more ordered 

compared to water molecules present in N- and C-terminus. Overall, the bound water type-I 

relaxation time follows this order: Cys-78 (NAC) > Cys-90 (NAC)> Cys-9 (N) ≈ Cys-18 (N) 

≈ Cys-56 (N) > Cys-140 (C). 
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4.3.5 Variation in the timescale of bound water dynamics within α-synuclein 

The similar contribution and the timescale of bulk water relaxation for all the mutants of α-

synuclein suggests that the polypeptide chain is homogeneously solvated and is devoid of any 

prominent secondary structure in the native state. However, the discrepancies in the timescale 

of bound water type-I relaxation are indicative of some unique differences within different 

domains.  

In order to interpret the slowest bound water relaxation around Cys-78 (NAC domain), 

it is important to appreciate that within -synuclein, the NAC domain is the most hydrophobic 

domain (~66% of the total amino acid residues present in the NAC domain are hydrophobic in 

nature). Though a large number of models have been proposed to explain the hydrophobic 

interactions, none of them can provide a complete account for the hydrophobic hydration. One 

of the early models that were proposed and is very well-known is “iceberg” model of 

hydrophobic hydration, proposed by Franks and Evans.74 A further explanation based on the 

entropic force of attraction that builds upon “iceberg” model was provided by Kauzmann.75 

According to Kauzmann, the accommodation of hydrophobic species would require the 

disruption of the integrity of the hydrogen bonded network of water and this enthalpic penalty 

that would be imposed upon by the loss of hydrogen bonds can be compensated by the creation 

of ordered structure of water around hydrophobes. The creation of such an ordered structure 

results in a decrease in the entropy which in turn causes the dampening of the rotational and 

translational motion of water. However, when two such hydrophobes enslaved by ordered 

water molecules come close to each other, there occurs an entropically favorable release of the 

water molecules to the bulk milieu. Although Kauzmann accepted the iceberg hypothesis, he 

anticipated the crystallinity of the structures of the Frank-Evans icebergs to be less perfect than 

what was proposed in the original iceberg model. Based on a number of studies that followed, 

it is now believed that the hydration layer around hydrophobes is not made up of clathrate 

water, rather, it is a dynamic shell formed by van der Waals attraction.11  

The above discussion elucidates why the bound water relaxation dynamics gets 

dampened around Cys-78 residue, which is present in the middle of the most hydrophobic NAC 

domain of -synuclein. In fact, the retarded bound water dynamics around Cys-78 can possibly 

account for the reduced intramolecular diffusion for [66-90] segment of the NAC domain, 

reported previously.76 In addition to hydrophobic effect, it is interesting to note that Cys-78 is 

surrounded by polar residues like threonine and glutamine that can participate in extensive 
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hydrogen bonding which can further dampen the motion of water molecules around it. The 

presence of ordered (motionally restrained) water molecules can account for the amyloidogenic 

nature of NAC domain, as the intermolecular association of NAC domain to form amyloids 

would result in the entropic liberation of ordered water molecules to the bulk milieu. 

Interestingly, compared to Cys-78, the bound water relaxation is comparatively faster 

in case of Cys-90. This is probably due to Cys-90 being present towards the C-terminal end of 

NAC domain due to which it does not exhibit the hydrophobic effect as strongly as Cys-78 

does. This observation emphasizes the importance of residue position 78 in -synuclein 

fibrillation. Besides, there is a report where a 12-amino acid stretch (71VTGVTAVAQKTV82) 

in the hydrophobic NAC domain of -synuclein has been proposed to be necessary and 

sufficient in -synuclein fibrillation.77 

Compared to both Cys-78 and 90 (NAC domain), Cys-9, 18 and 56 (N-terminus) 

exhibited faster bound water relaxation dynamics which, however, was slower than Cys-140 

(C-terminus). The difference in the bound water solvation time for residues in N-terminus can 

be explained to certain extent on the basis of amino acid composition which is appreciably 

different from both NAC domain and C-terminus. The N-terminal domain is rich in amino 

acids that are hydrogen bond donors and it has been proposed that hydrogen bond donors 

induce a moderate slowdown in the hydrogen bond exchange dynamics.78 Additionally, N-

terminal domain contains a small stretch of hydrophobic residues. Thus, the presence of 

hydrophobic and hydrogen bond donating residues can account for the retarded water dynamics 

in N-terminus when compared to Cys-140. However, the percentage of hydrophobic residues 

in N-terminus is small compared to the amyloidogenic NAC domain. 

The fastest bound water relaxation dynamics is demonstrated by Cys-140 which is the 

last residue of the polypeptide chain. In order to account for the fast motion of water molecules 

around Cys-140 in C-terminus, two important points must be taken into consideration: (i) 140 

is the last residue and hence is highly solvated, (ii) there are significant number of proline 

residues in C-terminus. The proline residues are known to participate in strong hydrogen 

bonding with water and are also known to act as osmoprotectant in a manner that does not 

significantly perturb the hydrogen bonded network of bulk water.79 

The contrasting nature of water molecules within different domains of  -synuclein 

might have important biological consequences, such as: (i) The bound water molecules in N-

terminal domain with a markedly different hydration timescales than other two domains might 
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have a specific and selective role in biomolecular recognition during -synuclein biomembrane 

interactions because hydration water is known to play a significant role in mediating protein-

ligand binding,60, 80 (ii) Although the ordered water molecules in NAC domain are anticipated 

to act as a driving force for -synuclein fibrillation (discussed above), the distinct timescale 

might also be tailored to its interaction with heat shock proteins which is known to inhibit -

synuclein fibrillation.41 (ii) The remarkably fast water dynamics around Cys-140 in C-

terminus, might have an important role to play in its biological function as a chaperone wherein 

C-terminus protects the hydrophobic NAC domain.46  

4.3.6 Hydration dynamics in the amyloid state of α-synuclein revealed the presence of 

highly restrained water around NAC domain  

According to the above discussion on entropic driving force for amyloid formation, the 

tendency of NAC domain to undergo intermolecular interactions is expected to be higher 

compared to other two domains since the intermolecular association would result in the 

entropic liberation of structured water molecules. In order to validate this hypothesis, we  

 

Figure 4.6 (A) AFM image of α-synuclein amyloid fibrils. The steady-state fluorescence (B) spectra and 

(C) anisotropy for acrylodan labeled Cys-78 α-synuclein in the monomeric and amyloid state, shown in blue 

and red, respectively. (D) The [C(t)] plot constructed from TCSPC data using time-zero from femtosecond 

experiments for acrylodan labeled Cys-78 α-synuclein in the monomeric (in blue) and amyloid (in red) state. 

TCSPC TRES for the amyloid state is shown as an inset. For TCSPC TRES for the monomeric state, see 

Figure 4.4D. 
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carried out the aggregation reaction using acrylodan labeled Cys-78 (For details, refer to 

Experimental Section). Upon fibril formation (Figure 4.6A), the emission maximum of 

acrylodan showed a huge blue shift of ~40 nm (from ~525 to ~495 nm) (Figure 4.6B).  

Additionally, an increase in fluorescence anisotropy was observed upon amyloid formation. 

Further, we carried out TRES measurements with these amyloid fibrils using TCSPC since we 

expected a nanosecond solvation component upon disorder-to-order amyloid transition, as 

observed for -casein fibrils (Chapter 3). The nanosecond component was indeed observed for 

-synuclein fibrils and the time-zero recovered from our TCSPC experiment was comparable 

to the time-zero obtained from our femtosecond experiments, which suggests that there is no 

loss or probably a very little loss of ~1-5% (considering the error associated with estimation of 

time zero from TCSPC due to poor time resolution) in solvation within the time resolution of 

our TCSPC setup. This further indicates that upon disorder-to-order amyloid transition: (i) the 

bulk water contribution drops significantly from ~75% in the monomeric state to ~1-5% in the 

amyloid state, (ii) there is increase in the contribution of ultraslow solvation component (>100 

ps) from ~15% in the monomeric state (for Cys-78) to ~50%. Taken together, these 

observations are clearly suggestive of the entropic release of ordered water molecules from 

NAC domain of -synuclein, upon disorder-to-order amyloid transition. Therefore, the 

presence of structured water in NAC domain re-emphasizes the importance of NAC domain in 

the context of -synuclein aggregation. 

4.4 Summary 

Our results provide novel insights into the potential role of water in -synuclein function and 

disease. In this work, we elucidate the behavior of water in intrinsically disordered -synuclein, 

aggregation of which underlies the pathogenesis in Parkinson’s disease. To the best of our 

knowledge, this is the first experimental study on the hydration dynamics of -synuclein in the 

monomeric state. Using ultrafast measurements, we have been able to detect the presence of 

ordered water molecules in the hydrophobic NAC domain of -synuclein that are strikingly 

different from the water molecules in other two domains. The presence of ordered water 

molecules in the hydrophobic NAC domain underscores its importance in -synuclein 

aggregation and provides important cues towards the designing of drugs for targeting 

Parkinson’s disease as hydration water is known to strongly influence protein-ligand 

interactions. Additionally, by probing the water structure in different domains of -synuclein 

under physiologically relevant condition, we have been able to identify the plausible 

differences in the secondary structure propensities within different regions. According to our 
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results, the NAC domain is anticipated to have a slightly compact local structure around it due 

to the presence of restrained water molecules.  

 

Figure 4.7 (A) α-synuclein in water. (B) Survival probability functions, C(t) and (C) Mean square 

displacemet (MSD) of water molecules in the α-synuclein hydration shell around three different sites. Linear-

log plot of (D) second-order reorientational time correlation function C(t) for all O-H bonds of water 

molecules in the hydration shell (Black line represents data corresponding to bulk water) and (E) protein-

water H-bond lifetime correlation functions, CHB(t). (F) A snapshot of hydration shell near Ala-78 and Ala-

90. Water molecules constituting hydration shell of those two residues are shown using bond representation 

(oxygen in red and hydrogen in white). Water molecules that are longer-lived (at least 200 ps) are 

highlighted. Peptide residues that are in proximity of those water molecules are shown using both surface 

and bond representations (polar/charged in cyan and non-polar in white). Protein-water H-bonds are shown 

using black dashed line. A number of residues that are in contact of long-lived water molecules are labeled.  

The MD simulations (data shown above) were carried out by Dr. Payel Das at IBM Thomas J. Watson 

Research Center, Yorktown Heights, NY USA. 

The slight compaction in the structure around the NAC domain is amenable to 

femtosecond time resolution and is sensed by the dynamic motion of water molecules present 

in the close proximity of the protein surface. It is possible that the specificity and selectivity of 

different domains in -synuclein function and disease is tailored to the differences in the water 

organization. In addition, we have performed atomistic molecular dynamics (MD) simulations 

of α-synuclein in explicit water to provide further insights into the structure and dynamics of 

surface water molecules and the simulation data very well corroborates our experimental data. 

The simulation data also showed the presence of ordered water cluster around 78 residue in 

NAC domain (See Figure 4.7). 
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5.1 Introduction 

Protein aggregation leading to amyloid formation is well-known for its association with a 

variety of deadly human diseases.1-7 However, the highly ordered cross β-sheet rich 

architecture of amyloid fibrils also offers a promising route for the fabrication of robust nano-

structures and is being increasingly recognized for a wide variety of applications, such as in 

bio-nanotechnology8-11 and food processing industry.12,13 Typically, protein aggregation is 

favored under conditions that reduce the stability of the native state of a protein and favor the 

protein-protein (intermolecular) interactions to form the critical aggregation nuclei.14 An 

enormous progress been made in the area of amyloid biology in the past few years, particularly 

in understanding the mechanism of amyloid formation.15,16 However, the precise mechanism 

of amyloid formation still remains elusive due to the complexity associated with the process 

arising mainly due to the involvement of a large number of factors that influence this process. 

In order to develop drug targets that can potentially disrupt the interactions that favor amyloid 

formation and to design novel protein/amyloid based nanomaterials, it is important to 

understand the underlying mechanism of fibrillation and the factors that predominantly 

influence this process. One of the important factors that can often trigger the association of 

proteins is the presence of surfaces with certain physicochemical features that favor 

aggregation by profoundly influencing the stability of the native state of a protein.17-18 The 

recruitment of proteins or peptides by synthetic or biological surfaces can result in the 

conformational transition of the native (functional) state to the non-native, aggregation prone 

(non-functional/pathological) state.17,18 Therefore, there is a growing interest in investigating 

the physicochemical characteristics of interaction between protein and synthetic or natural 

surfaces, and aggregation of protein on these surfaces, predominantly lipid bilayers. Lipid 

bilayer is the fundamental structural constituent of the biological membranes and is considered 

a two-dimensional liquid that provides a variety of environments, which can significantly 

influence the structure and dynamics of proteins. Protein-membrane interactions are believed 

to play a key role in protein misfolding.19-21 In fact, many of the pathological amyloid deposits 

have been found to interact with membranes thereby causing membrane disruption.22-30 Many 

of these pathological amyloids are often formed by intrinsically disordered proteins 

(IDPs).22,24,25 In order to investigate the role of membrane in the amyloid formation by many 

proteins including IDPs, the amphiphilic molecules such as sodium dodecyl sulfate (SDS), 

have been extensively used since they provide a membrane mimetic environment.31,32  
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In this study, we have investigated the influence of SDS as an anionic membrane 

mimetic on the fibrillation of a model amyloidogenic IDP, namely, bovine -casein. -casein 

is a milk protein and is a member of a protein family called caseins. Caseins belong to the 

functional class of IDPs known as scavengers.33 They are the major protein elements of 

mammalian milk and play an important role in the cellular uptake of calcium and phosphate 

ions.34,35 Additionally, caseins are well recognized for their capability to act as molecular 

chaperones.36-39 This chaperone behavior of caseins has significant industrial potential as by 

making use of this property, the texture and the stability of processed dairy and other high 

protein foods can be improved.39,40 The chaperone-like activity of αs1- and β-casein also has 

considerable physiological advantages in preventing the amyloid formation from two 

amyloidogenic caseins, αs2- and -casein, under physiological conditions.41-43 The amyloid 

formation by -casein is linked with mammary cancer in bovine.44,45 Since -casein is a milk 

protein, therefore, in order to understand the process of amyloid formation from -casein, it is 

important to consider the influence of other components of milk on amyloid formation. One of 

the important components of milk is lipids that comprise approximately 4% w/v of milk.46 In 

addition, the membrane of mammary epithelial cells is composed of phospholipid bilayer.47 

Therefore, studying the effect of lipids or lipid mimetics on -casein would be of physiological 

relevance in understanding the mechanism of -casein fibrillation. Here, we have used SDS, 

an anionic detergent, to mimic membrane environment in -casein fibrillation. In vitro protein 

aggregation studies have revealed that the kinetics of fibrillation is often altered in the presence 

of lipids/detergents.48,49 In many cases, they accelerate the fibrillation process.31,32 However, 

there are cases where they can have inhibitory effect on fibrillation.50,51 In case of -casein, 

SDS resulted in a drastic alteration in the aggregation mechanism pathway that -casein 

otherwise follows in the absence of any external agent. Additionally, in presence of SDS, 

mostly large oligomeric species were observed, that did not immediately convert into fibrils.   

5.2 Experimental Section 

5.2.1 Materials  

κ-casein (from bovine milk), dithiothreitol (DTT), iodoacetic acid, guanidinium chloride 

(GdmCl), Tris HCl, sodium chloride (NaCl), sodium dodecyl sulfate (SDS), 8-anilino-1-

naphthalenesulfonic acid ammonium salt (ANS) and sodium hydrogen phosphate (monobasic) 

were procured from Sigma (St. Louis, MO) and used as received. 5-((((2-

iodoacetyl)amino)ethyl)amino) naphthalene-1-sulfonic acid (IAEDANS) was purchased from 
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Molecular Probes, Invitrogen Inc. All solutions were prepared in Milli-Q water. The pH of the 

buffers was adjusted using a Metrohm pH meter at ∼25 °C. 

5.2.2 Circular dichroism (CD) measurements 

The CD measurements were carried out on Chirascan Spectrophotometer (Applied 

Photophysics, UK) using a 1 mm path length quartz cell, and the spectra obtained were 

corrected for buffer background signal. The buffer corrected spectra were then smoothened 

using Pro Data software.  

5.2.3 Steady-state fluorescence measurements  

For all the experiments, except for the data shown in Figure 5.1A, κ-casein was reduced and 

carboxymethylated (RCM) using DTT and iodoacetic acid using the protocol described 

previously52,53 and the stock solution of κ-casein was stored under denatured condition (6 M 

GdmCl in pH 7, 50 mM phosphate buffer). For Trp steady-state fluorescence and CD 

measurements, the protein stock was diluted into the native buffer (pH 7.2, 50 mM phosphate 

buffer) to obtain a final concentration of 20 μM. For SDS binding experiments, a fresh stock 

of 10 mM SDS was prepared in Milli-Q water and was used for making further dilutions. For 

AEDANS fluorescence measurements, reduced and denatured κ-casein was labeled with a 50 

M excess of IAEDANS under denatured condition (6 M GdmCl in pH 7.6, 100 mM Tris buffer, 

2 h at 37 °C). The labeled protein was then passed through a PD-10 column to remove excess 

dye and was further concentrated using AMICON ultra (3 kDa cutoff; from Millipore). The 

concentration of the labeled protein was estimated using ε337 = 6100 M-1 cm-1 for AEDANS.54 

The AEDANS labeled κ-casein was stored under denatured condition (6 M GdmCl in pH 7, 50 

mM phosphate buffer).  

All the steady-state fluorescence measurements were carried out on Fluoromax-4 (Horiba Jobin 

Yvon, NJ) at ~25ºC. The samples were excited at 295 nm (Trp), 450 nm (ThT) and 375 nm 

(ANS and AEDANS). The steady-state fluorescence anisotropies were measured at 350 nm 

(Trp) and 480 nm (ANS and AEDANS). The steady-state fluorescence anisotropy (rss) is given 

by the following relationship: 

𝑟𝑠𝑠 =
𝐼∥− 𝐼⊥𝐺

𝐼∥+ 2𝐼⊥𝐺
   (1) 

where I∥ and I⊥ are fluorescence intensities collected using parallel and perpendicular 

geometry, respectively. For Trp fluorescence kinetics measurements, -casein in native buffer 
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was taken as baseline and then SDS (100 M) was added to this solution. The SDS solution 

was manual mixed and the time of mixing was typically 5-10 seconds. For monitoring ThT and 

ANS fluorescence kinetics upon addition of SDS (100 M); ThT (20 M) and ANS (20 M), 

respectively were already present in the buffer containing -casein (20 M).   

5.2.4 Aggregation reaction 

The aggregation reaction was initiated using 200 µM of RCM -casein in 50 mM phosphate 

buffer (pH 7.2). The reaction mixture was continuously stirred at a speed of 300 rpm and the 

temperature was maintained at 37C. The aliquots (10 µM) were taken out at several time points 

and Trp fluorescence was measured. For measuring ThT and ANS fluorescence, 10 µM of ThT 

and ANS, respectively were added to the aliquots (10 µM) taken out from the aggregation 

mixture. All the final dilutions were made in 50 mM phosphate buffer (pH 7.2). For carrying 

out aggregation reaction with AEDANS labeled -casein, 20 µM of AEDANS labeled -casein 

was added to 180 µM of RCM -casein. The aliquots were taken out at different time points 

and AEDANS fluorescence (20 µM) was measured without any further dilution. The 

parameters used for fluorescence measurements are mentioned above. The fluorescence data 

at different points were then plotted and fitted with the following equation described previously 

for nucleation-dependent polymerization.55  

𝑦 = 𝑦0 +  
𝑎

1+exp(−
𝑥−𝑥0

𝑏
)
   (2) 

where y is the fluorescence at time x, y0 is the initial fluorescence value, x0 is the time when 

fluorescence reaches 50% of its maximum value, and a is the maximum fluorescence at 

stationary phase. The lag time is given by (x0−2b). 

5.2.5 Time resolved fluorescence measurements  

The fluorescence lifetime data were acquired using a time-correlated single photon counting 

(TCSPC) setup (Fluorocube, Horiba Jobin Yvon, NJ). The peak count was fixed to 10,000 and 

the excitation and emission polarizers were oriented at the magic angle (54.70). For time-

resolved fluorescence anisotropy measurements, the peak difference was 10,000 counts and the 

orientation of the emission polarizer was 00 and 900 with respect to the excitation polarizer for 

parallel fluorescence intensities (𝐼∥) and perpendicular fluorescence intensities (𝐼⊥), 

respectively. The emission monochromator for ANS was fixed at 480 nm with a bandpass of 

12 nm and 375 nm laser diode was used as excitation source. The instrument response function 
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(IRF) was collected using Ludox (colloidal silica). The width (FWHM) of IRF was ~250 ps. 

The fluorescence intensity decay curves were deconvoluted taking IRF into account using 

following equation: 

𝐼(𝑡) = 𝛴𝑖𝛼𝑖𝑒−𝑡/𝜏𝑖   (2) 

5.2.6 Atomic force microscopy (AFM) imaging  

AFM images were acquired on an Innova atomic force microscope (Bruker). The AFM was 

operated in tapping mode. For imaging, the silicon nitride cantilever probe with radius ~8 nm 

was used. The samples (typically diluted 1000-2000 fold with aggregation reaction buffer 

filtered through a 0.22 µm syringe filter) were deposited on a freshly cleaved muscovite mica 

(Grade V-4 mica from SPI, PA). The mica surface was incubated with the sample for 15-20 

min before washing it with filtered Milli-Q water and dried under a gentle stream of nitrogen 

gas. The images were collected in NanoDrive (v8.03) software at a resolution of 1024 x 1024 

pixels. The collected AFM images were further processed and analyzed using WSxM version 

4 develop 11.6 software.56 

5.3 Results and Discussion 

5.3.1 -casein aggregation under non-reducing and reducing conditions  

Under (native) physiological conditions, -casein exist as an ensemble of collapsed disordered 

globules. In order to follow how these collapsed globules of -casein coalesce to form 

amyloids, ThT fluorescence assay was used. Since -casein contains two cysteine residues that 

can potentially form intra- and inter-molecular disulfides, we carried out aggregation reaction 

using a high concentration of -casein (200 M), under reducing (using DTT as a reducing 

agent) as well as non-reducing conditions, to decipher the role of disulfides in -casein 

aggregation. A time-dependent increase in ThT fluorescence with a typical initial lag phase, 

was observed with the reduced form of -casein (Figure 5.1A). However, in the absence of 

reducing agent, no time-dependent change in ThT fluorescence was observed which suggests 

that intermolecular disulfide bonding prevents or slows down -casein fibrillation (Figure 

5.1A). This observation is in agreement with previous studies on -casein fibrillation.43 

However, the aggregation mechanism observed by us for RCM -casein is significantly 

different from the mechanism proposed previously.43,57 This sharp contrast could be due to 

early oligomer formation taking place when reaction is initiated from RCM -casein in native 
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buffer43,57 which cannot be the case in our studies as we are initiating the aggregation reaction 

by transfering the protein from the denatured state to the native buffer. 

 

Figure 5.1 Aggregation kinetics monitored using ThT fluorescence for (A) 200 M of -casein, with (red) 

and without (blue) DTT (1mM). (B) various concentrations of RCM -casein: 10 M (black), 20 M (red), 

30 M (blue), 40 M (pink) and 50 M (olive). 

Further, we carried out aggregation reaction with the reduced form of -casein (RCM -

casein), in a concentration-dependent manner, for a range of concentration, varying from 10 

M to 50 M. No change in ThT fluorescence over a very long period of time was observed, 

which suggests that -casein retains its monomeric state for atleast 20-25 h under normal 

physiological conditions (Figure 5.1B). 

5.3.2 Mechanism of -casein aggregation using multiple fluorescence probes 

We followed -casein aggregation using multiple fluorescent probes to discern the time-

dependent progression of the molecular events involved in -casein aggregation. Fluorescence 

spectroscopy being a highly sensitive and multi-parametric technique is quite extensively used 

for studying protein conformational and dynamical changes by making use of both intrinsic 

and extrinsic fluorophores.58 The steady-state fluorescence spectrum provides significant 

insights into the local environment around the fluorophore and information about an overall 

size of the protein can be obtained from steady state fluorescence anisotropy measurements.58 

Since -casein has two cysteines and a single Trp residue, in order to probe the conformational 

changes taking place during aggregation, we took advantage of Trp as intrinsic fluorophore 

and used AEDANS as extrinsic fluorophore by labeling the thiols of Cys residues with 

IAEDANS. All the probes showed the existence of a nucleation-dependent amyloid assembly 

pathway with a characteristic lag phase. The lag time and the rate constants for the aggregation 

reaction were recovered from the time-dependent plots of all the fluorescence readouts using 
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an equation mentioned previously55 for fitting a typical nucleation dependent polymerization 

curve (Figure 5.2). The lag time observed for all the fluorescence readouts was found to be 

comparable, except for ANS anisotropy. Additionally, the rate of time-dependent change (in 

the log phase) appeared to be similar for all the fluorescence readouts, except for ANS 

anisotropy. The similarity in the rates indicate that the structural reorganization, particularly in 

the region harboring Trp and Cys; and fibrillation occur simultaneously. The lag phase was 

shorter and the time-dependent increase in ANS fluorescence anisotropy was much slower 

during amyloid formation. ANS is a highly hydrophobic environment sensitive dye. The free 

form of ANS is almost non-fluorescent in water with an emission maximum at ~515 nm. 

However, it becomes fluorescent upon binding to hydrophobic pockets and undergoes a 

significant blue shift to ~475 nm which is mostly accompanied by a rise in intensity.59 Due to 

the ability of ANS to bind to hydrophobic regions/clusters, it is often used in aggregation 

studies to follow the initial oligomerization and growth steps during fibrillation.  

 

Figure 5.2 Aggregation kinetics monitored using (A) ThT fluorescence, (B) ANS fluorescence (C) Ratio 

Trp fluorescence intensity at 335 nm and 342 nm, (D) Trp fluorescence anisotropy, (E) AEDANS 

fluorescence anisotropy, and (F) ANS fluorescence anisotropy. (G) The lag time recovered from fitting the 

time-dependent fluorescence data shown in (A-F) using equation 2 (For details, refer to Experimental 

Section). 
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The monomeric form of -casein exists as an ensemble of collapsed disordered globules53 and 

hence has a very weak affinity for ANS. However, as these collapsed globules coalesce during 

aggregation process, an increase in ANS fluorescence anisotropy and fluorescence intensity 

along with a blue shift is observed. The shorter lag phase observed for ANS anisotropy is 

suggestive of faster oligomerization, whereas, a slower increase observed in the log phase is 

indicative of a slower overall growth process leading to fibrillation.54 After characterizing the 

mechanism of -casein fibrillation under physiological conditions (and in the absence of any 

external agent), we next embarked upon the studies aimed at understanding the effect of SDS 

on the fibrillation process.  

5.3.3 -casein binds to SDS in a concentration-dependent manner 

We followed SDS induced conformational changes in -casein, using CD and steady-state 

fluorescence.  Upon changing the concentration of SDS, changes in both CD and fluorescence 

attributes were observed. An increase in the ellipticity at 218 nm with respect to ellipticity at 

205 nm was observed with increase in SDS concentration (Figure 5.3A and B).  

 

Figure 5.3 (A) CD spectra for -casein with various concentration of SDS: monomer (black), 100 M (red), 

500 M (blue) and 900 M (olive). (B) The ellipticity ratio from CD data shown in panel A. The error bar 

is from independent set of experiments. (C) Trp and (D) ANS fluorescence spectra with color scheme same 

as panel A. The normalized Trp and ANS fluorescence spectra are shown as insets to C and D, respectively. 
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The CD signal at 205 nm and 218 nm predominantly corresponds to random coil and β-sheets, 

respectively. Thus, our CD data indicates that in the presence of SDS, α-helix or β-sheet 

formation takes place at the expense of random coil (Figure 5.3A and B). It is important to 

emphasize here that the concentrations of SDS that we have used in our experiments are below 

the critical micellar concentration (cmc) of SDS.  

Next, we monitored the changes in the fluorescence attributes of Trp which is present 

in Q/N-rich positively charged N-terminal domain. The Q/N-rich domain of -casein shares 

some resemblance with the amyloidogenic segment of yeast prion proteins.60-61 An increase in 

Trp fluorescence with a concomitant blue shift in the emission maximum was observed with 

increase in SDS concentration (Figure 5.3C). At higher concentration of SDS (>500 M), a 

drop in the fluorescence along with some precipitation was observed. However, this drop in 

the fluorescence was not associated with a red shift in the emission maximum and thus, it is 

likely to be either due to the precipitation or fluorescence quenching from the neighboring 

amino acid residues. We next monitored the changes in the hydrophobicity, taking place in the 

presence of SDS using ANS, which is a well-known hydrophobic environment reporter. An 

increase in ANS fluorescence, accompanied by a blue shift in the emission maximum was 

observed with an increase in SDS concentration and like Trp, at higher concentration of SDS 

(>500 M), a drop in ANS fluorescence along with some precipitation was observed. This set 

of data indicates that SDS-induced conformations have higher affinity towards ANS compared 

to the monomeric state. Since ANS gives us information about overall hydrophobicity, we 

speculate that in the presence of SDS, there is formation of some hydrophobic pockets or 

clusters where ANS is getting encapsulated. ANS molecules can potentially bind to SDS 

molecules. However, at the concentrations of SDS that we have used in our study, we did not 

see any ANS binding.  

Taken together, our data from CD and fluorescence suggest that -casein undergoes 

appreciable conformational change in the presence of SDS and this change appears to be SDS 

concentration dependent. Though both CD and fluorescence clearly indicated some 

conformational change in -casein in the presence of SDS, it was not clear whether -casein 

remains monomeric or forms higher order aggregates, akin to other IDPs. Since CD data 

indicated an increase in 218/205, we suspected the possibility of aggregation leading to β-sheet 

rich conformations in the presence of SDS since SDS-induced fibrillation has been previously 

reported for some IDPs.31-32, 62 Therefore, we next carried out fluorescence measurements with 

ThT which is a well-known amyloid marker dye.  
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5.3.4 -casein aggregates without a lag phase in the presence of SDS 

A high affinity for ThT was observed for SDS-induced conformations of -casein and this 

binding affinity for ThT was found to be highly concentration dependent (Figure 5.4). The 

strong dependence on the concentration of -casein as well as SDS was observed (Figure 5.4A 

and B). Thus, it is clear that -casein forms ThT active aggregates in the presence of SDS. In 

order to decipher the mechanism of SDS-induced aggregation, we followed the kinetics of this 

conformational change using ThT, Trp and ANS. All fluorescent probes indicated that SDS-

induced aggregation of -casein follows an isodesmic polymerization pathway (Figure 5.4D-

F) wherein aggregation occurs rapidly without any lag phase.63 The absence of a lag phase in 

SDS-induced aggregation suggests that the nuclei are formed immediately upon addition of 

SDS. This is clearly in sharp contrast with the nucleation-dependent amyloid assembly pathway 

observed for -casein fibrillation in the absence of SDS (Figure 5.2).  

 

Figure 5.4 ThT fluorescence spectra for (A) 1 M of -casein without (black) and with (i) 10 M (red) and 

(ii) 50 M (blue) of SDS. (B) 10 M of -casein without (black) and with (i) 100 M (red) and (ii) 500 M 

(blue) of SDS. (C) ThT fluorescence kinetics data for (i) 10 M (black) and (ii) 50 M (red) of -casein with 

500 M of SDS. (D) ThT, (E) Trp and (F) ANS fluorescence kinetics data for 20 M of -casein with 100 

M of SDS. 
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Thus, our results suggest that SDS acts as a conformational catalyst for -casein aggregation 

and induces a switch in the aggregation mechanism from a typical nucleation dependent 

polymerization60,63,64 (that requires a high concentration of -casein) to isodesmic 

polymerization (that does not require a high concentration of -casein). Interestingly, ThT and 

Trp fluorescence reached saturation much faster compared to ANS which suggests a slower 

growth for these aggregates, akin to the amyloid fibrils formed without SDS (See Section 

5.3.2). After confirming that -casein undergoes aggregation in the presence of SDS, we next 

compared the secondary structural and fluorescence attributes of the final conformation 

attained by the aggregates formed in the absence and in the presence of SDS. We refer to the 

aggregates formed under physiological conditions, in the absence of SDS, as amyloids as it has  

 

Figure 5.5 (A) CD spectra, (B) the ellipticity ratio obtained from CD data shown in panel A, (C) Normalized 

Trp fluorescence spectra, (D) Trp fluorescence anisotropy, (E) Normalized ANS fluorescence spectra, (F) 

ANS fluorescence anisotropy and (G) ANS fluorescence lifetime for monomer (black), Amyloid 

conformation (red) and SDS (100 M)-induced conformation (blue). 
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already been established in Chapter 3 that -casein forms amyloid fibrils under this condition 

and the aggregate conformation obtained in the presence of SDS has been referred to as SDS-

induced conformation. For comparison, we are only considering the aggregates formed with 

100 M SDS because the aggregates formed at higher concentration of SDS tend to phase out 

as a function of time. It is interesting to note that β-sheet content is higher for aggregates formed 

in the absence of SDS as is clearly visible from 218/205 (Figure 5.5A and B). In case of Trp 

fluorescence, though the extent of blue shift is similar for both type of aggregates, anisotropy 

is much higher for SDS-induced conformation of aggregates (Figure 5.5C and D). This 

indicates that the structure around Trp is much more rigid in case of aggregates formed in the 

presence of SDS. This plausibly suggests that SDS molecules neutralize the positive charge in 

N-terminal domain that harbors Trp and is also rich in aggregation prone Q and N residues. 

The neutralization of charge in N-terminal domain might lead to favorable chain-chain 

interactions as a result of which aggregation process gets accelerated. After Trp, we next 

compared ANS fluorescence characteristics of both the aggregates. The aggregates formed in 

the presence of SDS showed much lower ANS binding as is clear from the fluorescence 

anisotropy and lifetime data (Figure 5.5 E-G). The lower ANS binding for the aggregates 

formed in the presence of SDS is probably associated with the lower content of ordered β-sheet 

structures, compared to the aggregates formed without SDS. Thus, our ANS corroborates CD 

data very well. After gaining significant insights into the conformational attributes of the 

aggregates formed under two different solution conditions, we next performed atomic force 

microscopy (AFM) imaging to discern the nanoscale morphology of these aggregates. 

5.3.5 Insights into the nanoscale morphology of aggregates 

 Atomic force microscopy (AFM) is quite extensively used for imaging the nanoscale 

topography of protein aggregates.54, 65-68 Using AFM, we could clearly see the differences in 

the aggregates formed in the presence/absence of SDS. In the absence of SDS, we observed 

long thread-like amyloid fibrils of 6-7 nm in height. The height profiles of these fibrils observed 

in AFM images collected at different time points in the log phase of aggregation are shown in 

Figure 5.6(A-C). In the presence of SDS, AFM imaging revealed a heterogeneous co-existence 

of small and large-sized spherical oligomers (Figure 5.6(D-F)). Mostly, large sized oligomers 

ranging from 20-60 nm were observed. Though we could not detect the formation of amyloid 

fibrils from these oligomeric species, we do not completely rule out the possibility of fibril 

formation upon a much longer incubation of few weeks to few months. Previous studies on -
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casein aggregation have proposed that the rate determining step in -casein fibrillation is the 

dissociation of larger oligomers into monomeric species.44 Since in the presence of SDS, 

mostly large oligomers were observed, it is possible that these oligomers being quite stable 

require a much longer time to dissociate into smaller amyloidogenic species. As a result, fibril 

formation does not occur immediately or within few days. These oligomers can be therefore 

referred to be as off-pathway oligomers. On the contrary, in the absence of SDS, since the 

oligomers formed are much smaller in size (3-6 nm) and probably much more amyloidogenic 

than the larger species, the fibril formation is much more facile. Hence, these oligomers can be 

called as on-pathway oligomers. 

Figure 5.6 AFM images along with the height profiles of -casein (A-C) amyloid fibrils formed without 

SDS and (D-F) spherical oligomeric aggregates formed in the presence of SDS (100 M). 

 

Collectively, our studies indicate that in the absence of SDS, -casein aggregation occurs at a 

high concentration and follows a nucleation-dependent polymerization pathway. In the 

presence of SDS, a switch in the aggregation mechanism from nucleation-dependent 

polymerization to isodesmic polymerization, is observed. The alteration in the aggregation 
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mechanism also leads to alteration in the morphology of the final aggregate species formed in 

these two cases, suggesting that the morphology of the protein aggregates might be very 

strongly coupled to the mechanism of aggregation (Figure 5.7). Since -casein is readily 

available and easy to isolate from milk, therefore, by making use of lipid mimetics/surfactants, 

we can control the aggregation pathway of -casein and modulate the morphology of the 

aggregates and accordingly, utilize them for various bio-nanomaterials applications. In fact, 

the fibrillar -casein has been used in the past for the encapsulation and controlled delivery of 

retinoic acid, which was used to promote the differentiation of neuronal cells.69  

 

 

Figure 5.7 Schematic showing two distinct pathways of aggregation followed by -casein. (A) Nucleation-

dependent polymerization occurring at high concentration leads to fibril formation. (B) Isodesmic 

polymerization occurring at low protein concentration, in the presence of SDS, leads to the formation of 

large spherical oligomeric species. 

 

5.4 Summary 

Here, we have shown the effect of a well-known lipid mimetic, sodium dodecyl sulfate (SDS) 

on the mechanism of aggregation of an amyloidogenic IDP, namely, bovine -casein using a 

variety of biophysical tools. The deposition of amyloids formed by -casein is linked with 

mammary cancer. The amyloid formation from -casein followed a nucleation dependent 

polymerization in the absence of SDS, as shown in Chapter 3. In the presence of SDS (sub-

micellar concentration), a drastic change in the aggregation kinetics and a switch in the 

mechanism was observed. Additionally, the morphologies of the aggregates formed in the 

absence and presence of SDS were found to be different. Without SDS, fibril formation 
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occurred, whereas, in the presence of SDS, mostly large spherical oligomers were observed. 

The fibrillar species formed without SDS have higher β-sheet content compared to the spherical 

oligomeric species formed in the presence of SDS. The formation of large spherical oligomeric 

species formed in the presence of SDS may have a protective role since these oligomeric 

species do not readily convert into amyloid fibrils and it has been proposed that in case of -

casein fibrillation, the dissociation of large oligomeric species is the rate determining step. The 

interaction of -casein with SDS may have physiological relevance as SDS being a membrane 

mimetic is able to mimic the role of lipids found in milk and milk ducts. Additionally, our 

studies suggest that the morphology of the protein aggregates can be modulated using 

surfactants and can be utilized for the designing of novel protein/amyloid based nanomaterials. 

Thus, the insights gained from our studies on fibrillation mechanism of -casein holds promise 

in the designing of exotic bio-nanomaterials with desired properties. Further studies using other 

casein proteins, lipids and sugars found in milk would provide a better understanding of the -

casein fibrillation mechanism, and would be of value to the food industry as well as provide 

insights into how -casein is retained in the monomeric form and fibrillation is prevented inside 

the mammary glands of bovine.  
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6.1 Introduction 

Amyloid fibrils are ordered protein aggregates and are characterized by a cross-β motif which 

is comprised of β-strands that run perpendicular to the fibril axis and are arranged in hydrogen-

bonded ribbon-like β-sheets.1–7 The conversion of soluble monomeric protein into intractable 

amyloid aggregates is implicated in a multitude of human disorders that include Alzheimer’s 

disease, Parkinson’s disease, type II diabetes, and the spongiform encephalopathies.8–16 Owing 

to the extraordinary supramolecular architectural characteristics possessed by these amyloids, 

they are not just limited to diseases but have also been discovered in living organisms to 

perform an array of important biological functions.17–19 In addition, the robust mechanical 

strength possessed by amyloids makes them attractive candidates for nanotechnological 

applications as bionanomaterials.20–23 On the pathway of amyloid formation, various 

intermediates with different morphologies have been observed. An increasing body of evidence 

suggests that these oligomeric intermediates might be more cytotoxic than the matured 

fibrils.15,24 The morphology of these intermediates dictates the toxicity of the amyloid species 

and various morphologies have been observed for oligomeric as well as fibrillar species. The 

annular pore-like nanostructures are one of the most commonly observed morphologies that 

have been shown to exert cytotoxic effects in neurodegenerative diseases by virtue of 

disrupting the biological membranes.25–31 Thus, the morphologies of these oligomeric 

intermediates might play a very crucial role in the pathogenesis of amyloid diseases. Therefore, 

understanding the morphological as well as conformational characteristics of the oligomeric 

intermediates and the underlying molecular mechanism of amyloid formation is important not 

only for designing better therapeutics to target amyloid disorders but also for developing novel 

bionanomaterials. Most proteins, if not all, are capable of undergoing structural transition from 

their native state to amyloid fibrils under certain experimental conditions in vitro, suggesting 

that the amyloid formation might be a generic property of polypeptides.16 The mechanism of 

amyloid formation has been investigated in a variety of model proteins such as lysozyme, β-

lactoglobulin, β2-microglobulin, insulin, islet amyloid polypeptide and serum albumins.31–40 

Amongst these proteins, human serum albumin (HSA) is an all α-helical protein and has been 

considered a good model system for protein aggregation studies due to its propensity to easily 

aggregate under in vitro conditions. 

HSA is a single polypeptide chain consisting of 585 amino acids and is composed of three 

homologous domains I–III and each domain has two sub-domains, A and B (Figure 6.1A).41,42 

It has physiological importance as a carrier protein in transporting fatty acids, drugs and other 
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organic compounds in the circulatory system.41,43 Several studies on HSA have shown that 

varying certain conditions like pH, ionic strength, and temperature can have a drastic effect on 

the native structure of HSA, for example, low pH and high temperature lead to the 

destabilization of its native structure.44–47 The higher temperature mimics the heat stress 

condition that leads to heat shock or unfolded protein response which results in protein 

aggregation and imbalance of protein homeostasis.48 Also, the high temperature provides 

protein molecules with a sufficient amount of energy to overcome the high activation barrier 

thereby accelerating the aggregation reaction and making it more accessible to the laboratory 

timescale. In the case of a multi-domain protein like HSA, the increase in temperature might 

lead to partial destabilization of its well-organized native structure. The resultant partially 

destabilized state might have resemblance with the disordered state of proteins having a higher 

propensity to self-assemble than the native form that otherwise lacks any structural attributes 

that suggest predilection towards amyloid formation.9,49–51 HSA aggregation has been 

investigated under different pH, temperature and solution conditions using a variety of tools.52–

56 However, an in-depth molecular insight into the structural transition from an α-helical native 

to cross β sheet-rich amyloid state via oligomeric intermediates still remains elusive. In this 

work, we have utilized steady-state as well as time-resolved fluorescence spectroscopy, circular 

dichroism and atomic force microscopy to unravel the mechanism of HSA fibrillation. Efforts 

were directed towards elucidating the protein conformational - and size changes as a function 

of time with an emphasis on delineating the key structural transitions in a domain-specific 

manner. Additionally, Raman spectroscopic measurements at various aggregation stages 

provided a wealth of structural insights into alterations in the protein backbone amides and side 

chain residues as a function of amyloid assembly. 

6.2 Experimental Section 

6.2.1 Materials 

Albumin from human serum (HSA), 8-anilino-1-naphthalenesulfonic acid ammonium salt 

(ANS), thioflavin-T (ThT), and sodium hydrogen phosphate (monobasic) were obtained from 

Sigma (St. Louis, MO). 6-Acryloyl-2 (dimethylamino) naphthalene (acrylodan) and 5-((((2-

iodoacetyl)amino)ethyl)amino) naphthalene-1-sulfonic acid (IAEDANS) were procured from 

Molecular Probes, Invitrogen Inc. Milli-Q water was used for the preparation of all solutions. 

The pH of the buffers was adjusted to ~7.4 using a Metrohm pH meter at ~25 0C. 
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6.2.2 Aggregation reaction 

The HSA stock solution was prepared in 10 mM phosphate buffer (pH 7.4). The accurate 

protein concentration was estimated by measuring the absorbance at 280 nm using a molar 

absorption coefficient (ε) of 35219 M-1 cm-1.52 For the aggregation reaction, the stock solution 

was diluted using the same buffer containing 50 mM NaCl to a final protein concentration of 

100 µM. The resultant solution was heated at 65 ± 2 0C in a heating block, preset at the required 

temperature under quiescent conditions. Aliquots were taken out at regular intervals for the 

kinetics measurements. For aggregation studies using labeled HSA, the labeled protein 

concentration was 5% of the total protein concentration (100 µM) in the aggregation reaction 

mixture. 

6.2.3 Arrhenius plot 

In order to monitor the temperature dependence of the aggregation reaction using ThT 

fluorescence, the reaction was carried out at 55 0C, 65 0C, 70 0C and 75 0C. ThT fluorescence 

observed under different temperature conditions could be fitted to single exponential. The 

activation energy was obtained using the Arrhenius equation, 

𝑘 = 𝐴𝑒𝑥𝑝(
−𝐸𝑎

𝑅𝑇
)    (1) 

where A is the pre-exponential factor, T is the absolute temperature, R is the universal gas 

constant and Ea is the activation energy. The slope of ln(k) versus 1/T plot yielded the activation 

energy (Ea) for the reaction. 

6.2.4 Circular dichroism (CD) measurements 

The CD spectra were acquired using a Chirascan Spectrophotometer (Applied Photophysics, 

UK) in a 1 mm path length quartz cell with a scan range of 200-260 nm and 1 nm as step size. 

The spectra were corrected for the buffer signal and were plotted in Origin 8.5 software. 

6.2.5 Atomic force microscopy (AFM) imaging  

AFM images of oligomers and amyloid fibrils were acquired on MultiView 2000TM instrument 

(Nanonics Imaging Ltd, Jerusalem, Israel) operating in intermittent contact mode based on the 

phase feedback technique. For AFM imaging, the aliquots were withdrawn after 10 min and 2 

h. The sample withdrawn after 10 min was diluted 4000-fold and the one which was withdrawn 

after 2 h was diluted 2000-fold using an aggregation reaction buffer filtered through a 0.22 µm 

syringe filter. The sample (10 µL in volume) was deposited on freshly cleaved and buffer-
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washed muscovite mica (Grade V-4 mica from SPI, PA). The mica surface was incubated with 

the sample for 20 min before washing it with filtered Milli-Q water and dried under a gentle 

stream of nitrogen gas. AFM scanning was performed under ambient environmental conditions 

using a Cr-coated cantilevered glass probe of diameter ~10 nm oscillating at a resonance 

frequency of ~32 kHz. AFM height images of 400 × 400 pixels in resolution, covering areas of 

10 µm × 10 µm were collected with a sample delay of 4 ms. Smaller areas (2.5 µm × 2.5 µm 

or 1.45 µm × 1.45 µm) were scanned to image finer morphological features. The AFM images 

were acquired using the Quartz software (provided with MultiView) and were processed using 

the WSxM software provided with our AFM instrument. 

6.2.6 Fluorescence labeling of HSA with acrylodan and IAEDANS 

The labeling of the free cysteine in domain I with acrylodan and IAEDANS was carried out 

separately in 10 mM phosphate buffer (pH 7.4) according to the protocol described 

previously.57 Briefly, acrylodan/IAEDANS and HSA were mixed in a 10 : 1 molar ratio and 

allowed to stir in the dark for 24 h at room temperature. Stock solutions of acrylodan (in 

acetonitrile) and IAEDANS (in dimethyl sulfoxide (DMSO)) were prepared freshly. The 

labeled protein was then passed through a PD-10 column to remove any unreacted dye and was 

further concentrated using AMICON ultra (30 kDa cutoff; from Millipore). Finally, the 

reaction mixture was dialyzed against 10 mM phosphate buffer (pH 7.4) over a 4 day period at 

4 0C; with buffer change after every 12 h. The concentration of the labeled protein was 

estimated using ε365 = 12800 M-1 cm-1, for acrylodan58 and ε337 = 6100 M-1 cm-1 for 

AEDANS.59 Steady-state fluorescence measurements. All the steady-state fluorescence 

measurements were performed on a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon, NJ) 

at ~25 0C. The aliquots of the protein sample were taken out at different time intervals and were 

diluted 5-fold in 10 mM phosphate buffer (pH 7.4) for all the steady-state fluorescence 

measurements, except for the AEDANS-labeled protein. The AEDANS samples were not 

diluted before the fluorescence measurements. The samples were excited at 295 nm (Trp), 350 

nm (ANS), 360 nm (acrylodan), 337 nm (AEDANS) and 450 nm (ThT). The concentration of 

ANS and ThT used for ANS and ThT binding experiments, respectively, was 10 µM. The 

steady-state fluorescence anisotropies were measured at 350 nm (Trp), 470 nm (ANS), 500 nm 

(acrylodan) and 475 nm (AEDANS). The steady-state fluorescence anisotropy (rss) is given by 

the following relationship:60,61 

𝑟𝑠𝑠 =
𝐼∥− 𝐼⊥𝐺

𝐼∥+ 2𝐼⊥𝐺
    (2) 



Chapter 6: Appearance of annular rings during HSA fibrillation 

141 
 

where 𝐼∥ and 𝐼⊥ are fluorescence intensities collected using parallel and perpendicular 

geometry, respectively. The perpendicular components were always corrected using a G-factor. 

6.2.7 Time-resolved fluorescence measurements  

All the time-resolved fluorescence data were acquired using a time-correlated single photon 

counting (TCSPC) setup (Fluorocube, Horiba Jobin Yvon, NJ). For fluorescence lifetime 

measurements, the peak count was fixed to 10,000 and the excitation and emission polarizers 

were oriented at the magic angle (54.70). For time-resolved fluorescence anisotropy 

measurements, the peak difference was 10,000 counts and the orientation of the emission 

polarizer was 00 and 900 with respect to the excitation polarizer for parallel fluorescence 

intensities (𝐼∥) and perpendicular fluorescence intensities (𝐼⊥), respectively. The emission 

monochromator for AEDANS was fixed at 500 nm with a bandpass of 4 nm. The 375 nm laser 

diode was used as a light source for the excitation of AEDANS. The instrument response 

function (IRF) was collected using Ludox (colloidal silica). The width (FWHM) of IRF was 

~250 ps. The anisotropy decays were analyzed by globally fitting 𝐼∥(𝑡) and 𝐼⊥(𝑡).60 Briefly, the 

fluorescence intensity decay curves were deconvoluted taking IRF into account using 

𝐼(𝑡) = 𝛴𝑖𝛼𝑖𝑒−𝑡/𝜏𝑖   (3) 

where αi and τi represent the contributions and lifetime of the different lifetime 

components, respectively. The fitted parameters were then used as input for the anisotropy 

decay analysis and 𝐼∥(𝑡) and 𝐼⊥(𝑡) were fitted using: 

𝐼∥(𝑡) =
𝐼(𝑡)[1+ 2𝑟(𝑡)

3
   (4) 

𝐼⊥(𝑡) =
𝐼(𝑡)[1− 𝑟(𝑡)

3
   (5) 

where 𝐼∥(𝑡) and 𝐼⊥(𝑡) represent the parallel and perpendicular fluorescence intensities, 

respectively. I(t) represents the fluorescence intensity at magic angle (54.70) and r(t) is the 

anisotropy decay function. The perpendicular fluorescence intensities were corrected for G-

factor which was obtained for AEDANS using ANS in 100% ethanol. The anisotropy decays 

were then analyzed using a biexponential anisotropy decay function that describes the fast 

(local) and slow (global) motion of a fluorophore.60,62 

𝑟(𝑡) = 𝑟0[𝛽𝑓𝑎𝑠𝑡 exp (−
𝑡

𝛷𝑓𝑎𝑠𝑡
) + 𝛽𝑠𝑙𝑜𝑤 exp (−

𝑡

𝛷𝑠𝑙𝑜𝑤
)]   (6) 
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where r(0) represents the intrinsic anisotropy of a fluorophore; Φfast and Φslow represent the fast 

and slow rotational correlation times, respectively, with βfast and βslow as their respective 

amplitudes. For estimating r(0) for all the fluorophores, the fluorophores were taken in 100% 

glycerol and the decays were collected. The r(0) so obtained was used for analyzing the 

anisotropy data with a window of ± 0.005. The slow correlation time represents the global 

motion of a fluorophore and hence can be used for estimating the size of a molecule using the 

Stokes–Einstein relationship given by 

𝛷𝑠𝑙𝑜𝑤 =
𝜂𝑉

𝑘𝐵𝑇
   (7) 

where η is the viscosity, kB is the Boltzmann constant, T is the temperature which was 

kept as 25 0C for all the experiments and V is the molecular volume given by V = (4/3)πRh
3 

where Rh is the hydrodynamic radius of the molecule.  

6.2.8 Raman spectroscopy 

Raman spectra of the samples were collected on an inVia Raman microscope with 1800 

scattering geometry (Renishaw, UK). The samples were prepared freshly. The aliquots were 

withdrawn at regular time intervals and the samples were precipitated with acetone (100% v/v). 

The precipitates were then deposited on a glass slide covered with aluminium foil. A HPNIR 

laser with 785 nm wavelength was used as an excitation source and focused into the sample 

spot using a 50 × objective lens (Nikon, Japan). The scattered light was collected through the 

same objective and was allowed to pass through an edge filter (785 nm) in order to remove the 

Rayleigh scattering. A 1200 l per mm grating was used for the dispersion of the scattered light 

and the signal was finally detected using an air-cooled CCD detector. The data acquisition was 

done using Wire 3.1 software provided with our Raman spectrometer. All the spectra were 

averaged over 50 scans with an exposure time of 10 s for the spectral range 400-2500 cm-1, 

1600-1700 cm-1 and 1200-1300 cm-1. All the data were corrected for tilt in the baseline using 

the cubic spline interpolation method and smoothened in Wire 3.1 software. The baseline 

corrected and smoothened Raman spectra were plotted in Origin 8.5 software. The 

deconvolution of Raman spectra was done in Origin 8.5 software as described in our previous 

publication.63 The spectral range for the estimation of the secondary structure content was 

1620-1700 cm-1 (amide I) and 1220-1300 cm-1 (amide III). The peaks were first analyzed by 

the peak analyzer option in Origin 8.5 software. Mainly three bands were observed at 1640-

1700 cm-1 and 1220-1300 cm-1 that correspond to α-helix (1645-1654 cm-1, 1264-1272 cm-1), 

β-sheet (1665-1674 cm-1, 1230-1240 cm-1) and coils, turns or extended conformation (1680-
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1690 cm-1, 1245-1255 cm-1). These bands were then fitted using multiple peak-fitting with the 

Gaussian function. 

6.3 Results and Discussion 

6.3.1 Kinetics of amyloid fibril formation and secondary structural changes 

The progression of HSA fibrillation at high temperature was monitored by thioflavin-T (ThT) 

which is a well-known amyloid marker.64 A sharp increase in ThT fluorescence, devoid of any 

lag phase, was observed within 1 h of incubation indicating a rapid structural transition from 

the native α-helical state to the amyloidogenic state (Figure 6.1B). Typically, amyloid 

formation via the nucleation-dependent polymerization mechanism exhibits a lag phase 

followed by an assembly phase.14,50 The absence of a lag phase in HSA fibrillation suggests 

that the nuclei are formed immediately upon incubation at high temperature which is in contrast 

to that observed during a nucleation-dependent amyloid assembly. This observation might 

indicate a ‘‘downhill polymerization’’ mechanism50 and is in agreement with the previous 

reports on HSA fibrillation.52 However, the reaction rate observed by us was faster. A single 

exponential fit of the time-course of ThT fluorescence was adequate to describe the fibril 

formation kinetics suggesting a quasi-two-state transition. Additionally the observed rate of 

fibrillation, monitored by ThT fluorescence, increased with an increase in temperature and a 

linear Arrhenius plot was obtained (Figure 6.1C). The activation energy estimated (eqn (1) in 

Experimental Section) from the slope of the Arrhenius plot was found to be ~157 kJ mol-1 

(~37.5 kcal mol-1) which is higher than that of bovine serum albumin.65 

The CD spectrum of native HSA shows two minima at 208 and 222 nm indicating the 

characteristics of an α-helical conformation and is consistent with its crystal structure.41,42 As 

the aggregation reaction progressed, a significant decrease in the ellipticity at 222 nm (θ222) 

was observed (Figure 6.1D).We also observed an increase in θ215/θ222 and θ205/θ222 as a function 

of time that signified the emergence of β-sheet and disordered structures, respectively, at the 

expense of the α-helices during amyloid formation. The CD signature of the amyloid fibrils 

remained unchanged even after prolonged incubation at room temperature. Next, AFM imaging 

was performed to gain insights into the nanoscale morphology of early oligomeric 

intermediates and amyloid fibrils.  
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Figure 6.1 (A) The crystal structure of human serum albumin (PDB ID: 1UOR) generated using PyMol 

(DeLano Scientific, CA). The disulfides, tryptophan (in domain II) and the free cysteine (in domain I) are 

shown in cyan, green and yellow, respectively. The amyloid formation kinetics monitored by (B) ThT 

fluorescence and (D) CD. The continuous black lines through the data points represent the fits obtained using 

a single-exponential kinetic model (the inset in both the figures shows the spectra for zero time point (black) 

and final time point (red) of fibrillation). (C) Arrhenius plot (ln k versus 1/T) showing temperature 

dependence of HSA aggregation. The activation energy calculated from the slope of the plot was ∼157 

kJ/mol (∼37.5 kcal/mol). 
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6.3.2 Nanoscale morphological transitions 

Atomic force microscopy (AFM) is a non-invasive and chemical free imaging technique which 

has emerged as a promising tool for investigating nanoscale topographical features of protein 

amyloids.66–68  

 

Figure 6.2 AFM images and the height profiles of (A) oligomeric ring-like structures formed after 10 min 

(2.5 mm × 2.5 mm area) and (C) worm-like fibrils formed after 2 h incubation at 65 0C (1.45 mm × 1.45 mm 

area). The 3D images of (B) a single ring-like structure and (D) fibrils show the topography of the observed 

morphologies. (E and F) The AFM line-profiles of the images are shown in height plots. (G–I) The AFM 

images showing transition of oligomeric ring-like structures (with figure G insets showing the individual as 

well as annealed ring-like structures) to worm-like fibrils (with figure H and I insets showing the transition 

from ring-like intermediates to fibrils). 

In our study, we utilized AFM in a time-dependent manner to visualize the 

morphologies of early oligomeric species and their subsequent transition to matured fibrillar 

species (Figure 6.2). Therefore, prior to incubating the sample at elevated temperature, AFM 

imaging was performed. We observed small spherical particles of heights ranging from 2-4 nm 

and upon statistical analysis, a unimodal height distribution centered at ~2.5 nm was obtained 

(Figure 6.3A and C) indicating that even at 100 µM concentration, HSA remained 

predominantly monomeric. Upon incubation at higher temperature, AFM imaging revealed a 

heterogeneous co-existence of nanoscopic ring-like aggregates and protofibrils (Figure 6.2A 

and Figure 6.3B).  
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Figure 6.3 AFM images of (A) zero time point (0 minute) sample and (B) early oligomers/protofibrils (10 

minute). The statistical height distributions of (C) zero time point (0 minute) sample and (D) oligomers (10 

minute). 

The statistical analysis of the topography of ring-like species revealed a height range of 

2-8 nm (Figure 6.3D), similar to that of protofibrils (Figure 6.4), and an inner diameter of 30-

50 nm (Figure 6.4). The 3D image of a single ring has been shown for clarity (Figure 6.2B). It 

is possible that the smaller rings anneal to form protofibrils (Figure 6.2G inset) that 

subsequently anneal to form bigger rings. At later stages of aggregation (≥ 2 h), a mixed 

population of crescent-shaped intermediates, sliced rings and worm-like fibrils was observed 

(Figure 6.2C, H and I and insets). Such morphological diversity among HSA aggregates in 

addition to a predominant population of worm-like fibrils suggested that probably, the early 

ring-like intermediates unravel to form curly worm like fibrils (Figure 6.2H and I and insets). 

The height of these fibrils ranged between 3 and 6 nm and the average diameter for the sliced 

rings was 40-50 nm. These fibrils do not undergo any further growth and sliced rings were 

evident even after prolonged incubation (Figure 6.4A). Therefore, a careful investigation of 

HSA aggregation using AFM indicated a complex process comprising a time-dependent, 

stepwise evolution of morphologically-diverse nanoscopic species on the pathway to amyloid 

fibrils. At first, the predominantly monomeric HSA molecules associate and transform into 

ring-like oligomeric intermediates that are apparently metastable. Subsequently, these ring-like 

species undergo further transition to worm-like fibrils presumably, by a ring-opening 

mechanism. The proposed mechanism might hold true for many disease-related proteins that 

form ring-like nanostructures in the intermediate stages of amyloid aggregation.27–31 
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Figure 6.4 AFM images of (A) matured HSA fibrils formed upon prolonged incubation (for one month at 

room temperature) and (B) individual rings (along with their height profiles). The height profiles of the 

individual rings were analyzed using WSxM software. 

6.3.3 Conformational and dynamical changes during amyloid formation 

After establishing the morphological characteristics of various nanoscopic species en-route to 

HSA amyloid fibrillation, next we embarked upon probing the protein structural changes using 

fluorescence spectroscopy with an emphasis on delineating the conformational changes in 

various domains. Fluorescence spectroscopy is a highly sensitive and multi-parametric 

technique for studying protein conformational and dynamical changes in a site-specific manner 

whereby intrinsic and/or extrinsic fluorophores can be employed. The steady-state fluorescence 

spectrum provides insights into the local environment around the fluorophore whereas the 

steady state fluorescence anisotropy provides information about an overall size of the protein 

with a presumption that the overall size changes predominate over the local dynamics.60,61 HSA 

contains a free cysteine (Cys 34) in domain I and a single tryptophan (Trp 214) in domain II 

(Figure 6.1A).41–43 In order to probe the conformational changes around domain I during HSA 

fibrillation, the free thiol group of Cys 34 was covalently modified with two distinct extrinsic 

fluorophores namely, acrylodan and IAEDANS whereas the conformational changes around 

domain II were probed by Trp which is an intrinsic fluorophore. Additionally, time-resolved 
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fluorescence decay measurements provided quantitative estimates about the average sizes of 

the HSA aggregates. 

6.3.4 Structural changes in domain I  

The local conformational changes in domain I were monitored by acrylodan (covalently 

attached to Cys 34) due to its high sensitivity towards the micro-environment.69 An increase in 

acrylodan fluorescence with a concomitant blue shift in emission maxima of ~22 nm (from 499 

nm to 477 nm; Figure 6.5A and B) suggested that the region near Cys 34 gets buried into the 

hydrophobic environment during aggregation. The emergence of more hydrophobic regions in 

HSA aggregates could be due to non-specific association between thermally-unfolded, 

disordered structures. The sequestration of Cys 34 into hydrophobic regions is also 

accompanied by an enhancement in the aggregate size since an increase in the acrylodan 

fluorescence anisotropy was observed during HSA fibrillation (Figure 6.5C). We also 

monitored the steady-state fluorescence anisotropy kinetics of AEDANS (covalently attached 

to Cys 34 in domain I) since it has a longer fluorescence lifetime (≥ 10 ns) and therefore, is 

more sensitive to the overall size-growth of aggregates.70 As aggregation progressed, the 

AEDANS fluorescence anisotropy showed a time-dependent increase indicating the formation 

of large-sized aggregates and hence, corroborated the acrylodan anisotropy data (Figure 6.6A). 

 

Figure 6.5 (A) Acrylodan (covalently attached to Cys 34) fluorescence at three different time points of 

aggregation. (B) Normalized fluorescence of acrylodan shows blue shift of 22 nm in the emission maximum 

from zero time point (0 minute) to final time point (120 minute). (C) The steady-state fluorescence anisotropy 

of acrylodan at three different time points. 
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Figure 6.6 Kinetics of amyloid formation monitored by (A) AEDANS covalently attached to the free 

cysteine and (B) Trp steady-state fluorescence anisotropy. The continuous black lines through the data points 

represent the fits obtained using a single-exponential kinetic model. (C) Time-resolved fluorescence 

anisotropy decay for AEDANS at three different stages of aggregation. The red lines represent the bi-

exponential anisotropy decay fits using eqn (6) (see Table 6.1 for the recovered parameters associated with 

depolarization kinetics). 

6.3.5 Structural changes in domain II 

Investigations into the structural changes in domain II utilizing Trp 214 fluorescence revealed 

a drop in the fluorescence intensity along with a blue shift of ~10 nm (from 340 nm to 330 nm) 

in the emission maxima (Figure 6.7A). The blue shift indicates that during aggregation Trp 214 

gets relocated into a more hydrophobic environment and the nearby residues such as histidines 

and cystines probably quench its fluorescence resulting in a drop in the intensity. Additionally, 

changes in Trp fluorescence indicate changes in the tertiary structure during aggregation. Next, 

we monitored the steady-state fluorescence anisotropy of Trp 214 which increased as a function 
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of time, suggestive of the formation of larger aggregates and hence, reaffirmed the acrylodan 

and AEDANS anisotropy results (Figure 6.6B). Next, in order to investigate the changes in 

hydrophobicity of HSA during amyloid aggregation, alterations in ANS (non-covalently 

bound, extrinsic probe) fluorescence intensity were monitored as a function of time since ANS 

is a well-known hydrophobic environment reporter.71,72 

 

Figure 6.7 (A) Trp and (B) ANS fluorescence spectra at different time points of aggregation. The kinetics 

of amyloid formation monitored by (C) ANS fluorescence intensity, (D) ANS steady-state fluorescence 

anisotropy. The continuous black lines through the data points represent the fit obtained using a single-

exponential equation. 

6.3.6 Changes in overall hydrophobicity 

Free ANS is scarcely fluorescent in water with an emission maximum at ~515 nm that 

undergoes a significant blue shift to ~475 nm with a simultaneous rise in intensity upon binding 

to hydrophobic pockets.73 Additionally, it has been demonstrated that the cytotoxicity of 

amyloidogenic entities could be correlated with the changes in ANS fluorescence intensity.74 

Monomeric native HSA contains at least three hydrophobic, ANS binding sites (in domains II 

and III) that primarily differ by higher and lower binding affinities.75,76 In our study, initially 

we observed a high ANS fluorescence intensity (0 min sample; prior to heating) indicating that 

ANS was bound to the hydrophobic pockets of the predominantly monomeric protein at room 

temperature. As aggregation was triggered upon raising the temperature, we observed a 

progressive drop in ANS fluorescence at ~475 nm which saturated to ~50% of the initial 

intensity within one hour of amyloid fibrillation (Figure 6.7B and C). Since ANS fluorescence 

provides information about the overall hydrophobicity, we speculate that at elevated 

temperature, the hydrophobic sites specifically harboring the ANS get deformed due to the 

thermal unfolding of domains II and III77 and consequently, ANS molecules can no longer bind 

to the hydrophobic pockets. However, the fact that the ANS emission does not undergo any 

red-shift from ~475 nm (Figure 6.7B) suggests that probably, ANS molecules still remain 
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bound to the hydrophobic clusters of HSA aggregates. Additionally, a rise in the ANS 

fluorescence anisotropy (Figure 6.7D) during amyloid aggregation indicated the formation of 

larger aggregates which is in accordance with our tryptophan anisotropy data. Taken together, 

our results suggest that both domains I and II undergo conformational changes during HSA 

fibrillation. 

6.3.7 Dynamical signature and average sizes of the aggregates 

In order to gather insights into the dynamical changes and the size-growth associated with HSA 

amyloid formation, time-resolved fluorescence measurements were performed on Cys 34 

(domain I) covalently linked with AEDANS, which is considered a suitable fluorophore for 

studying the depolarization measurements due to the long fluorescence lifetime.70 The 

fluorescence anisotropy decay of AEDANS in the native form (0 min), ring-like intermediates 

(10 min) and worm-like fibrils (120 min) showed bi-exponential depolarization kinetics 

comprising a fast and a slow rotational correlation times that represent the local motion of the 

probe and the global motion (tumbling) of the protein molecules/aggregates, respectively 

(Figure 6.6C and eqn (6) in Experimental methods). The results from the detailed analyses of 

the time-resolved fluorescence data are summarized in Table 6.1. The longer component 

(global) was used for estimating the average hydrodynamic sizes of the predominantly 

monomeric, oligomeric and fibrillary HSA (eqn (7) in Experimental Section) that were found 

to be 3.4 ± 0.1 nm, 3.9 ± 0.1 nm and 5.2 ± 0.7 nm, respectively. The observed increase in the 

longer rotational correlation time for oligomers and fibrils is suggestive of the dampening of 

the global motion resulting from the association of protein molecules to form oligomeric 

species that subsequently form large-sized amyloid fibrils. Therefore, taken together, all of the 

fluorescence measurements revealed that both domains I and II get progressively buried into 

hydrophobic regions which evolve due to non-specific association between temperature-

induced disordered segments that are generated during aggregation. The emergence of 

hydrophobic clusters is also supported by ANS fluorescence at ~475 nm although the 

hydrophobic pockets in native HSA probably get deformed upon increase in temperature. The 

progressive increase in the average aggregate sizes, as indicated by steady-state anisotropy, 

was further confirmed by the time-resolved fluorescence data. Next, we embarked upon 

delineating finer structural changes at the molecular level during various stages of the assembly 

process using Raman spectroscopy.  
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Table 6.1  

Typical parameters (rotational correlation times, their respective amplitudes, mean fluorescence lifetimes) 

associated with the time-resolved fluorescence anisotropy decay of AEDANS in native (0 minute), 

oligomeric (10 minute) and fibrillar (120 minute) states of human serum albumin (HSA). Rh denotes the 

average hydrodynamic radii of HSA aggregates, extracted using Equation 7 (see Experimental Methods), at 

various time points.  

Time point 

(minutes) 

fast (ns) 

(βfast) 

slow (ns) 

(βslow) 
mean(ns) Rh (nm) 

0 0.7 (0.2) 38.5 (0.8) 15.3 3.5 

10 0.7 (0.2) 58.2 (0.8) 14 4.0 

120 0.6 (0.3) > 150 (0.7) 12.2 > 6.0 

     

6.3.8 Structural insights into amyloid assembly using Raman spectroscopy 

Raman spectroscopy being a very powerful technique allows us to pinpoint the fine differences 

among various protein conformations on the basis of mainly backbone amides (amide I: 1620-

1700 cm-1 and amide III: 1220-1300 cm-1) and several characteristic side-chain vibrations at a 

residue-specific level such as Cys, Trp, and Tyr.63,78–80 In our study, we monitored the Raman 

spectra of HSA aggregates in a time dependent manner, especially the amide I and amide III 

bands (Figure 6.8) since the deconvolution of the peaks in these regions gave an estimate of 

secondary structural elements such as α-helices, β-sheets and random coil/extended 

conformations at different aggregation stages (Tables 6.2 and 6.3). Additionally, detailed 

analyses of amide III region provided information about the Ramachandran ψ dihedral angle 

which allowed us to predict the β-sheet packing in amyloid nanostructures.81 Moreover, the 

tyrosines and disulfides provided some key insights into the protein conformational transitions 

during amyloid aggregation. 

6.3.9 Insights into the backbone amide I and III regions 

The Raman spectrum obtained for HSA prior to incubation at 65 0C (0 min) showed a major 

amide I peak at 1658 cm-1, indicative of an α-helical structure along with two minor peaks at 

1679 cm-1 and 1690 cm-1 which correspond to coils/extended conformation (Figure 6.8B). As 

aggregation progressed upon raising the temperature, the amide I band showed a transition 

from the initially α-helix rich state (1658 cm-1) to the β-sheet rich state (1670 cm-1) via 
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oligomeric intermediates rich in extended conformation/random coil content (1660 cm-1) 

(Figure 6.8B). For instance, the 10 min sample comprising oligomeric species and the ring-like 

structures retained a high content of random coil and extended conformation along with α-

helices and β-sheets (Table 6.2). For subsequent time points, the contents of α-helices, random 

coils and extended conformations dropped significantly with an appreciable increase in the β-  

 

 

Figure 6.8 (A) Raman spectra (400-2000 cm-1) at different time points of HSA aggregation with black 

arrows showing amide I and amide III regions. (B) The amide I (1620-1700 cm-1) and (C) amide III region 

(1220-1300 cm-1) at different time points of aggregation showing transition from a predominantly α-helical 

to β-sheet-rich structure. The deconvolution of (D) amide I region for zero (0 min) and final time point (120 

min) along with (E) amide III region for the same time points is shown. (The individual peaks obtained upon 

fitting are shown in blue, red, green and magenta. The cumulative peaks are shown in cyan.) 
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sheet content as is evident from the shift in amide I peak at 1658 cm-1 to 1670 cm-1 (Figure 

6.8B) which is a characteristic of the amyloid architecture. The kinetics of the growth of 1670 

cm-1 band at the expense of 1658 cm-1 band was similar to that of CD and ThT fluorescence 

(Figure 6.8 and 6.9). 

 

Table 6.2 

The estimated content of secondary structural elements (%) from Amide I (1620-1700 cm-1) analysis using 

Raman spectroscopy: 

 

The amide III peaks of the native HSA (0 min sample) were centered at 1245 cm-1 and 

1270 cm-1 (Figure 6.8C), which correspond to coils/turns and a-helices, respectively. The 

amide III peak at 1270 cm-1 almost completely disappeared with time suggesting an attenuation 

in the α-helical content (Figure 6.8C) whereas the peak at 1243 cm-1 gained prominence. This 

observation suggested that the substantial drop in α-helical content was concomitant with an 

increase in the β-sheet content, thus corroborating the results obtained from the amide I region. 

The peak observed at 1243 cm-1 is in agreement with the results obtained for insulin filaments 

and ovalbumin amyloid pores.63,82 Further analysis of the amide III peak (at 1243 cm-1), using 

the approach reported previously,81 enabled us to estimate the Ramachandran ψ dihedral angle 

which was found to be ≈+1430; suggestive of antiparallel β-sheet conformation. Interestingly, 

the analysis of amide III band for early ring-like nanoscopic species formed after 10 min also 

showed the presence of a higher amount of random coil and extended conformation (Table 6.3) 

compared to the later times that showed more ordered β-sheet rich structures. Therefore, based 

on the results obtained from amide I and amide III regions, we suggest that HSA fibrillation 

proceeds through a loss of α-helical content in conjunction with an increase in the random coil 

content followed by reorganization into antiparallel β-sheet rich amyloid fibrils. 

Time point 

(minutes) 

-helix & coils 

(1645-1665 cm-1) 

-sheet 

(1665-1674 cm-1) 

Extended 

conformation 

(1680-1690 cm-1) 

0 77 18 3 

10 74 10 11 

30 48 49 10 

45 37 57 5 

60 39 55 5 

120 37 60 8 
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Table 6.3 

The estimated content of secondary structural elements (%) from Amide III (1220-1300 cm-1) analysis using 

Raman spectroscopy: 

Time point 

(minutes) 

-helix 

(1264-1300 cm-1) 

-sheet, coils & turns 

(1230-1255 cm-1) 

0 59 41 

10 43 57 

30 35 65 

45 18 82 

60 19 81 

120 5 95 

 

6.3.10 Insights into residue-specific changes during aggregation 

After gaining information about protein backbone conformational changes, we investigated the 

side chain vibrations at the residue-specific level. The peaks observed at 830 and 850 cm-1 

represent the Fermi doublet for tyrosine. The intensity ratio of 850 to 830 is an indicator of the 

hydrogen bonding strength between the hydroxyl group of tyrosine and the surrounding solvent 

molecules.78,79 The I850/I830 ratio for the native conformation was ~1.3 which decreased to ~1.0 

during aggregation. This indicates weakening of the H-bonding between the tyrosine moiety 

and the neighboring water molecules in β-sheet rich conformations which in turn implies that 

the tyrosines get progressively buried during the aggregation. However, the weakening of the 

hydrogen bonding is an average assessment since HSA contains 18 tyrosines. We next 

monitored the changes in the disulfide Raman intensities since HSA contains 17 disulfide 

bridges that contribute towards the overall structural rigidity but allow sufficient 

conformational flexibility to HSA upon changes in solution conditions.83 Typically, the 

disulfide S–S stretching frequency appears at ~510 ± 5 cm-1 as observed during insulin82,84 and 

lysozyme aggregation.85 In our study, we observed multiple peaks in 500-600 cm-1 for the 

disulfide bonds wherein a major peak at ~507 cm-1 remained conserved throughout the 

aggregation. Some new peaks (~520 cm-1, ~550 cm-1) emerged during aggregation and the peak 

at 507 cm-1 became broader (Figure 6.9C). Analysis of all the Raman disulfide peaks revealed 

a strong dependence of S–S wavenumber position on the torsional angle χ(C–S–S–C) which 

provides information about the internal rotation about C–S and C–C bonds in Cα–Cβ–S–S–Cβ’–

Cα’ conformations.86,87 The peak at 510 ± 5 cm-1 (~507 cm-1, in our case) is suggestive of the 
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gauche–gauche–gauche conformation (χ: ±600) that was confirmed by careful analysis of the 

disulfides in the crystal structure using PyMol (Figure 6.1A). The additional peaks observed at 

525 ± 5 cm-1 and at 540 ± 5 cm-1 are attributed to gauche–gauche–trans (χ: ±80-900) and trans–

gauche–trans conformations, respectively. Our results indicate the emergence of multiple, 

heterogeneous disulfide conformers during the transformation from the α-helical state to cross-

β sheet-rich amyloid fibrils comprising antiparallel β-sheets. Additionally, the broadening of 

peak position during the transition from the native to the amyloid state is suggestive of 

structural rearrangement as a consequence of intermolecular non-covalent interactions and 

‘‘perturbations in local environment’’85 that emerge during HSA amyloid assembly. 

6.3.11 Mechanism of HSA amyloid fibrillation using multiple structural probes 

In this study, multiple structural probes were employed to discern the time-dependent evolution 

of molecular events underlying HSA amyloid formation. We followed the aggregation kinetics 

by CD, steady-state as well as time-resolved fluorescence, and Raman spectroscopy that 

revealed a lag phase independent assembly (Figure 6.9). The time-dependence of various 

spectroscopic  readouts could be satisfactorily described using a single exponential kinetics 

and an apparent first order rate constant of (5 ± 0.8) × 10-2 min-1 was obtained for all the probes 

(Figure 6.7, 6.9A and 6.9B,), except for ANS anisotropy. The similarity in the rates suggested 

that the structural reorganization and amyloid formation occur simultaneously.  

 

Figure 6.9 The kinetics of amyloid formation monitored by (A) circular dichroism (CD) and (B) Raman 

spectroscopy (ratio of Raman intensity at 1670 cm-1 to 1658 cm-1). (C) Raman spectra of disulfides (400-

600 cm-1) at different time points of HSA aggregation. 
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However, the aggregate growth rate, monitored by ANS fluorescence anisotropy, was found to 

be somewhat slower compared to the structural changes (Figure 6.10 and Figure 6.7B). These 

findings suggest that the amyloid formation involves a major structural change that triggers the 

self-assembly process followed by a slow growth phase. 

 

Figure 6.10 The plot comparing the apparent first order rate constants recovered from the amyloid formation 

kinetics monitored using multiple structural probes viz. ThT and ANS fluorescence intensity; Trp, ANS and 

AEDANS fluorescence anisotropy; circular dichroism (ratio of ellipticity at 205 nm to 222 nm); amide I 

vibration from Raman spectroscopy (ratio of 1670 cm-1 to 1658 cm-1 bands). See also Figure 6.7 and for the 

kinetics data. 

6.4 Summary 

Here, we have investigated the mechanism of amyloid fibril formation from human serum 

albumin using a host of biophysical tools. The kinetic analyses of multiple spectroscopic 

readouts indicated that the amyloid formation involves a major conformational change from a 

predominantly monomeric all α-helical to a cross-β sheet rich structure in a lag phase 

independent manner. Raising the temperature triggers the formation and accumulation of 

flexible, non-native unfolded or disordered conformers that facilitate the protein self-assembly 

mediated by various non-covalent including hydrophobic interactions. Also, almost all the 

domains participate in antiparallel β sheet-rich amyloid assembly whereby tryptophan, 

tyrosines, and the lone cysteine get sequestered into the hydrophobic interior. Additionally, 

AFM imaging revealed the formation of a multitude of morphologically-diverse nanoscopic 

intermediates during amyloid aggregation. We speculate that the nanoscopic ring-like 

intermediates might be metastable structures that subsequently mature into worm-like fibrils 
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through a unique mechanism that involves both annealing and unraveling of rings. The 

antiparallel β-sheet structures have been linked with amyloid-induced toxicity and have been 

observed for various toxic, annular pore-like oligomers of disease-related proteins or peptides. 

The ring-like intermediates observed by us might have resemblance with the annular pores that 

can interact with the membrane and disrupt the membrane by pore formation. The elucidation 

of the cascade of molecular events and morphological transition is important for designing 

small molecule inhibitors for anti-amyloid therapeutics. We believe that such mechanistic 

studies will open new avenues for the controlled fabrication of exotic bionanomaterials having 

a wide array of nano-biotechnological applications. 
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7.1 Role of chain-chain and chain-water interactions in amyloid aggregation 

The intricate balance between chain-chain and chain-water interaction underlies the major 

physical driving force for protein aggregation (discussed in detail in Chapter 1). A wealth of 

information has been obtained on the mechanism of coupled conformational switch and 

aggregation from the protein perspective. However, the precise mechanism of amyloid 

aggregation, the behavior of water molecules in and around IDPs, and the role of water in 

amyloid formation remains elusive.  The work described in this thesis addresses the important 

role of both chain-chain and chain-water interaction in amyloid aggregation. Below, I briefly 

summarize:  

(i) How the water arrangement in the native state of a collapsed IDP (Chapter 2 and 3) 

differs from the water structure in an expanded IDP (Chapter 4),  

(ii) How water rearranges itself upon disorder-to-amyloid transition in a collapsed (Chapter 

3) as well as an expanded IDP (Chapter 4), and  

(iii) The mechanistic insights obtained from the amyloid formation studies carried out using 

a model amyloidogenic IDP (Chapter 5) and a partially disordered form of a globular 

protein (Chapter 6).  

The conformational changes (chain-chain interactions) during the amyloid formation were 

mainly studied using circular dichroism (CD), atomic force microscopy (AFM) and Raman 

spectroscopy, and the behavior of water molecules in IDPs and amyloids (chain-solvent) was 

monitored using femtosecond- and picosecond-resolved fluorescence spectroscopy.  

7.1.1 Interplay of conformational preference and water mobility in IDPs 

IDPs lack a well-defined 3D structure and exist as dynamic ensembles of rapidly fluctuating 

interconverting conformations. The amino acid sequence composition dictates the 

conformational ensemble most accessible to a particular IDP, in a given solvent. The work 

presented in this thesis has focused on two IDPs, namely, -casein and α-synuclein. -casein 

exists as an ensemble of collapsed globules and α-synuclein belongs to the expanded class of 

IDPs. Since the behavior of water in and around IDPs is only beginning to be understood, I 

wanted to discern the differences in the water arrangement around these two IDPs that fall into 

two different conformational class of IDPs (These different conformational classes of IDPs 

have been discussed in Section 1.3.3 of Chapter 1) and establish a relation between the 

conformational preference of an IDP and the mobility of water molecules around it. As 

described in Chapter 2 and 3, a small fraction of water molecules present within the collapsed  
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Figure 7.1 A comparison between a collapsed and an expanded IDP, -casein and α-synuclein, respectively. 

TCSPC TRES for probing nanosecond component of solvation in (A) -casein and (B) α-synuclein (residue 

78 in NAC domain). (C) The steady-state fluorescence spectra for acrylodan in -casein (red) and α-

synuclein (residue 78 in NAC domain) (blue). (D) The solvation correlation function [C(t)] plots from 

femtosecond upconversion, for -casein (red) and α-synuclein (residue 78 in NAC domain) (blue). 

globules of -casein showed much retarded (nanosecond) dynamics, which was 3 orders of 

magnitude slower than the bulk water and atleast an order of magnitude slower than the 

biological water (Figure 7.1A). The expanded IDP α-synuclein (Chapter 4) did not exhibit the 

presence of this nanosecond solvation component (Figure 7.1B). Furthermore, when we 

compared the solvation correlation function [C(t)] plots generated from the femtosecond 

upconversion data for these two IDPs, it was clear that the surface water mobility gets retarded 

in case of -casein (~80 ps) compared to α-synuclein (~30 ps). Additionally, the bulk water 

contribution was much lower in case of -casein (~25%) compared to α-synuclein (~75%) 

(Figure 7.1E). Thus, it is clear that there are some significant differences in the water 

arrangement around these two conformationally distinct IDPs. These differences are likely to 

have a strong correlation with the sequence composition as these two IDPs have very different 

amino acid compositions. For example, in case of -casein, the prevalence of polar residues 

like Gln and Asn that can form extended hydrogen bonded network with water molecules, is 

much more compared to α-synuclein. Taken together, these results suggest that this water 
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mobility is likely to be strongly coupled to the conformational preference of IDPs. By carrying 

out similar hydration dynamics studies on other IDPs with different conformational 

preferences, we can set up a paradigm for characterization of IDPs based on their hydration 

profiles. 

7.1.2 Commonalities and discrepancies in the water arrangement within amyloid fibrils 

formed by two different IDPs 

In Chapter 3 and Chapter 4, I have discussed the intriguing aspects of water rearrangement 

upon disorder-to-order amyloid transition in -casein and α-synuclein, respectively. When the 

hydration profiles of the amyloid fibrils were compared, it was interesting to note that in both 

cases, the ns component of solvation (Figure 7.2)  of ~2 ns was observed which suggests that 

the slow solvation component (strongly held water molecules) might be a common feature for 

most amyloid fibrils. These highly ordered water molecules might have an important role in 

the maintenance of the robust architecture of amyloid fibrils. Though both fibrils showed the 

presence of ns component, the contribution of this component was more in case of α-synuclein 

amyloid fibrils. Moreover, the loss in solvation (with respect to time-zero recovered from our 

femtosecond experiments) within the time resolution of our TCSPC setup (~250 ps) was more 

in case of -casein amyloid fibrils (Figure 7.2) which reaffirms the dominance of ns component 

of solvation in case of α-synuclein amyloid fibrils compared to -casein. The differences in the 

water arrangement might account for the differences in the solubility of amyloid fibrils as -

casein amyloid fibrils are soluble in nature whereas α-synuclein forms insoluble amyloid  

Figure 7.2 A comparison between the amyloid fibrils formed from a collapsed and an expanded IDP, -

casein and α-synuclein, respectively. (A) TCSPC TRES for probing nanosecond component of solvation in 

and  (B) The percentage contribution for the nanosecond component of solvation for  amyloid fibrils formed 

by -casein (red) and α-synuclein (residue 78 in NAC domain) (blue). 
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fibrils. The higher contribution of water molecules that can potentially exchange with bulk 

water (relaxing on the timescale of 10-100 ps) in case of -casein fibrils (see Chapter 3) might 

be responsible for keeping them in soluble form and the lower contribution of such water 

molecules in case of α-synuclein fibrils might explain why they tend to phase out or precipitate.  

The case of these two fibrils, one of which is soluble and the other is insoluble, provides some 

cues into the important role of water in protein aggregation. This approach can be further 

extended to other aggregation-prone IDPs. I speculate that oligomeric species in case of many 

pathologically relevant IDPs such as α-synuclein and Tau, which are soluble in nature (like -

casein fibrils studied in this thesis) and often highly cytotoxic, would show significant 

differences in the water arrangement compared to fibrillar species. Thus, this approach might 

prove very promising for the designing of amyloid detection tools.  

7.1.3 Mechanistic insights into the amyloid formation using a model globular protein 

and IDP 

In Chapter 5 and Chapter 6, I have discussed about the mechanism of amyloid formation from 

a model amyloidogenic IDP, -casein and a model globular protein, human serum albumin 

(HSA), respectively. -casein followed a nucleation dependent polymerization pathway under 

normal physiological conditions and lead to the formation of amyloid fibrils. However, in the 

presence of an anionic surfactant, SDS which is a well-known lipid mimetic, a switch in the 

aggregation mechanism from nucleation-dependent polymerization to lag-phase independent 

isodesmic polymerization, was observed. Additionally, in the presence of SDS, I observed the 

formation of mostly large spherical oligomeric species, which did not convert into fibrils. In 

case of HSA, upon inducing partial denaturation, partially disordered monomers converted into 

amyloid fibrils via isodesmic polymerization pathway. During the process of amyloid 

formation, a significant population of annular ring-like oligomeric species was observed. The 

morphology of the oligomeric species as well as amyloid fibrils formed by HSA was very 

different from those formed by -casein, which suggests a strong link between the mechanism 

and morphology. Thus, by controlling the mechanism, the nanoscale morphology of the fibrils 

can be modulated. This particular aspect would be of benefit for the designing of amyloid-

based novel nanomaterials. 
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7.2 Future outlook: p53 and cancer 

Human p53 is a key regulatory protein that participates in cellular processes such as apoptosis, 

DNA repair, and cell cycle control.1 It functions as a homotetrameric nuclear phosphoprotein, 

and its function is lost in more than 50% of human cancers.2 It is comprised of 393 amino acid 

residues and can be divided into three domains: the N-terminal transactivation domain, the core 

domain (p53C) and the tetramerization or the C-terminal domain.1 The core domain (p53C) 

comprises the residues 94-312, that constitute the DNA binding domain (DBD). Most 

mutations in p53 that are related to cancer development are found in the DBD.3 More than 90% 

of the point mutations that are related to malignancy are found in this segment. Moreover, 

amyloid aggregates of both mutant and WT (wild-type) forms of p53 have been detected in 

tumor tissues.4-5 Therefore, aggregation might be a crucial aspect of cancer development, as 

p53 would lose its functions in an aggregated state. Mutant p53 can also exert a dominant-

negative regulatory effect on WT protein, as mutant p53 can convert WT protein into more 

aggregation-prone species, leading into gain of function in addition to the loss of tumor 

suppressor function.2 Some of the hotspot mutations include R175H, R248Q, R273H, R248W 

and R273C. I have created R248Q mutation in p53c using site-directed mutagenesis.* Since 

R248Q is a structural mutant, therefore, studying the aggregation behavior of WT and the 

mutant protein would be of significance for understanding the role of amyloid formation in 

cancer. Furthermore, the N-terminal transactivation domain (NTD) of p53 is intrinsically 

disordered in nature. In order to carry out studies on NTD of p53, I created a construct for 

expressing NTD by introducing a stop codon in the full length construct of p53, using site-

directed mutagenesis.* Therefore, one can study the role of this intrinsically NTD in p53 

aggregation. For carrying out these studies, I have created cysteine mutants in NTD at 9, 33 

and 90 position.** These mutants can be labeled with an environment sensitive fluorophore to 

carry out aggregation studies.  

*The constructs for full length p53 (24859: human p53-(1-393) and p53c (24866: human p53-(94-312)) 

were purchased from Addgene.  

Primers for 1-93 construct: 

Forward: 5' C TCC TGG CCC CTG TGA TCT TCT GTC CCT TC 3' 

Reverse: 5' GA AGG GAC AGA AGA TCA CAG GGG CCA GGA G 3' 

Primers for R248Q p53c construct: 

Forward: 5' ATG GGC GGC ATG AAC CAG AGG CCC ATC CTC ACC 3' 

Reverse: 5' GGT GAG GAT GGG CCT CTG GTT CAT GCC GCC CAT 3' 

** Primers for (a) S9C: 
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Forward: 5' CAG TCA GAT CCT TGC GTC GAG CCC CCT CTG 3'  

Reverse: 5' CAG AGG GGG CTC GAC GCA AGG ATC TGA CTG 3' 

(b) S33C:  

Forward: 5' AAC AAC GTT CTG TGC CCC TTG CCG TCC 3' 

Reverse: 5' GGA CGG CAA GGG GCA CAG AAC GTT GTT 3' 

(c) S90C:  

Forward: 5' GCC CCC TGC TGG CCC CTG TGA TCT TCT 3' 

Reverse: 5' AGA AGA TCA CAG GGG CCA GCA GGG GGC 3' 
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